VOLUME 8 [ NUMBER 11 IEEE spectrum @}NOVEMBER 1971

features

23 Spectral lines: Things looked worse in the thirties
David DeWitt

The historic parallel of the’30s suggests that it may be worth considering whether our arts
and methods of thinking are primarily of value for weapons and space systems or will be
needed in more fundamental, less volatile fields

24 The promise of controlled fusion
Robert G. Mills

In contrast to the situation a few years ago, a majority of scientists and engineers knowl-
edgeable in the fields of controlled thermonuclear research believe that fusion power will be
possible and become practical before the end of this century

! 37 The present status of engineering employment
Data are now atailable on the engineering unemployment rates, broken down info such

categories as field of specialization, geographical area, age, and degree level

39 Two-way applications for cable television systems—
An IEEE SPECTRUM applications report
Ronald K. Jurgen

Cable system operators and equipment manufacturers are experimenting with a cariety of
engineering techniques for achieving two-way communications with the expectation that
the public will soon demand this type of sertice

59 Placing atmospheric CO; in perspective
Arthur D. Watt
Atmospheric CO, variations such as those occurring at present hace a minimal effect on
the overall global temperature, which is dependent upon a number of beautifully inter-
related mechanisms that are still not completely understood

73 Systems approach toward nationwide air-pollution
control
II. The technical requirements
Robert J. Bibbero
To enjoy the full benefits of clean air at the lowest overall cost, a flexible nationwide
pollution-control system must coordinate optimized local control strategies based upon
local pollution sources, topography, and meteorology

o

IEEE

Copyright ©1971 by
THE INSTITUTE OF ELECTRICAL AND ELECTRONICS ENGINEERS, INC.
®

2 IEEE spectrum NOVEMBER 1971



o
sSPERRY RAND

Our new

HPA investment 50% In
Intelsat earth stations

It's time to get those expensive, complicated
klystron HPA's out of Intelsat systems. The ideal
replacement is Sperry's SSD-54110, a self-
contained unit that is presently operational in the
Intelsat system. It includes a traveling wave tube,
power supply, protective circuitry, monitor/control
panel and air cooling system.

Power output is 300 W from 5.925 to 6.425 GHz,
with 45 db small signal gain. Since the standard
unit is priced under $20,000 U.S., your HPA
investment can be as much as 50% lower than
comparable klystron installations.

Besides investment economies, SSD-54110
offers these additional advantages:

High Reliability — the unit is available with a
warranty up to 2 years and 15,000 hours operation.

System Expandability — units may be added

L

at will to increase channel capacity.

Low Transmission Line Losses — high gain
and small size allow installation in elevated
equipment bay.

Operating Simplicity — once in service, the
unit requires virtually no attention. Primary power
input is 50/60 Hz, 120 VAC, single phase.

Operating Economy — Tube replacement, main-
tenance, and prime power cost significantly less.

Intelsat Application — SSD-54110 meets
all applicable ICSC mandatory requirements.

Fast Availability — Sperry will ship your unit
45 days after receipt of order.

Update your present stations or your pending
design now. For additional details and specifications
write Sperry Electronic Tube Division, Sperry Rand
Corporation, Gainesville, Florida 32601 U.S.A.

SPERRY

ELECTRONIC TUBE DIVISION

Circle No. 2 on Reader Service Card

IEEE spectrum NOVEMBER 1971



. -
VOLUME 8 [J NUMBER 11 IEEE -'spectrum @ NOVEMBER 1971

Things looked worse in the thirties. Some of us now have
a pessimistic view of the future of electrical engineering,
believing that we are too many for the foreseceable
demand. There was a very similar feeling in the 1930s,
based on a scarcity of employment over nearly a decade
and higher levels of unemployment than we now have.
During the ’30s none of us even daydreamed the order-
of-magnitude expansion of our numbers and importance
that was to come. We had powerful methods of analysis
and synthesis that would later be applied to make our
vacuum-tube technology produce radar, control systems,
and computers, but we only perceived enough to hope
to find a job doing FM equipment design, if FM became
a commercial success. The historical parallel suggests
that it may be worth considering whether our arts and
methods of thinking are primarily of value for weapons
and space systems or will be increasingly needed in more
fundamental and less volatile fields.

The contemporary competences of electrical engineers
can be classified by application in the three fields of
power, information, and materials science. The acquisi-
tion, transmission, processing, storage, and display of
information are our most generalized ability and the
principal area of expansion of the past 30 years. Electric
power is an essential service that will probably grow in
importance as petroleum is replaced as a basic fuel.
Many electrical engineers have become skilled in materials
science at a sophisticated level because it was required to
fabricate semiconductor, magnetic, optical, and acoustic
devices, and they were as well qualified to learn these
new techniques as were conventionally educated metal-
lurgists and chemists.

Looking forward, there are reasons to believe that the
field of information will expand. One reason is its very
low consumption of energy and raw materials. The human
race may be required to conserve fuel, food, raw ma-
terials, air, and water, but we can offer it relatively un-
limited access to, and interaction with, information.
A more fundamental reason for the expansion of in-
formation as a field of work is that the reception, pro-
cessing, and generation of information are the primary
occupations of the race. Most repetitive toil is being
tooled out of existence. Even where it is retained, the
toilers are now supported by doctrine and entertain-
ment. We are developing the technology that will make
a wide extension of information services feasible econ-
omically. The computer as we know it may only be an
evolutionary form, but something like it, perhaps more
casily coupled to people, can soon be a part of every
child’s education and life tools. We will be able to provide
universal communication and information systems
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offering the opportunity for study, library research, rec-
reational research, and convenient communication with
people of like interests so that we can all enjoy the char-
acteristics of a university throughout our lives. New forms
of entertainment and art will develop as we make them
practical. We will find input languages and techniques
for sound and visual pattern synthesizers that will make
them widely used instruments because they open artistic
creativity to people who do not have all the talents
required by conventional methods. Thus the applications
of our information arts will surely expand where they are
now applied but, as we continue to lower their cost, they
can become an intimate part of every life.

Electric power cannot expand exponentially because
of ecological constraints, but its application will become
more sophisticated and it is likely to expand because it
will be the practical way to replace combustion power.
Power semiconductors are coming of age, and will be
widely applied to both motors and static loads. They
also increase the market for information processing
because of their good response to electric control. As we
come to regard electric power as a scarce resource,
precious beyond its economic cost of production, we
will devote more effort to optimizing its generation,
distribution, and application. Finally, it is very likely
that there will be a resurgence of electric transportation
in the United States. For all of these reasons, it seems
likely that engineering opportunities in power will con-
tinue to increase.

We may never regain the employment that was pro-
vided by weapons and space systems in the ’60s but the
civil applications of those arts in air traffic control,
navigation, and communications will continue to grow.
It is worth speculating about the possible civilian market
for radar-like devices given the new, potentially in-
expensive semiconductor microwave components and
very inexpensive IC signal processing. Communications
satellites are only at the beginning of their application.

The ideas and tools of electrical engineering are now
used extensively in the life and health sciences. Much of
the instrumentation is electric, and our ability to process
and store electrical data is being used increasingly.
Industrial processes and controls will continue to add
tools with a high electrical engineering content, such as
c¢lectron microscopes, ion beams, film-deposition equip-
ment, and electric analytical and sensing equipment.

The opportunities for electrical engineers that we have
mentioned are the visible ones. They correspond to the
hopes we had in the *30s for FM and television. Perhaps,
as in those days, the greatest opportunities are the ones
not yet perceived. David DeWiut, Editor

23



24

The promise of
controlled fusion

Although controlled fusion for electric generation

has presented extraordinarily difficult technological
problems, recent experimental results have created a new
atmosphere of optimism for the coming decade

Robert G. Mills

One of the outstanding reasons for the active devel-
opment of controlled fusion nuclear reactors as a
source of electric power, aside from economic ad-
vantages, is that they are extremely attractive from
an environmental standpoint. The basic principles
and some of the most pressing problems are pre-
sented in this article. Among the problems considered
are plasma confinement, heating, fuel injection, and
exhaust collection.

It has been almost 20 years since the scientific com-
munity undertook the most difficult task in technology so
far conceived. These years have seen periods of optimism
alternating with periods of disappointment. In the past,
optimism was generally associated with fresh new ideas
that seemed to have much promise. In contrast, the high
optimism that now pervades the fusion power fraternity
is based on concrete experimental results that bode well
for the future. Although practical reactors that will burn
fusionable fuel to manufacture electricity have yet to be
proved possible, the expectation is that scientific feasi-
bility will be demonstrated during the seventies. If this
crucial step is successfully taken, commercial power may
make its first appearance in the nineties. Such a develop-
ment would provide an inexhaustible supply of fuel at
negligible cost, with worldwide distribution.

The cost of fusion power will be dominated by the
investment cost of the plant. Economic feasibility cannot
be conclusively demonstrated until after scientific
feasibility has been shown, and an accurate catalog of
plant components and their specifications can be com-

This work was performed under the auspices of the U.S.
Atomic Energy Commission,

Princeton University

piled. Current estimates, however, show these systems to
be potentially very attractive from an economic stand-
point.

Today environmental questions loom larger and larger
in all aspects of society’s activities. From this point of
view the advantages of fusion power seem especially
attractive. Clean, quiet, and hazard-free, a nuclear fusion
power plant would be a good neighbor.

Fundamental requirements
for the production of fusion power

The fusion process. Of the dozens of known nuclear
fusion reactions, very few seem to be of interest for
potential use for power generation. Since the positive
electronic charge on nuclei produces large repellent
forces tending to prevent the nuclear collisions that are
necessary to produce fusion reactions, only those with
the largest nuclear fusion cross sections merit con-
sideration. Table I lists the only reactions for which the
cross section is larger than a millibarn (1027 ¢cm?) at
energies below 50 keV. Since the nuclear scattering cross
sections are much larger, any system for producing net
power from nuclear fusion must provide an environment
in which a fuel nucleus undergoes many collisions with
other nuclei before it is lost from the system. Conse-
quently, if incoming fuel possesses organized motion, it
will be randomized by subsequent collisions, and the

I. Nuclear fusion reactions

D+ D —T(1.01MeV)+ p(3.03 MeV)
D+ D — He?(0.82 MeV) 4+ n(2.45 MeV)
D+ T — Het(3.52 MeV) + n (14.06 MeV)
D 4+ He3— Het(3.67 MeV) 4+ p (14.67 MeV)
T4T sHet 4+ n4n
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reactants will develop a kinetic cquilibrium describable
by a temperature; that is, they will possess a Maxwellian
distribution, and the fuel will be in the form of a hot gas.
Since the energies required to produce a reasonable re-
action rate are in the kiloclectronvolt region, well above
the ionization cnergics of the light elements that are
of interest, this gas will be a fully ionized plasma.

Under these conditions, the reaction rate will be
proportional to the square of the ion density and to the
reactivity, a quantity defined as the average over the
relative velocity distribution of the product of the nuclear
fusion cross section and the relative velocity of collision.
Figure 1 shows the energy dependence of the fusion cross
section and the temperature dependence of the reactivity
for the reactions of greatest promise. A plasma containing
a mixture of deuterium and tritium ions will have a D-T
reaction rate density of

npne{a Oy 4)]

where m, and np are the deuteron and triton densities,
respectively, and the term in brackets represents the re-
activity. In addition there will be D-D fusion reactions at

the rate
1
5 ”1)2<(7'.'>1)l) (2)

and T-T reactions at the rate
1
) m¥a vy 3)

In hydrogenic plasma, for every ion there is an clectron.
The strength of electrostatic forces is sufficient to keep all
plasmas very close to overall neutrality—i.e., equal
numbers of ionic charges and clectrons.

The collisions between electrons and ions produce
bremsstrahlung, or X-radiation, that is lost from the
plasma, carrying away cnergy that can only be recovered
in a heat cycle by cooling the reaction chamber’s walls
where the bremsstrahlung radiation is deposited. Since
this process, like the fusion process, is a result of binary
collisions, it too is proportional to the square of the
particle density. It is also proportional to the square root
of the clectron temperature. Thus the bremsstrahlung

FIGURE 1. Energy dependence of cross section and reactivity.
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power loss density, pg, is given by
P = b"t‘zrt‘uz (4)

where b is a constant, n, is the electron density, and 7, is
the electron temperature. In systems of relatively long
confinement time the ions and electrons will be at
essentially the same temperature, but in systems of short
confinement time appreciable temperature differences
can develop between the ion and electron seas.

Relative power output. The total energy U released as
a result of a single fusion event can be considered the
sum of three terms: the kinetic encrgy carried by the
neutrons produced in the reaction, the kinetic energy
carried by the charged particles produced in the reaction
(for example, He4, He?, or p), and finally the energy that
is ultimately released as the result of the absorption of
the neutron in the material surrounding the reaction
chamber. The last depends on the details of the machine,
but will usually be in the range of 4 to 5 MeV. It consists
of the energy released as a result of the radioactive decay
of the unstable nuclei formed by neutron absorption.
Most of it is in the form of gamma radiation; some, in
the form of charged particles such as beta decay products.
The sum of the first two, the total energy release of the
fusion reaction per se, is listed as £ in Table I1. The energy
released to charged particles, E*, is important since this
is the portion available in the plasma to provide the encrgy
lost by radiation from the electron sca.

The effective total power density relcased from a ther-
monuclear reacting plasma will be obtained by multiply-
ing the reaction rates given by Egs. (1), (2), and (3) by
the total energy U released as a result of cach reaction.
As an example, consider a plasma of ion density n;,
madc up of 50 percent deuterons and 50 percent tritons.
Then, by (1), the effective power density p, produced by
D-T fusion reactions is given by

1
I 4 n; 2<¢1IJ>I;TU|)T (5)

Neglecting the considerably smaller energy release by
D-D and T-T reactions, this quantity multiplied by the
plasma volume would give the total power generated by
the rcaction.

The power density released to charged particles within
the plasma is given by

|
P " n:Xoc)rEnr* (6)

which is available to supply radiation losscs.

The cross section and reactivity curves shown in Fig. 1
could be misleading to someone sceking the optimum
operating temperature for a reactor plasma. He might

Il. Energy yields

Total Energy Yield to Charged

Yield E, Particles E*,
Reaction MeV MeV
D+ D 3.6 2.4
D+T 17.6 3.52
D + He® 18.34 18.34

conclude that the output power would rise with tem-
perature throughout the temperature range depicted.
This misinterpretation would result from ignoring the
pressure limitation that any practical system will have.
The true temperature dependence of the fusion power
density of a system follows by introducing into Eq. (5)
the fact that the operating density of a pressure-limited
system will vary inversely with the temperature. Since

1
e 7
n - Q)

the fusion power density will be given by the following
relation:

_{o)U
i T2 (8)

This function is plotted in Fig. 2 (normalized to one for
the most favorable case, the D-T reactor at 15 keV) for a
number of possible fuel systems.

The power released to charged particles rises more
rapidly with temperature than does the bremsstrahlung
radiation loss. Therefore an ignition temperature exists
for the reactions that have sufficiently large cross sections.
There are remarkably few of these.

The Lawson criterion. An analysis of the minimum
necessary conditions for net power production in a
fusion reactor was first published by J. D. Lawson in
1957.1 His almost model-free system assumes the perfect
confinement for a time 7 of a reacting hydrogenic gas of
ion density n;. The total encrgy relcase of the system is
assumed to be recovered at an efficiency 7, and is used to
heat the fuel charge to the operating temperature. He
found that the product, n;7, was the significant parameter
to evaluate the feasibility of a system, and that it is a
function of 5 and T,.

For short confinement of a D-T system. his condition
is expressed by

FIGURE 2. Relative output power densities for several
typical fuel mixtures.
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1 . 3
(4 "12<a'v)m'UnTT + 2 (n; + n)kT + bne"‘T‘/""r)-q

= ; (n; + n kT + bn 2T (9)

The total energy release, assumed to pass through a
thermal recovery cycle of cfficiency 1, is shown on the left
and consists of three terms: the first is the power release
from Eq. (5) multiplied by the confinement time 73
the second is the thermal-energy content of the ions and
clectrons (of particle densities n; and 7., respectively);
and the third is the energy radiated by bremsstrahlung
during the time 7 and deposited on the chamber wall.
The minimum condition for possibility is when this
recovered energy is used to supply the thermal energy
content of a fuel charge and provide the radiation losses
during the confinement time 7—that is, the two terms on
the right in (9).

Since we are dealing with a hydrogenic plasma, the
electron density 7, will be equal to the ion density #4, and
Eq. (9) can be solved to yicld the minimum 7 product
required for a break-even condition. A successful reactor,
of course, must be capable of operation at a higher a7
product than the Lawson criterion. The result is as
follows:

T /) — 1
'/t(trl?)l)TUuT + le/?[(‘/"?) - 1]

As an example, at an efliciency of 33.3 percent, the most
favorable reactor mixture (50 percent D, 50 percent T)
requires an m7 product of 10! s/cm? at an ion temper-
ature of 10 keV, the most widely quoted “Lawson

riterion.” His work can be gencralized to yield the
curves shown in Fig. 3 for the deuterium-tritium fuel
system.*

Of the various possible fuels, only deuterium occurs in
nature. If tritium or He? is to be used, it must be manu-
factured in the system. Since the D-T reactor requires by
far the least stringent conditions, it has received the most
attention. In the reaction

(10)

mT =

D+ T—He'+n

only one neutron is released when the tritium nucleus is
consumed. The tritium requires breeding from lithium
by the reactions

n + Li® - T 4 He!
and
n+ Li?T—>T+4+ He'+n (n

and great care must be taken with the neutron economy to
provide ncutron multiplication and to avoid losses.
Otherwise, less tritium will be bred than consumed.
The region surrounding the vacuum tube, called the
blanket, where the tritium will be bred, will be discussed
later. It tends to be expensive.

There are abundant resources of lithium. However,
there would be a decided advantage in avoiding the
necessity for breeding fuel, and the ultimate goal of the
fusion power program is to find a method for burning
only deuterium, so abundant in nature that the potential
energy content of a single liter of ordinary water is
equivalent to that of about 300 liters of gasolinc.
As is seen in Fig. 2, the D-D reaction has a disadvantage

Mills— The promise of controlted fi usion
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FIGURE 3. Lawson contours for the D-T reactor.

111. Catalyzing the reaction 3D ~Het4+p+n

Reaction E ES n
D+D —-T+p 4.04 4.04 0
D+D —Hei+n 3.27 0.82 1
D+T —Hei4n 17.6 3.52 1
D + He® > Hei+ p 18.34 18.34 0
6D »2Het+2p+2n 43.2 26.7 2
or
3D - He'+p+n 21.6 13.3 1

of about a factor of 200 in fusion power density relative
to D-T. This requires so much larger a machine for a
given power output that hypothetical models that are
economic have not yet been suggested.

A way out of the difficulty may be to catalyze the
reaction

3ID—>He*+p+n (12)

by the method iHustrated in Table I1I. Basically, in a
D-D reactor system, suflicient tritium (abou]t 0.5 percent)
and He? (about 15 percent) are added to make all four
reactions proceed at the same rate, thereby maintaining
a constant inventory of tritium and He?. The factor-of-3
improvement in power density over the simple D-D
reactor should be sufhicient to make such systems at-
tractive, since a blanket structure that need not carcfully
preserve neutrons will be much less expensive than one
suitable for breeding.

Many advantages would accrue to a system that made
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no neutrons and delivered all of its energy to charged
particles. The reaction of this type of largest cross
section is

p + Li® — He? 4+ He* (13)
Note that
D + He®— p + He! (14)

does not qualify because in a plasma of deuterium and
helium-3, this process would be accompanied by D-D
reactions, half of which produce neutrons. Unfortunately,
the reaction rate for Eq. (13) is insufficient to provide the
bremsstrahlung radiation loss. Thus a reactor for utilizing
this fuel would be extraordinarily difficult to achieve,
although not impossible in principle as energy may be
provided to the plasma from an external source.

Closed and open systems. The fundamental problem
of the first phase of fusion power development, which
lies in the realm of plasma physics research, is to heat a
plasma to the temperatures required and (the real sine
qua non) to confine it for the length of time implied by
the Lawson criterion. It is this task that has occupied
the attention of hundreds of scientists and engineers in a
dozen countries for about 20 years. Since the confine-
ment must be at long range, a gravitational or electro-
magnetic field is required. Failing this, only inertially
confined systems (explosions) can be utilized. The stars
are the only steady-state fusion reactors in existence,
and they are as large as they are because of the ex-
traordinary weakness of the gravitational field. The mag-
netic field is the appropriate tool for terrestrial appli-
cations. All magnetic containers for hot plasma fall into
two general categories: those that are closed and those
that are open. In their simplest possible forms, two arche-
types are illustrated in Fig. 4. Neither of these is suitable
for stable plasma confinement. An open system can be
made suitable by the addition of “Ioffe bars,” named
after the Russian physicist, Ioffe, who announced this
striking advance in 1961.

FIGURE 4. Confinement systems for (A) closed and (B)
open magnetic fields.

The basic idea behind Ioffe bars is to provide a mag-
netic field configuration in which there exists a region
where the intensity of the magnetic field increases in
every direction outward. The resulting field is illustrated
in Fig. 5. In such an environment a typical plasma is
stably confined, since escape for most particles requires an
increase in energy. Unfortunately, the properties of
magnetic fields require that any system with this property
will have field lines that leave the volume, and although
most plasma particles will be confined, those whose
velocity vector is almost parallel to a field line leaving the
volume will escape directly along the line. This “hole in
velocity space” is replenished by the randomizing col-
lisions of the plasma, and the gas is lost at a relatively
high rate. In other words, open systems (called magnetic
mirrors) leak badly through “end loss.”

To avoid end losses, one should omit the ends by
closing the field into a toroidal configuration. This pro-
duces a transverse field gradient that disrupts con-
finement completely. To make the toroidal field suitable
for confinement one must add a poloidal field, which is
orthogonal to a toroidal field. The magnetic field pro-
duced by a current in a closed circular ring is the
simplest poloidal field. Three techniques for creating
the field are illustrated in Fig. 6. In the first case an
external set of helical-shaped windings is applied to the
reactor tube; this is called a stellarator. In the second a
current is induced to flow around the closed plasma ring;
this is called a Tokamak. In the third case a ring con-
ductor replaces the Tokamak’s plasma current, and the
plasma forms a closed hollow toroidal tube surrounding
the conductor. Such machines have been called spherator,
levitron, or floating multipole. The word “floating” is
significant because the only way to avoid the fatal
disturbance of the plasma by a penetration of material
supports is to make the internal conductor a closed super-
conductor and levitate the insulated ring magnetically.
Experimental machines of all these types have operated
successfully. The basic confinement mechanism at work
in all these devices is the effect the strong magnetic field
has on the motion of a charged particle. The particle is
confined to a helix about a given flux tube., Although the
particles are free to move along the field direction,
motion across the field is severely inhibited.

A dimensionless number, 8, is used as an index of
the effectiveness of a magnetic confinement scheme; it
represents the ratio of the pressure of a plasma to the
magnetic-energy density of the externally applied mag-
netic field, colloquially the ratio of “plasma pressure to

FIGURES. Magnetic mirror with well.

loffe bar
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magnetic field pressure,” as follows:

_ (e + n kT

B B?[8xw

s)

The maximum possible value for the number is unity,
which represents complete exclusion of the magnetic
field by the diamagnetic plasma. Mirrors exhibit the
ability of producing high-8 confinement, but have the
disadvantage of short confinement times. Toroidal
geometries are capable of providing long confinement
times but they have the disadvantage of being limited to
low values of 8.

The scaling law. The power density of a plasma varies
as the square of the ion density. From (15), the density
at a given temperature is proportional to B2 Therefore
the total output power of a given type of reactor model
will vary as

Pr ~ r3g2B1 (16)

where r is any characteristic length of the machine, such
as the plasma radius. This expression illustrates the
importance of high magnetic fields to the fusion power
program and the central role that superconducting
technology will undoubtedly play in future power pro-
duction.

Since scientific feasibility is yet to be demonstrated, it
would be premature to select any particular model as
most likely to lead to a reactor. However, a few com-
parisons can be made with respect to certain advantages
and disadvantages of each. The open and closed systems
lead to fundamentally different modes of operation. The
closed-system advocates visualize a steady-state, or
quasi-steady-state, system in which cold incoming fuel is
heated to reactor temperatures by the charged reaction
products trapped in the plasma. Injection is carried out
in equilibrium with the diffusive plasma loss to give a
density constant in time. Thus a nuclear “boiler” results,
steadily burning the nuclear fuel with continuing cold
fuel injection and hot exhaust collection in a closed fuel
cycle. Since open systems are known to be incapable of
producing sufficiently long confinement time to allow the
ignition of cold fuel by the plasma, mirror reactors assume
energetic injection of high-energy fuel in equilibrium with
the stream of plasma escaping through a mirror. The
short confinement time allows plasma conditions further

FIGURE 6. Toroidal configurations with poloidal shear.
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removed from equilibrium than in a closed system, and
the temperatures of the ion and electron seas can be
quite different. This is important because the ion temper-
ature needs to be kept high to lower the collision rate and
minimize the end loss, whereas the electron temperature
will sink under the loading of radiation, which becomes
increasingly severe at the higher temperatures appropriate
for mirrors. An open system, therefore, may have a large
difference between the ion temperature and electron
temperature and hence will not be governed by Fig. 2,
for which the two temperatures have been taken as equal.
Since the fuel is injected energetically, in principle the
radiation power losses can be supplied also from energy
carried by the incoming fuel, and the concept of an
ignition temperature, which was described earlier, be-
comes irrelevant.

A mirror system must have a large amount of circul-
ating power in the injector and mirror-stream-collection
system, and there is a real premium for accomplishing
both processes at the highest possible efficiency in order
to make a mirror system possible. This need has led to
the development at the Lawrence Radiation Laboratory,
Livermore, Calif., of direct conversion devices of high
efficiency in which the stream of plasma leaving the
mirror is separated into ion and electron portions and
electrostatically decelerated to convert its kinetic energy
into dc electricity. Efficiency exceeding 90 percent may be
achievable in this power loop. Note, however, that it is for
only a portion of the total power of the system. The
power in the neutrons and the power in the electro-
magnetic radiation must go through a thermal cycle, and
the metallurgical limitation on the temperature of the
vacuum wall will limit the efficiency of that portion of the
plant to values similar to those for other heat engines.
It is unlikely that the overall efficiency of a fusion power
plant can exceed 60 percent. This figure, of course, would
be a very significant improvement over present-day
technology.

The proposed mirror machines have the relative
advantage of high-g confinement, but suffer from the
necessity of a very large circulating power. The toroidal
machines have the advantage of being capable of as
much confinement time as can be used, but suffer from
the limitation of low B. Other hypothetical devices
propose to combine the advantages of closed systems
and high 8 by using pulsed theta pinches, devices such
as the large equipment at Los Alamos, N.Mex., in

A—Tokamak. B—Stellarator. C—Spherator.

Levitated
3) superconducting ring
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Vacuum wall

External coil system

which a plasma is compressed by a rapidly rising, ex-
ternally applied magnetic field. But this potential ad-
vantage tends to be nullified by the low duty cycle of the
system. Finally, the condition that absolute magnetic
wells imply mirrors (and their leaks) can be avoided if
the current producing the field flows within the plasma.
The Astron under development in California proposes to
replace physical conductors by an energetic electron shell
within the plasma volume itself. This ingenious but
extremely complicated idea is shown in oversimplified
form in Fig. 7. The trapped relativistic electrons (which
make up the E-layer) are formed originally by generation
in a large electron accelerator followed by injection and
trapping within the mirror. In the next section we describe
a system based on a closed geometry, but many of the
features apply equally well to any reactor model.

One hypothetical reactor

In principle, once scientific feasibility is established, a
power-producing reactor can be built by combining the
following features: (1) a vacuum-tight reaction chamber,
in which a low-density pure gas of fusible isotopes, such
as an equal-volume mixture of deuterium and tritium at a
density of about 5 X 10!*cm? can be heated to reacting
temperature and confined such that the average residence
time at high temperature (10 keV or 108 K) is about 1
second; (2) a structure consisting of blanket and shield
surrounding the reaction chamber in which neutrons will
be thermalized and tritium will be generated; (3) a ther-
mal cycle in which the heat produced in the blanket is
converted to electricity; and (4) a magnetic coil system
for generating the confining magnetic field. The transla-
tion of these broad categories of systems and the nu-
merous subsystems they imply from conception to fully
engineered designs represents a technological challenge
of the highest order, the detailed consideration of which
has just begun. Consider the cross section of a toroidal
reactor and a few of the problems that immediately
come to mind.

Functions of the elements. Figure 8 presents an ele-
mental cross section of a hypothetical machine. Pro-

Plasma
\l
~
llLIl‘{\IllIlIllIII
Trapped cylindrical shell of

relativistic electrons (E-layer)

FIGURE 7. The Astron concept.

FIGURE 8. Cross section of hypothetical fusion reactor.

Bianket

Neutron shield

ceeding from the center out, the various principal
elements meet these requirements. The low-density
plasma consists of an equal mixture of deuterons and
tritons (plus their associated electrons), at an operating
temperature of 108 K. This plasma is fed continuously
with cold fuel, possibly in the form of D-T droplets or
pellets, and is pumped out at the same average rate from
the reaction chamber. The pressure of this low-density
but high-temperature plasma is a few atmospheres, and
is supported by a magnetic field threading the entire
region approximately 10 teslas (100 000 gauss) in in-
tensity. Between the plasma surface and the wall is a
vacuum region providing thermal insulation of the hot
gas from the relatively low-temperature wall. The first
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wall is a thin, cooled structure for intercepting the
electromagnetic radiation load and alleviating the
cooling problem of the vacuum wall. The radiation
barrier has vacuum on both sides and therefore need not
have high strength. The main vacuum wall isolates the
reacting region from the surroundings to maintain the
purity of the low-density plasma.

Beyond the wall lies the blanket, which performs two
functions: (1) the cnergy of the 14-MeV neutrons is
converted to heat and (2) tritium is bred by neutron
absorption in lithium. The shicld absorbs almost all of
the neutrons to prevent their absorption in the magnet
structure outside.

The external magnetic field coils will be supercon-
ducting and therefore immersed in a cryogenic medium,
presumably liquid or gaseous helium at a temperature in
the range of 4-10 K.

Problems. A great many problems are associated with
each of the functions just described. The plasma presents
four: confinement, heating, fuel injection, and exhaust
collection. The first two have received by far the most
substantial attention since the beginning of the fusion
research programs. This has been very appropriate, since
the primary question is the possibility of such machines—
a question that is yet to be firmly answered. It will be
indicated later that there is good reason to anticipate
such a proof within a few years. Therefore, a significant
number of people are now turning their attention to the
problems of fuel injection and exhaust collection.

Fuel injection is not a simple matter. One would hope
to adopt as simple a system as possible, such as a high-
velocity droplet injector. Such equipment exists, but no
experiments have been made to determine whether or not
droplets (or pellets) can penetrate deeply into a high-
temperature, high-density plasma. Calculations based on
the simple energetics of a droplet encountering a plasma
indicate that so much encrgy would be intercepted that
the droplet would be evaporated, ionized, and therefore
immobilized by the magnetic field, essentially at the
surface of the plasma region. In a different model, a
dielectric pellet at high velocity becomes polarized
in the transverse magnetic field and thereby generates a
shielding magnetic field that prevents intcraction with the
hot plasma. This might predict complete penetration,
with the droplet leaving the far side—an even less
satisfactory result. Perhaps experiment will show the
truth to lie somewhere between, but today it is an open
question. Failure of neutral macroparticle injection
would require the application of techniques of energetic
neutral beams (a technology developing well in lab-
oratories studying mirror technology) or cyclic operation
with injection of a fuel charge to initiate the cycle.

Pumping the throughput of fuel is not straightforward.
In equilibrium at optimum condition, a D-T reactor
burns only 2 percent of the fuel charge in one cycle
through the plasma, and a new type of pump is required.
Such a device is called a divertor and is one of the most
important features of a fusion reactor. This has been
tested in experimental devices with low-energy plasmas,
but, of course, not yet with reactor-grade plasmas.
Figure 9 shows a magnetic field plot of a type of divertor
that has been operated on a research machine. The outer
layer of the plasma is stripped off and delivered to an
external vacuum chamber of higher base pressure where
vacuum pumps of relatively conventional design may be
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used to concentrate the exhaust.

The method by which this is done is easily understood
from the figure. The coil in the transverse plane of sym-
metry of the divertor has a current direction opposite to
that of the toroidal field coils. The magnetic field re-
sulting has a zero at the point indicated. Therefore, that
part of the magnetic flux (such as typical field line number
1) lying beyond this is removed from the main chamber
into the divertor chamber. Field lines within (such as
number 3) are not diverted. The separatrix (line 2) is the
boundary between the diverted and undiverted flux. In
this experimental divertor the diverted flux carried its
confined plasma to a small region of the divertor cham-
ber’s wall. In a reactor, the exiting plasma would have
a large thermal energy content, and field shaping would
be done to spread the particle flux over a larger area to
allow adequate cooling.

Second only to the basic problem of plasma confine-
ment, the problem of the vacuum wall seems ominous.
This may be the technologically most limiting feature of
a reactor. The wall must be structurally sound, of long
life, and, for D-T operations, not an absorber of neutrons.
In fact, a neutron multiplier would be useful. It will see
vacuum on one side and a high-pressure coolant on the
other. The heat load from neutrons and gamma radia-
tion must be conducted to the outer surface. The resultant
temperature gradient produces high stresses that must
be supported. This structural clement will be expected
to withstand a lifetime flux of some 1023 neutrons/cm?,
equivalent to the highest encountered in fission reactors,
but of a spectrum of considerably higher energy. During
a week of typical operation, cvery atom of the vacuum
wall will have been displaced at least once as a result of
neutron collisions. An economically reasonable lifetime
is not yet assured, and research on this subject has
been undertaken. Several materials have been sug-
gested, including molybdenum, niobium, and vanadium.
Molybdenum seems to be subject to excessive rates of
void formation due to (n, ) reactions; niobium becomes
neutron-activated, leading to an important after-heat
level; vanadium is the latest choice for D-T models;
all are expensive. If deuterium reactors become possible,
stainless steel may be suitable, but it, too, may have ex-
cessive void formation rates.

The blanket and neutron shield have probably re-
ceived more design attention than any other nonplasma
fusion engincering problem. It is not surprising, there-
fore, that it seems much more tractable now than it did
in the early days. Nevertheless, the D-T reactor does
represent a very sophisticated neutron engineering prob-
lem. For every triton burned only one neutron is gen-
erated, and it takes one neutron to breed a triton. Losses
are, of course, unavoidable; so neutron multipliers (such
as beryllium) are required in the blanket, and absorbers
should be avoided. The neutron economy, however,
does not appear crucial, and fuel doubling times as short
as several weeks seem possible—much shorter than
would be essential. Another way to describe this ad-
vantage is in terms of the breeding ratio required to pro-
vide a useful fuel doubling time of, say, eight years.
For the D-T system only 1.01 or 1.02 is needed for the
net breeding ratio.

The heat-transfer problems within the blanket and
with the associated heat exchangers for steam genera-
tion for the turbines have been studied to some extent,
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and further work is desirable. Candidates for use within
the blanket are molten salts such as flibe (lithium beryl-
lium fluoride), lithium nitrates, molten metals (lithium
or potassium), helium, and steam. The electrical con-
ductivity of the liquid metals is a disadvantage, since
these metals are flowing in a magnetic field. Thus, either
large pumping power, electrical insulation, or both must
be provided. The combination of very-high temperature,
alkali metal, and intense neutron and gamma radiation
poses an almost impossible task for the current state of
insulation technology. In fact, the corrosion problem is
a challenge throughout the blanket. Fortunately the
liquid-metal fast breeder reactor program is learning
much that will be needed if and when fusion blankets
and shields become a reality.

Axis of
symmetry

I Vacuum vessel

Magnetic field lines

[
|
|
|
‘ Pump
FIGURE 9. Divertor field of Mode! C steltarator.

Outside the shield lie the magnet coil and structure,
charged with the task of generating magnetic fields of
average values close to 10 teslas. To do this in a toroidal
geometry, the maximum field strength adjacent to the
conductors near the axis of the machine may equal or
exceed 15 teslas, the highest practical level for Nb;Sn,
the most popular superconductor now available for high
field magnets. New materials are becoming available
(for example, V3Ga) that are reported to be usable be-
yond 20 teslas, but no appreciable experience has yet
been developed with these materials. Regardless of the
electrical stability of the superconductors, the force
problem will be a challenge to designers. A 16-tesla mag-
netic field behaves in many respects as if it were a gas
at a pressure of 15000 Ibf/in? (about 1028 N/m?), and
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clever design must be done to support the coils reliably
without massive supports penctrating the Dewar, which
might cause unacceptably large heat leaks into the cryo-
genic region.

The major heat leak into the Dewar may come from
the leakage of neutrons from the shield. When they are
captured, cach liberates a few miillion electronvolts of
energy, and when this occurs within the cryogenic region,
a serious refrigeration problem results. A challenging
optimization problem occurs near the axis where the
field is at its maximum. This lcads the designer to the
lowest possible conductor temperature and the thinnest
possible shicld, but both of these lead to higher refrigera-
tion power. He will also be plagued by some magnificent
problems of ditferential thermal expansion, since he will
be dealing with a rather large structure, in which the out-
side is at room temperature and the next layers are near
absolute zero. Moreover, beyond the shield, into the
blanket, innev layers rise rapidly to the maximum tem-
perature allowed by the metallurgical limits of the vac-
uum wall-—to say nothing of the plasma within, which
operates at a temperature much higher than that of the
center of the sun!

Advantages and disadvantages. The promise of con-
trolled fusion is for a widely distributed, inexhaustible
primary fuel source of negligible cost. The subsidiary
advantages include high thermal efticiency, the absence of
dangerous by-products, and immunity to clandestine
production of weapons-grade nuclear material. The
ash of the nuclear fusion reaction is ordinary, inert
helium, a useful product that may be in short supply
within a few decades.

The question of safety is frequently misunderstood.
We do not have choices between “safe” systems and
“unsafe” systems. Every human activity is beset with a
number of hazards. An important function of technology
is to reduce hazards to a practical minimum that is small,
but never zero. The cthics of the engineering profession
require that a product or service olfered to or affecting
the public have a hazard potential so small that few
knowledgeable and rational people feel concern over
its use. The quantitative problem facing the engineer is
to optimize the cost of the measures necessary to make
a system safe.

The future needs for electric power for mankind for all
but the immediate future must be met by either breeder
fission reactors or nuclear fusion reactors. In all prob-
ability both systems will prove useful, and both will be
safe; but there may be a cost advantage for the fusion
system because it will be inherently so docile. Whereas a
fission plant contains sufficient fuel in its core for many
months of operation, the tenuous plasma of a fusion
reactor contains enough fuel for only a few seconds of
operation at most, and there is no chance for a nuclear
excursion with damage to the plant. Accidental failure
of magnetic confinement will dump the plasma on the
wall, cooling the plasma immediately, quenching the
reaction, and causing a wall temperature rise of less than
100°C.

The fusion machine itself will be a strong source of
radiation, requiring careful shielding, but there will be
no radioactive output until the day the plant becomes
obsolete or the vacuum tube must be replaced. For good
economy this should be not more often than every 20
years, but when the time comes, the inner parts must be
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removed, compressed, and safely stored until the induced
radioactivity dies away.

The plant will contain an inventory of tritium, a hazard-
ous radioactive gas, but engineering studies show that
it will occur at high concentration only in a very small
region of the plant that will be easily protected at a
relatively low cost and thereby avoid hazard to plant
operating personnel.

Local problems of thermal pollution will remain with
man as long as he burns fuel. There is a small but sig-
nificant advantage to fusion reactors in that a portion of
their output is amenable to direct conversion to elec-
tricity. However, a substantial quantity of the cnergy (that
portion carried by neutrons, bremsstrahlung, and syn-
chrotron radiation) must go through a thermal cycle, and
this portion is subject to the metallurgical limitations of
available materials just as is any heat engine. Overall
plant thermal efficiency should lie between 45 and 60
percent.

The principal disadvantage of fusion power is its ten-
dency to come in large packages. It is indeed unfortunate
that no one has yet come forward with a scheme to gen-
erate fusion power without simultaneously generating
high-energy neutrons. It is the range of neutrons in matter
that forces one to adopt blanket/shield thicknesses of 1
or 2 meters. It would be cconomically cavalier to use
such a large, expensive blanket on a small-diameter,
low-power plasma. The plasma dimensions tend to ap-
proach or exceed the blanket dimensions, and the nct
electric power output becomes at least 1000 MW.

Present status of
controlled thermonuclear research

Plasma diffusion in a magnetic field. The concept of a
controlled thermonuclear reactor involves a magnetically
confined, high-temperature, reacting plasma with its
density at a maximum at the center but falling to essen-
tially zero at the boundary where the plasma encounters
material of low temperature. This is not an equilibrium
situation, and a steady state can result only if there is a
source of material at the center (produced by fuel in-
jection) and a continual removal at the edge. A reactor
can be successful only if transport of the material from
the center to the edge is sufficiently slow. Since there is a
density gradient, this transport process should be
governed by the law of difTusion, Fick’s law, which states
that the current density of particles, j(cm~2-s71), is given
by

j=—DVn a7

where Va is the gradient of the particle density and D
is the diffusion coefticient (cm2-s~1).

In ordinary neutral gases, the diffusion coeficient is
given by

1
D = 3 by (18)

where \ is the mean free path between collisions and ¢
is the average velocity of the particles. For a gas of
charged particles in a magnetic field, however, the situa-
tion is quite different.? Diffusion in a neutral gas may be
viewed as a random walk process, where collisions pro-
duce random new directions of motion of step length A
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between cach collision. In the presence of a magnetic
field, however, the charged particles do nor travel a step
length N in a straight line between collisions. Magnetic
forces confine them to a helical motion, with a gyro-
radius r;, about a magnetic field line. In a homogeneous,
uniform magnetic field, the cross-field diffusion coef-
ficient, D, may be sharply reduced from the ordinary
diffusion coeflicient if the field strength is high enough
to make r, < A:

— D J—
1+ (A%r;?)

D, (19)

It is this effect that makes magnetic confinement possible,
and the classical diffusion coefficient given in Eq. (19)
predicts extremely slow diffusion rates, orders of magni-
tude slower than are necessary for a reactor.

The real world is somewhat more complicated than the
idealized situation of a uniform magnetic field, and (19)
usually does not apply. Instead of the gyroradius of a
particle about a field line, we must consider the entire
path of a particle throughout the confinement device.
If this device is toroidal, there is a ficld gradient that
produces drifts of the orbit across the field, and the
poloidal field, described ecarlier, produces an clongated
and relatively large orbit before the path again closes on
itself. These paths (often called “bananas” because of the
shape of the projection of the orbit on a cross section)
lead to a substantial increase in the rate of diffusion.?
[n effect, the larger width of the banana tends to replace
rqin (19). This results in faster diffusion.

The fundamental research problem in plasma physics
studies oriented toward fusion power is to learn the laws
governing the diffusion of a magnetically confined plasma
in a real situation, a joint theoretical and experimental
task. This study has its theoretical roots in astrophysics
since almost all of the matter in the universe is in the
plasma state and penetrated by the weak interstellar mag-
netic field. The experimental roots lie in work done in gas
discharges such as those in mercury-arc rectifiers similar
to those Irving Langmuir was studying in the twenties
when he gave the name plasma to this interesting form of
matter, and in radar-switching devices that the physicist
Bohm was studying in the forties when he proposed the
semiempirical “Bohm diffusion,” predicting rates of
diffusion independent of density, proportional to electron
temperature, and inversely proportional to the magnetic
field. This result was in striking contrast to theory, which
predicted that the rates should increase with the density,
should vary inversely as the square of the magnetic field,
and, most important, should vary inversely as the square
root of the temperature rather than rising linearly with it,
as predicted by Bohm. Classical diffusion was far slower
than needed for a practical reactor. Bohm diffusion was so
fast that a reactor big enough to break e¢ven energetically
would produce many thousands of megawatts. Since this
would be an impractically large block of power, a crucial
question was whether or not Bohm diffusion was a law
of nature. During the fifties and sixties various simple
magnetic geometries demonstrated confinement times
well in excess of Bohm values, but all toroidal systems
secemed disappointingly close to Bohm performance,
roughly two orders of magnitude short of that needed for
practical reactors.

The Russian Tokamak. In 1968-6Y dramatic results

were achieved when the Russians announced kiloelec-
tronvolt plasmas of substantial density (~10!3 cm—?)
and, most important of all, confinement times in excess
of 10 ms, some hundred times “greater than Bohm.”
These results were received with some skepticism in the
Waest largely on the basis that the reported observations,
explained by a high-temperature Maxwellian plasma,
could equally well be explained by a two-component
plasma consisting of a low-temperature main body in
which was imbedded a small group of “‘runaway™ or
high-energy electrons accelerated by the electric field used
for ohmically heating the plasma. To choose between
these interpretations, one can determine the electron
velocity distribution in the plasma directly by measuring
the Doppler-shifted frequency spectrum of light scattered
by the clectrons. This procedure has become practical
with the development of lasers. In 1969 such instrumen-
tation was not available in the Moscow laboratory, but
the English had suitable equipment and offered to take it
to Moscow to measure the electron velocity distribution.
The Russians welcomed this assistance, and in September
the dramatic results were announced. The plasma tem-
perature was indeed high, in fact somewhat higher than
had been originally claimed.

This stimulated great interest throughout the world in
Tokamak devices, and the fabrication of several was
undertaken during the winter of 1969-70. The first Wes-
tern Tokamak went into operation in May 1970 at Prince-
ton, that laboratory having modified its Model C stel-
larator into a Tokamak by removing the straight section
and moving the two ends together. The resulting device
is very close in dimensions to the T-3 Tokamak in Mos-
cow. Experiments with it gave results very similar to those
in T-3, and subsequent measurements have carried the
detailed knowledge of the plasma characteristics con-
siderably further.

Significance of results. The excitement over these latest
toroidal results stems not merely from a large increase in
the observed plasma confinement time but, more im-
portant, from the fact that conditions are now improving
with temperature rather than deteriorating. It appears
that a diffusion process is operating. In these circum-
stances the confinement time 7 will vary as

TR - (20)

where a is the plasma radius and D is the diffusion co-
efficient. In present toroidal plasmas, the electron tem-
perature, ion temperature, density, and confinement time
are, respectively,

T, = 1500 eV

T; = 500 eV

n; =5 X 10 to 10" cm—*
r = 0.01 second

These are observed in small laboratory devices with the
plasma radius between 10 and 20 cm. The diffusion
coefficients measured are already small enough to be use-
ful for reactors, systems in which the plasma radius «
must be an order of magnitude higher.

Possible pitfalls. The n,7 product of existing experi-
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FIGURE 10. Comparative plasma cross-section sizes in various closed geometries.

ments is about 102 s/cm?, whereas the Lawson criterion
requires 104 s/em?® to prove reactors possible. The pre-
viously presented scaling argument gives reason for op-
timism that a radius ten times larger would provide this,
but to prove scientific feasibility these conditions must be
achieved at reactor ion temperature, another factor of ten
above existing conditions. No one can give assurance
that the threshold of some new unanticipated instability
may not be crossed as temperatures go up. The bound-
ary of the plasma must lie within the vacuum wall; there-
fore, the radial gradients of both temperature and density
will increase as reactor conditions are approached, and
these are known sources of drift waves that could inter-
fere with confinement. Experience will tell.

K eeping up with this rapidly developing field is difficult
for the nonspecialist, since the current literature, es-
pecially in plasma physics, is highly technical. However
the engineering literature oriented toward reactor prob-
lems is growing, and those interested in learning more of
this fascinating field will find much to their liking. A
good starting point would be the Proceedings of the Cul-
ham Conference, which was sponsored by the British
Nuclear Energy Society in 1969.”

Future events

Scientific feasibility and the Lawson criterion. An
oversimplified explanation for the excellent confinement
being observed now is that it is a natural result of
operating larger rescarch machines. As the machine
size grows, the confinement time grows, and as this time
grows, higher temperatures are achieved from heating
methods of limited power. When this fact is linked to the
observation that plasma behavior is more favorable at
higher temperatures, the importance of adequately sized
machines becomes clear.

Larger machines, of course, cost more, and it is signifi-
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cant that several conceptual designs for a variety of de-
vices aimed at demonstrating scientific feasibility of fusion
power all lead to estimated costs in the $25-30-million
range, an amount cqual to the entire national annual
budget distributed to all laboratories investigating this
important question.

What is an adequate demonstration of scientific feasi-
bility? To most people working in the field it means a
10-keV plasma at a density of 10! jons/cm? confined in
any device for a period of 1 second. To others, ignition
conditions seem adequate: a temperature of about 5 keV
and an n;r product approaching 10'* sec/em®.  (Re-
member that the Lawson criterion depends on the effi-
ciency of the associated power plant, and there is no abso-
lute tower limit on n;7.) Still others insist that, to be
absolutely convincing, the device demonstrating the
foregoing properties must be fueled with a D-T fucl mix-
ture in order to release nuclear energy at a rate that is
actually faster than the power required to operate the
machine.

Plasma physicists expect to demonstrate scientific
feasibility in more than one device during the sceventies.
Having accomplished that, what will be the subsequent
intermediate steps before commercial power will be a
reality ?

A possible course of events. From the point of view of
toroidal confinement, Fig. 10 compares plasma sizes of
laboratory devices with those of the larger machines
required to reach the commercial power level. The ST
plasma is in the existing Princeton Tokamak. The ATC
is a new machine in fabrication now to go into operation
in the spring of 1972. The PLT-1 machine has a pre-
liminary design available, but is not yet authorized. It is
designed for the largest plasma that can be provided by
the existing 200 000 kW of motor—gencrator capacity at
the Princeton laboratory, shown in Fig. 11, and thus
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would be the quickest and most economical path to a
large toroidal plasma.

It is conceivable, but unlikely, that scientific feasibility
could be shown with this machine. It is the PLT-2
machine that is planned to settle definitely the question of
scientific feasibility in closed geometries. Its design
criterion is to make it as large as would be necessary
under the most pessimistic extrapolation of current
knowledge to demonstrate feasibility.

The course of events in the laboratory beyond PLT-2
cannot be predicted accurately now. The PLT could
serve as a large test bed for further plasma physics experi-
ments and development to complement power develop-
ment work at larger sites. Conceivably, it could be
converted to a prototype reactor. Or a prototype reactor
could be built as a separate device, as shown in Fig. 10,
its size depending on the experimental results of the pre-
ceding machines. This device would burn deuterium,
tritium, and He? fuel combinations but it would not breed
the necessary isotopes, which are available from fission
plants.

Moving on to large-size devices, a demonstration plant
would generate a small amount of power, say 100 MW,
and would be self-sufficient, breeding its own fuel. How-
ever, this type of plant would be too small to be economic
and also would be intermittent and developmental in its
operations.

The important questions of radiation damage and
blanket and shield design cannot be fully answered until
the potent neutron fluxes of the D-T reactor become avail-
able. A radiation test facility should be designed and
fabricated as soon as it has been proved possible, and
confidence has been developed that it can be operated.
Five full years of successful high-flux operation should be
accumulated before the large sums needed for a commer-
cial reactor should be committed.

The schedule for such a program can only be guessed
at, but with a broad brush: feasibility in the seventies,
demonstration in the eighties, and commercial power in
the nineties. The cost? An average of $100 million a
year until we are ready for the new industry.

FIGURE 11. Motor-generator sets of 200 000-kW peak ca-
pacity at the Princeton laboratory.

If magnetic confinement fails. Lest we forget, it has not
yet been proved that a controlled thermonuclear reactor
is possible. If closed geometries fail, mirrors may succeed.
If mirrors fail, too, perhaps pulsed devices or the Astron
will be possible. If all magnetic confinement fails, laser-
ignited microbombs may carry the day, or even mini-
bombs in underground cavities. If none of these schemes
is economically feasible, then fission breeder reactors will
have the full responsibility for fueling the future of
mankind.

Closing on this cautionary note, however, should not
mask the fact that today, in contrast to the situation a
few years ago, a majority of scientists and engincers
knowledgeable in the field of controlled thermonuclear
research believe that fusion power will be possible and
will become practical in this century.
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The present status

of engineering employment

A benchmark survey of engineering employment shows
the picture to be brighter than supposed—but still
sobering. Results confirm many past conclusions con-
cerning the geographic nature of the problem and
highlight the degree of severity existing in mid-1971.
Overall unemployment for U.S. engineering profes-
sionals who are members of engineering societies is
3.0 percent. One significant fact to emerge is that
electronics engineers have an unemployment rate
equivalent to that of engineers in the aerospace field;
both are the highest among all engineering disciplines
—more than 5 percent.

The specter of joblessness facing many engineers in the
U.S. during the current economic decline can now be
given some form and substance as the results of the long-
awaited first nationwide survey of engineering employ-
ment are made available and can be evaluated. The
survey, conducted by the Engineers Joint Council for
the National Science Foundation* and completed in
August, sampled some 59 000 engineers—all of whom
were members of engineering societies. This figure rep-
resents a 60 percent response to a query sent to 20 per-
cent of the 500000 individual members of 23 major
engineering societies, representing all fields of engineering
employment. A follow-up query sent to the 40 percent
nonrespondents produced a return with the same results
obtained from the original responders.

The most notable and the first general result obtained
by NSF showed that the unemployment rate for engineers
was running at 3.0 percent. The immediate tendency is
to conclude that the national unemployment situation
for engineers is not as severe as had been surmised. This
conclusion undoubtedly has some validity, and con-
sidering that the general population has an unemploy-
ment rate over 6 percent, one could argue that engineers,
as a group, are faring better than the general population.
However, this conclusion may be misleading, because if
we take into consideration the fact that in the recent past
the engineering unemployment rate has been less than
1 percent, it can be argued that, with the same incremental
rise in unemployment for engineers as a group as that
for the general population, the engineers are faring as
poorly as the general population; indeed, as some of the
tables show, in some geographical areas they are much
worse off.1 Moreover, the EJC believes that the NSF
study is erroneous in that engineers working part time

* Reported in NSF Bulletin  71-33, Science Resources Studies
Highlights.

t The basis for the assertion that employment of engineers is at
least equivalent to that of the general population fies in the fact
that in previous EJC surveys (1964-69 period) on behalf of the
National Engincers Register less than | percent of the respondents
reported themselves out of work. If one accepts the economic dic-
tum that a “*full employment” economy is ohe which maintains a
3 percent overall unemployment rate, then the incremental change
for engincers in general (between 1 and 3 percent) roughly equals
that for the general population (3 to 6 percent). Thus, engincers
are faring at least as poorly as the general population.
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or doing nonengineering work should be classified as
completely unemployed rather than employed. On the
basis of this reasoning, EJC has produced a second set
of figures that reflect this rearrangement in categories.
Table I and others in this article give both the results as
reported by NSF and those developed by EJC.

In addition, data have been extracted and compiled
showing the rates as a function of field of specialization,
geographical area, age, and degree. From these we can
arrive at some general conclusions that should be of help
in planning for the future and in concentrating remedial
efforts in those areas and disciplines of greatest need.

I. Engineering employment and

unemployment rates as computed by the NSF and EJC

Computed by NSF

Employment Status Number Percent  Number

Total survey respondents 59 200 59 200

Not employed; not seeking employment 3500 3500
In labor force 55800  100.0
Employed in engineering work 50 400 90.3
Employed in nonengineering work 3700 6.7
Unemployed and seeking employment 1700 3.0

Employed in nonengineering work by choice 3200

Employed part time in engineering by choice 500

Total in or seeking full-time engineering work 52 000
Employed full time in engineering work 49 500
Not employed full time in engineering work 2500

Employed part time in engineering,
seeking full-time employment 300

Employed in nonengineering work,
engineering not available 500
Unemployed and seeking employment 1700

il. Unemployment rates by field of specialization

EJC
NSF Employ-
Number  Unemploy- ment
in Labor ment Problem
Field of Specialization Force Rate Rate
Aerospace engineering 3861 5.3 7.6
Chemical engineering 2072 1.9 2.8
Civil engineering 5626 1.2 1.9
Communications* 1398 2.9 4.6
Computer/mathematics* 1293 3.7 6.5
Electrical engineering* 4769 2.2 3.6
Electronics engineering* 4262 5.3 1.7
Environmental/sanitary
engineering 1089 1.6 2.5
Industrial engineering 1972 2.8 5.2
Management/business
administration 3091 3.0 4.8
Manufacturing engineering 2751 4.5 7.0
Mechanical engineering 5232 2.8 3.9
Metallurgical engineering 1797 2.8 4.5
Petroleum engineering 1149 0.7 2.0
Plant/facilities engineering 1406 2.3 3.2
Product engineering 1343 3.1 4.9
Systems engineering* 1610 4.1 6.3
Nonengineering 1167 4.5 20.7
Specialty not reported 1617 4.9 13.4

* Major disciplines covered by IEEE.

Computed by EJC

Percent

~88
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Cable television has had a phenomenal growth record
both in the United States and in Canada. It has been
predicted! that by 1975 a minimum of 25 percent of all
U.S. homes will be wired with 20 or more channels and
by the late 1970s that figure may well rise to at least 60
percent.

The rapid growth of the cable television industry to
date has taken place for two principal reasons: people
living in rural communities have been able to get good
television reception via cable that they could not get
without it, and people in urban areas have been able to
get better-quality pictures with cable than they were able
to get by direct reception of broadcast signals.

Now, as the ’70s move ahead, there is a new impetus
to further growth in cable television systems. This im-
petus stems from the demonstrated engineering capability
to bring many more channels and new communication
services to subscribers while, at the same time, giving
them the facility to “talk back” to the system and, in
some cases, to all other subscribers on the system. This
two-way or bidirectional capability opens up a whole
new realm of application possibilities. The implications
of two-way cable facilities are so important to the overall
communications policies of the United States that govern-
ment agencies and other policy-proposing groups are
taking a close look at this emerging new technology.

Many responsible people, realizing that cable television
with 20, 30, 40, or more channels and two-way facilities
for visual, audio, and data communications is feasible
right now, are concerned with putting this tremendous
capability to the best possible use to improve the life
style of all citizens. Suddenly there has evolved a need
for putting into proper perspective the relative importance
to the nation of its existing telephone networks, its broad-
casting networks, and its cable television systems. It is a
task fraught with social, economic, and political over-
tones, most of which are beyond the scope of this report.

Dr. Peter C. Goldmark, who retired last December as
president of the Columbia Broadcasting System Labora-
tories, is quoted in a recent New York Times interview as
being firmly convinced that the entire structure of broad-
casting and communications is headed for a king-size
shakeup. Dr. Goldmark believes, according to the New
York Times report, in the ultimate marriage of domestic
satellites and cable television. The union, he says, will
outmode the monopoly of existing networks and stations
and provide for a profusion of coast-to-coast and local
services that cut across entertainment, culture, informa-
tion, instruction, education, business, and population
dispersal. He feels that just two satellites could easily
provide as many as 40 or more nationwide channels.

EIA recommendations

In October 1969, the Industrial Electronics Division
of the Electronic Industries Association submitted a
document? to the Federal Communications Commission.
This well-conceived report took the stand that the services
to be provided by broadband communications networks
in the late 70s and early '80s were of “landmark im-
portance,” of “national resource dimensions,” and that

development of these resources should be a national goal.
The EIA suggested to the FCC that it provide a regulatory
environment allowing the development of two types of
broadband communication networks in the United
States:

1. A video telephone system similar to the “Picture-
phone” system of AT&T with the ability to act as a
video output terminal with limited keyboard access to
computers and transmission and reception of high-speed
facsimile information.

2. A broadband communications network that would
be a minimum 300-MHz-bandwidth pipe to provide
many information services for home, business, and gov-
ernment, including broadcast video, first-class mail, and
educational material, with limited return bandwidth for
receiving and tabulating specific requests and responses
by individual users of the cables.

The EIA report stated that “the public interest will
be best served for the immediate future by permitting
tests of different systems or services by different entities
in various cities to afford some basis in experience before
any particular system or service becomes established on a
widespread basis.”

NAE recommendations

In June of this year, the Committee on Telecommunica-
tions of the National Academy of Engincering sub-
mitted a report to the U.S. Department of Housing
and Urban Development. This comprehensive report?
is a thought-provoking document that echoes some of
the EIA suggestions but adds new ones as well. The
Committee on Telecommunications believes that modern
communications technology, thoughtfully applied, can
help in relieving many problems besetting the cities and
can upgrade the level of city life. The NAE report talks
about four basic communications networks for the future:

1. The telephone network for transmitting pictures,
voice, and written material between two points.

2. A network based on existing cable television sys-
tems, which can distribute information from central
facilities to offices and homes, with a capacity of as many
as 30 television channels and a limited call-back capacity
for polling or making requests.

3. A broadband communications network carrying up
to 30 equivalent television channels in both directions
interconnecting major public institutions and large com-
mercial enterprises.

4. A multipurpose city sensing network to collect data
on such items as weather, pollution, traffic, vehicle loca-
tion, and power status.

The NAE report concludes: “.. . many of the cities’
problems are caused by high density living conditions in
an era of increasingly rapid change. Communications
technology, imaginatively applied, could offset the trend
in which the vast majority of Americans today, and more
in the future, live on a small percentage of the available
land.

“We suggest an exploratory program to examine how
broadband communications technology could be applied
to business, government, education, health care, and
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entertainment to stimulate the development of cxiSting
small communities, or new communities, in rural areas.
As a result, people would have a viable option of settling
in either urban or rural America.”

FCC position

The Federal Communications Comniission, in August
of this year, took the unusual step of subinitting to Con-
gress a 55-page detailed letter outlining a series of pro-
posals for regulation of various aspects of cable television.
The Commission’s stated objective in preparing the pro-
posals was ‘‘to find a way of opening up cable’s potential
to serve the public without at the same time undermining
the foundation of the existing over-the-air broadcast
structure.”

Citing the potential of cable television as a medium
for community expression, the Commission said it would
direct its efforts to “ensure the development of sufficient
channel availability on all new cable systems to serve
specific recognized functions.” To achieve these goals,
the Commission proposed that cable systems provide a
channel for nonbroadcast use for each broadcast signal
carried and that new systems in the so-called top 100
markets have a potential capacity for at least 20 channels.
It would require, in addition, a public access channel to
be available for five years at no cost for state and local
government use, and a similar channel for local educa-
tional groups. “Excess” channels would have to be avail-
able for lease to all potential users, systems would be
required to ensure that channels were available for use
in response to demand, and two-way capacity would be
required.

Williams bill

Senator Harrison A. Williams, Jr., on August 4, 1971,
introduced a bill to the U.S. Senate (S5.2427) to amend
the Communications Act of 1934 10 provide for the
regulation of community antenna television systems.
The Declaration of Policy in the praposed bill reads:

“Section 1. The Congress declares that community
antenna television systems provide an essential service,
and that access to a full offering of diversified television
communications and supplemental electronics services
via such systems is not a luxury, but is an essential condi-
tion for the survival of our society; that few communities
will need, or be able to support, two such systems and
that a full offering of such service must be uniformly and
universally available for public needs and public use.”

OTP wired-city experiments

The Office of Telecommunications Policy has accepted
a proposal from Malarkey, Taylor and Associates in
Washington, D.C., for tasks to be performed in connec-
tion with evaluating experiments for the “wired city.”
The proposal, when submitted later this year, will list and
evaluate candidate experiments, evaluate locations and
methods of operation, examine various funding arrange-
ments, and prepare implementation schedules for ex-
periments that are selected for further consideration.

The Malarkey, Taylor proposal emphasizes that FCC
regulatory restrictions make the private entrepreneur
reluctant to invest his money in the development of cable
television in the major markets. The problem, therefore,
according to the proposal, *“is to determine whether there
may not be some set of commercial services that, in the
aggregate and when added to the allowable off-the-air
television service, will make the coaxial cable wiring of
the large cities an attractive enterprise for private in-
vestors. The wired-city potential can then be developed
and the overriding goal of alleviating urgent urban prob-
lems and improving the life-style in urban areas via the
use of modern telecommunications concepts can be
pursued through normal profit motivated commercial
process.”

It is encouraging to realize that responsible individuals
and organizations are so deeply concerned about the
future of cable television at a time when the general
public is making few, if any, demands for additional
services beyond reception of commercial television pro-
grams. It may just be that, by sheer coincidence, the
market will not develop until a well-defined national
policy has evolved.

Jurgen—Two-way applications for cable 1¢levision systems in the *70s



Basic two-way systems

When it began to appear desirable to provide more than
the standard 12 VHF channels—either for additional
one-way programming or for additional programming
plus return-signal capability—various techniques were
proposed. All are variations of a few basic schemes: use
of UHF channels, frequency-division multiplexing of a
single cable, dual cables, and switched multiple-cable
networks either with or without multiplexing. Each of
these possibilities will be described but first some dis-
cussion of distortion problems and frequency allocations
is appropriate since both become so much more trouble-
some in multichannel two-way systems.

Noise and distortion

Noise and various forms of distortion are critical
factors in any CATV system. Thermal noise in the system
determines the lowest signal levels that can be allowed
without producing snowy pictures. Distortion products
determine the maximum signal levels that can be tolerated
without producing “windshield wiper” effects and “her-
ringbone™ patterns in the picture. The optimum CATV
system operating level is usually set at the midpoint
between the two* even though the individual amplifier
gain resulting in the longest usable system is less (8.69
dB).5

The present state of the art in device technology limits
the maximum number of amplifiers in cascade in a cable
television system. In the United States this maximum is
30 to 35 amplifiers. Increasing the number of amplifiers
lowers the quality of the picture on a subscriber’s tele-
vision receiver beyond acceptable limits. Theoretically,
an improvement in transistors that would raise their out-
put capabilities by only 3 dB or reduce the distortion
products they produce by only 6 dB would permit twice
as many amplifiers to be used. Feedback technigues
are not effective for reducing the more troublesome dis-
tortion products.

Distortion in CATV amplifiers is caused by non-

FIGURE 1. Frequency spectrum obtained when
12 CW signals on carrier frequencies for chan-
nels 2-13 are introduced into a CATV amplifier
operating at levels higher than normal.
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linearities in the transfer characteristics of the transistors
used in the amplifiers. Distortion takes the form of cross
modulation, where one frequency is modulated by the
modulation of another frequency; of harmonics, where
unwanted signals are generated at frequencies that are
multiples of the desired frequencies; and of beats, where
two or more desired signals combine to create an interfer-
ing signal.

Second-order distortion products that are either sums,
differences, or second harmonics of the television channel
carrier frequencies are not a problem with 12-channel
systems. The standard carrier-frequency assignments
established by the FCC took these distortion products
into account. As shown in Fig. 1 (see Ref. 4, p. 27), the
sums or differences do not fall within the frequency bands
of any of the 12 VHF channels. The second harmonics
of all the low-band carriers (channels 2-6) fall between
the carrier frequencies of channels 6 and 7. When more
than 12 channels are being considered, however, these
same distortion products become troublesome. The
severity of the problem depends on the particular fre-
quency-assignment scheme being used.

The spurious signals caused by third-order distortion
can give trouble in any multichannel system since they
can fall within some of the channels. In 12-channel sys-
tems, cross modulation has usually been the determining
factor for maximum output levels of the amplifiers. But
in systems with more than 12 channels, third-order inter-
modulation products can limit the system sooner than
cross modulation.

Samuel Colodny of AEL Communications Corpora-
tion has done some interesting rescarch into the question
of third-order products in systems with more than 12
channels. He has shown, for example, that there are 13
ways of getting the carrier frequency of channel 2 through
third-order products in a standard 12-channel system.
This figure rises to 71 for 26-channel systems, using the
popular frequency-assignment scheme of Table 1.6 Chan-
nels G, H, and I (Table 1) for this same 26-channel sys-
tem have their carrier frequencies produced in 165 ways
by third-order products. If seven midband channels
(Table I) are converted as a block to channels 7-13, and
if inverted superband channels are converted as an al-
ternate block to channels 7-13, then the total of the third-
order products that duplicate the carrier frequency of
channel 2 is 35 and the worst channels have 93 such
products.

Frequency assignments

From the previous example it is easy to see why fre-
quency assignments in more-than-12-channel systems are
so important—so important, in fact, that they are being
looked at carefully by the Frequency Allocation Sub-
committee of the IEEE’s Coordinating Committce for
Cable Communication Systems, which will issue a report
later this year. Dr. Robert S. Powers, chairman of the
subcommittee, has planned the report to cover the fol-
lowing engineering considerations:

1. Systems containing the 12 standard VHF channels
and up to 14 additional channels arranged in several
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alternate ways. Additional channels will be converted to
“standard” frequencies by use of converters, which may
or may not invert each of the channels in the conversion
process. The study of standard 41-47-MHz IF and higher
IFs to avoid oscillator leakage and image problems will
be included.

2. A system in which carriers starting at approximately
50 MHz up to 350-400 MHz will be phase-locked to
each other. Carriers will be 6 MHz apart in most cases
but the effect of making an exception in order to match
the standard 12-channel assignments will be explored.
With this technique, the effect of third-order distortion
products will be to raise or lower the carrier levels of
other carriers and increase cross-modulation effects
slightly—a situation hopefully less serious than coherent
beats.

3. An assignment technique in which all the additional
channels are “right side up” and inversion techniques are
not used. Cases of both contiguous assignments and offset
assignments will be discussed. A study of 45.75-MHz and
higher IFs to avoid oscillator leakage and image problems
will be included.

4. Dual-cable systems with an A to B switch at the
subscriber’s receiver rather than a set-top converter.

Dr. Powers states further that the final report will
“recognize the broadest aspects and consequences of the
frequency assignment problem, including two-way systems
and the implications of standardization or lack of it on
the consumer, on manufacturers of the equipment, and
on cable operators.”

The IEEE Subcommittee Report will be a valuable
contribution to the industry and should help clarify some
of the confusion in regard to distortion and frequency
assignments in more-than-12-channel systems. It should
also pave the way for setting standards for a multichannel
cable television receiver.

The set-top converter

Cable television got its start because it was profitable
to bring good-quality commercial television signals via
cable to persons living in rural areas with poor broadcast
television reception. It later evolved that cable television
also had a role to play in cities where high-rise buildings
and other high-density living arrangements either pre-
cluded direct line-of-sight paths from television transmit-
ting antennas to home receivers or caused reflections of
the broadcast signals to appear on receiver screens as de-
layed ghosts. The cable solved this particular ghosting
problem but, in the process, created one of its own. If
the broadcast signal were strong enough it could be
picked up directly by a television receiver even though no
receiving antenna was connected to the receiver. The
same signal, delayed slightly by the cable system, reached
the receiver later than the broadcast signal. The result
was that both signals appeared on the receiver screen,
resulting in a “leading ghost.”

One technique to counteract the direct-signal-pickup
problem uses a device known as a converter. It is a self-
contained unit placed in a subscriber’s home on top
of or near the television receiver. The cable is connec-
ted to the converter rather than to the receiver. The out-
put of the converter feeds the receiver at some unused
VHF channel position. In New York City, for example,
channel 12 is used. The receiver remains tuned to chan-

12 at all times and the converter is used to tune in the
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1. One proposal for CATV channel assignments

Frequency Frequency
Channel Range, MHz Channel Range, MHz
2 54-60 7 174-180
3 60-66 8 180-186
4 66-72 9 186-192
5 76-82 10 192-198
6 82-88 11 198-204
A 120-126 12 204-210
B 126-132 13 210-216
Cc 132-138 J 216-222
D 138-144 K 222-228
E 144-150 L 228-234
F 150-156 M 234-240
G 156-162 N 240-246
H 162-168 o} 246-252
1 P

168-174

252-258

desired VHF channels. There is no direct pickup by the
receiver of the unused channel because there is no signal
being broadcast on that channel and the converter is
shielded carefully.

The direct-pickup problem and the resultant need for
a converter could both be avoided if commercial receivers
had better built-in shielding, including 75-ohm coaxial-
cable input terminals. But so far the majority of receivers

_at least those sold in the United States—do not have
such features.

With the more-than-12-channel systems being intro-
duced, a converter is often necessary in the subscriber’s
home so that the extra channels can be viewed on the sub-
scriber’s existing television receiver. Since the new
converters, in most cases, operate on the same principle
as a 12-channel unit, some discussion of its operation is
pertinent.

Many early 12-channel converters contained a VHF
tuner that accepted the cable signals, down-converted
them to 45.75 MHz, and then up-converted them to the
desired output channel (channel 12 in New York City
in the previous example). This technique, rather than
some other approach, was used because this is the tra-
ditional operating principle of a standard television tuner
in a television receiver.

When the cable was multiplexed in some fashion to
distribute more than 12 channels, some new problerhs
arose. Gene Walding, writing in the July 1971 issue of
TV Communications,? states that one problem is that the
local oscillator of the more-than-12-channel converter
radiates energy into the mid-, high-, and superband spec-
trum with the result that converters can “talk” to each
other. Figure 2, from his paper, illustrates what can hap-
pen. Converter no. !, tuned to channel 5, has its local
oscillator operating at 123 MHz. Converter no. 2 (which
may be located in the apartment next door) is tuned to
channel A (Table I) which covers the range from 120 to
126 MHz. The local oscillator of converter no. | inter-
feres with reception of channel A, causing serious dis-
tortion or herringbone image on the screen of receiver
no. 2.

Mr. Walding’s company, Oak Electro/netics, has
introduced a new 26-channel converter that is said to
eliminate this particular problem. As shown in the block
diagram of Fig. 3, it does not down-convert to 45.75
MHz. Instead it up-converts to an IF of 330 MHz and
then down-converts to the desired output channel. By
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so doing, the local oscillator of the converter, in the 386-
to 572-MHz range, is well out of the CATV signal band.

Some other manufacturers are also using the up-con-
version technique in their converters.

Use of UHF channels

At the beginning of this section on two-way-system
approaches, the basic schemes for obtaining additional
channels were mentioned. One technique was use of UHF
channels. At first consideration, this seems to be a likely
choice. Most receivers in homes in the United States have
built-in capacity for reception of UHF signals because of
an FCC rule requiring such capability in sets manu-
factured since 1966. This choice has not proved to be a
popular one, however, because of a combination of in-
creased cable losses at the higher frequencies and the
unavailability of UHF tuners of good enough quality
for use with cable television systems.

Single-cable techniques
Frequency multiplexing a single cable to obtain addi-
tional VHF channels has received much attention. The

This unit is ——= e
tuned to Converter
channel A no, 2
(120-126 MH2)
o2
0
S S &8
- C e l -
—3-dB forward loss -
| Splitter Interference: 15 mV
~25-dB backward loss of 123-MHz osc. signal
- < from converter no. 1
N o
This unit is —— . R
tuned to channel 5 m?r 3
(osc. at 123 MHz) oc
(Osc. generating
500-mV, 123-MHz signal)
FIGURE 2. Converter-to-converter interference result-
ing from proximity of two converters.
FIGURE 3. Block diagram of Oak 26-channel converter.
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reason is obvious. With few exceptions, existing installa-
tions are single-cable installations. Why not add to, or
retrofit, these systems to gain more channel capacity?
With the added channel capacity, one or more channels
can be used for return or “‘upstream” signals from sub-
scribers, making possible many two-way or bidirectional
applications. The single-cable principle has been used in
many experimental systems, some of which will be de-
scribed later.

An elementary single-cable bidirectional system would
be one employing a single cable trunk and a single feeder.
A trunk is the main coaxial cable in a CATV system
between the head end—the equipment at the start of the
system that receives, amplifies, and otherwise processes
the broadcast television signals for distribution on the
system—and the community or portion of it served by the
system. A feeder is the coaxial cable running between
bridger amplifiers or bridgers located on the trunk, the
line extenders or distribution amplifiers in the feeder
system, and the taps used to obtain signal voltages from
the cable for subscribers.

One configuration of an elementary system is shown in
Fig. 4.8 It is called a single-cable, subsplit system because
the frequency spectrum is split below channel 2, with the
return information for the head end occupying the fre-
quency band from 5 to 30 MHz, providing enough return
bandwidth for one television channel (6-MHz bandwidth)
and 19 MHz of data (or some other split of the band-
width). The outgoing or “‘downstream” signals at chan-
nel 2 and at higher frequencies use the conventional
frequency assignments. In an experimental system of this
configuration, the outgoing portion used push-pull
amplifiers designed for 27-channel operation: 12 stand-
ard VHF channels, nine channels in the midband region
(channels A through I of Table I), and six superband chan-
nels above channel 13 (channels J through O, Table I).
The feeder return and the trunk return amplifiers are
also push-pull. The spectrum split is obtained with high-—
low filters or diplexers.

Filter requirements can present challenging design
problems.® Passband flatness, insertion loss, return loss,
and differential delay distortion are some of the param-
eters that must be considered. It is beyond the scope of
this report to discuss filter design for CATV systems
but the interested reader is referred to the published liter-
ature.® 1

Another version of the configuration in Fig. 4 employs
a frequency split in the midband (108-174 MHz). Four-
teen television channels are available for outgoing dis-
tribution (channels 7-13 and J-P, Table I) and 14 chan-
nels plus 19 MHz of data are available in the return path
since it now covers the frequencies from 5 through 108
MHz. This version of the system would be a special-
purpose one since only the seven high VHF channels
(channels 7-13) are available for distribution to a stan-
dard television set without a converter.

Multiple-cable techniques

The simplest of the multiple-cable proposals is the
addition of a second cable to make an additional 12
VHF channels available. The receiver is equipped with a
simple A-B switch. Under ideal conditions, the subscriber
receives 12 standard channels in position A (assuming the
channels are all being used) and 12 additional channels
in position B for a total of 24. In practice, the total may
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FIGURE 4. Single-cable, subsplit and single-cable, mid-
split systems with upstream and downstream signals.

be less than 24.12 Interference problems between cable
A and cable B are readily controlled.

Variations of the dual-cable approach are being
field-tested for two-way systems. In fact, of all approaches
to increasing channel capacity with two-way feasibility,
the dual-cable approach seems to be winning favor with
the majority of cable system operators. Dual-cable sys-
tems may be more expensive initially than single-cable
systems but they can either eliminate or reduce the
amount of multiplexing necessary with the result that
there are fewer complex amplifiers, filters, distortion
problems, ctc., to worry about. Hubert J. Schlafly, presi-
dent of TelePrompTer Corporation, for example, has
directed that all future installations of that company will
be dual-cable installations. And TelePrompTer has
already experimented with single-cable two-way installa-
tions.

Figure 5 shows an elementary dual-trunk, single-feeder
system.® Trunk cable A is onc-way only and uses the out-
going frequency spectrum from 54 through 258 MHz for
carrying 28 channels (channels 2-13 and A-P). The A
cable distribution is two-way with the 54-258-MHz
spectrum from the A trunk outgoing, and 5-30 MHz re-
turning from the subscriber locations to the B trunk
station. The B trunk cable is the mid-split, two-way sys-
tem that was shown in Fig. 4. The 5-30-MHz portion of
the B return spectrum is used by the A feeder return sig-
nals, which are coupled over to the B station froma high-
low split filter in the A station. The 30-108-MHz portion
of the B return and the B outgoing have limited access
and return.

AV

Feeder line

v Line extender

The dual-cable system in Fig. 5 has the capability for
full distribution of 28 channels outgoing and one channel
plus 19-MHz return. For limited-access private service,
it offers 14 channels outgoing and 13 channels return.

Another configuration is a dual-trunk, dual-feeder
system.® The A cable is a conventional one-way CATV
system. The B cable is a full two-way system with a trunk
return of 5-108 MHz, a feeder return of 5-30 MHz, and
outgoing trunk and feeder from 174 to 258 MHz. This
configuration has all the advantages of that in Fig. 5 with
the additional capacity of the B outgoing distribution
available to the subscriber through use of an A-B switch.
In many cases, enough channels would be available by
means of the switch that converters would not be needed.

If a subscriber had an A-B switch and no converter,
for the dual-trunk, dual-feeder system just described, he
would be able to receive 19 channels (channels 2-13 on
cable A plus channels 7-13 on cable B). If the subscriber
had a multichannel converter, he would be able to receive
42 channels (channels 2-13 and A-P on cable A plus
channels 7-13 and J-P on cable B). One channel plus
19-MHz return from 5 to 30 MHz would be available for
public service and 13 channels from 30 to 108 MHz for
private service.

The dual-cable concept can be carried further, ob-
viously, by adding a third cable, a fourth, etc. But eco-
nomic considerations tend to rule out this approach in all
except highly specialized applications or in urban areas
where installation labor dominates cost and the incre-
mental cost of multiple cables is not as significant.

There are other adaptations of the multiple-cable
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FIGURE 5. Dual-trunk, single-feeder system showing upstream and downstream signals.

approach that will be described later. One such system
offers an ideal arrangement for two-way operation. It is
the Rediffusion system, which uses multipaired HF cables
rather than broadband, coaxial cables. Each subscriber’s
receiver is wired with two pairs—a control pair and a
signal pair. The subscriber dials a coded number for any
one of 36 channels he wishes to receive. An electrome-

chanical rotary device with 36 reed switches in a local
distribution exchange then connects the subscriber to the
desired channel. In a somewhat comparable system by
Ameco, known as DISCADE, coaxial cable is used together
with solid-state switching. And GTE Laboratories has
just proposed a system that uses the Rediffusion me-
chanical switching setup with coaxial cables.

Actual two-way systems

Even though no real market now exists for two-way
CATYV systems, many enterprising cable system operators
and equipment suppliers are actively engaged in attempts
to create that market through experimentation with two-
way systems in the field. The remainder of this report
describes some of these working systems as well as others
that have been proposed but not yet implemented. The
few systems described have been selected carefully to
show the variety of engineering designs being used to
make single-, dual-, and multiple-cable CATV systems
feasible as well as to show the imaginative applications of
these systems that are being demonstrated. Space limita-
tions preclude descriptions of all two-way systems pro-
posed or in existence.

Vicom system

One of the first organizations to develop and demon-
strate a two-way cable communications system was the
Vicom Manufacturing Company in Dexter, Mich. It
has two systems in operation—one at Overland Park,
Kans., on Telecable Corporation’s CATV network and
the other in a major automotive plant.

The Vicom system is designed to accommodate both
interactive and monitored services. The return capability
includes audio, video, and digital functions under the
control of a central computer. The system block diagram
and frequency assignments are shown in Fig. 6. The inter-
active equipment at the subscriber location consists of

the following units: a 26-channel converter; a terminal
containing the digital and RF circuitry; and the “Queset,”
Fig. 7, which contains the microphone, 12 alphanumeric
keys, and a push-to-talk switch. Several peripheral devices
can be connected to the terminal on a temporary or per-
manent basis as shown by the dotted lines in Fig. 6. The
alarms and meter-reading outputs could be connected to
the same terminal but, for simplicity of wiring and secu-
rity reasons, they are interconnected to a separately
addressed digital terminal unassociated with the television
set.

With the Vicom system, the following two-way environ-
ments can be established: remote program origination,
audio-video interaction, and digital interaction.

A portion of the return-channel capacity of the system
is used to originate programs from any location that
contains a terminal. The program is retransmitted from
the head end on a forward midband channel. Viewing of
this program can be restricted to a particular group of
subscribers through the digital interrogation link, which
can selectively turn off the converter of those not au-
thorized to view the program. The subgroup of sub-
scribers who have been assigned this channel could be
students, professionals, political organizations, club
members, or any other assembly of people who desire
to use the television medium for their own purposes.

The program originator is also supplied with an alpha-
numeric generator and video monitor. As each member of
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FIGURE 6 (above). Block diagram of the Vicom system
and its various frequency assignments.

FIGURE 7 (right). “Queset” terminal for Vicom system.

the subgroup selects the assigned channel, he also uses
the keyboard to enter his name. This information appears
on the video monitor shown in Fig. 8A (taken at the
Overland Park installation). If any member of the group
wishes to talk, he enters the request on his keyboard and
the information is immediately displayed on the control
monitor as shown in Fig. 8B. The program originator
inserts the displayed code into his keyboard. The com-
puter then turns on the audio unit within the requesting
terminal and a dialogue can ensue. The computer also
presents a new code next to the subscriber’s name, which
can be used by the program originator to turn off the
remote audio transmitter as shown in Fig. 8C.

A similar video request procedure can be followed if
one of the participants wishes to have the video originate
from his terminal. The cablecast request codes are dis-
played on the monitor for action by the program origina-
tor. When the remote camera is turned on, the originat-
ing camera is turned off under computer control.

The alphanumeric keyboard on the Queset can also be
used to send any general message or data. For example,
in the Overland Park equipment, a student may enter his
response to a question and the result appears on the
teacher’s monitor, as shown in Fig. 8D.

Another example occurs in the merchandising test
from a Sears, Roebuck store conducted on the same sys-
tem. A customer has entered his order and it appears
next to his identification number as seen in Fig. 8E.
However, the purchase order is not accepted until a
confirmation code is entered by the customer. The con-
firmed order appears with an asterisk next to the order
number, as in Fig. 8F.

e

Printer

For the merchandising application the monitor in-
formation is seen by all of the subscribers. A more com-
prehensive technique is to provide the message informa-
tion to each individual. The terminal contains sufficient
storage so that a single line of alphanumeric data can be
addressed and displayed on the subscriber’s television
set. In Fig. 8G, an instruction has been sent from the
computer to the subscriber, and the subscriber’s response
is reflexed by the computer as shown in Fig.. 8H. This
capability provides access by each subscriber to low-cost
data bases for retrieval of personal information of widely
available data. For most cases it eliminates the need for
hard-copy printouts, since the data are always accessible
from disk storage.

A more extensive use of the megabit data rate for data
entry and retrieval is shown in Fig. 9. The equipment is
installed on an in-plant two-way cable within an auto-
motive assembly line. The card reader is used to identify
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a specific automobile. The Queset is used to enter defects
as found by inspectors and also to retrieve various de-
scriptions of the defect data that had been stored on disk.
Initial use of the Vicom system at Overland Park has
been for an experimental two-way educational program
for a handicapped student confined to his home, and for
the Sears experiment mentioned earlier. A variety of
other subscriber services has been proposed for future
implementation. They would either be available at no
cost or at nominal fees, and would include: entertain-
ment, including live local events and prerecorded shows;
a wide range of musical selections available upon request
that would be received on the subscriber’s FM receiver;
several different types of many-player, few-player, and
one-player games; social group communications with the
opportunity for these groups to originate cable-carried
group meetings; library services with response to cus-
tomer inquiries for information as to which visual re-
sponse is desirable; retrieval of data in groups of 16
characters, displayed one after another by the internal
one-line alphanumeric display of the terminal; family
budget expenditure records with up to 32 categories,
with security code, available for viewing on request;
arithmetic calculation service for such elementary opera-
tions as tabulating a checking account; ordering of goods
with digital keyboard with automatic billing and record-
ing of the transaction; reporting of channel usage; re-
action to programming; utilities telemetering with sensors

FIGURE 8 (left). Display monitor for program
originator in Vicom system. Student enters
his name via keyboard and it appears with
identification number (A); student's request
to talk is indicated by the ietter T next to his
name and code A2 is used to activate the audio
circuit within student's ‘‘Queset” terminal
(B); code X2 appears to allow student to turn
off the audio previously activated (C); student
has entered his response to a question and his
answer is displayed to the teacher (D); cus-
tomer has entered a catalog number and his
identification number is displayed with his
order (E); asterisk entered by customer con-
firms his order (F); 16 characters can be dis-
played on the monitor (G); subscriber’s re-
sponse to query in (F) is sent back to the ter-
minal via the computer (H).

FIGURE 9 (below). Application of the Vicom
system in an automotive plant. Display gives
real-time data from product inspection.
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modified for connection to the subscriber terminals;
firc-alarm and burglar-alarm services; vote-tabulation
service; vocational education; business communications
for data exchange and education of employees; sale
calculation and inventory records for small businesses;
and signal-level diagnosis through automatic monitoring
at various locations throughout the cable network.

TOCOM system

A system called tocos (TOtal COMmunications) has
been developed by CAS Manufacturing Company of
Dallas, Tex. In addition to regular television service, the
system has many other possible applications, including
home protection systems, pay television, surveys for
television rating services, meter reading, cable amplifier
monitoring, and subscriber response polls.

The single-cable, bidirectional system provides 26
channels of forward transmission (channels 2-13 and
A N) and return transmission in the 6-30-MHz
range. Each subscriber on the system is provided with a
remote transmitter—receiver (RTR) unit that includes a
26-channel converter; an RF receiving section; a crystal-
controlled digital transmitter for return signals; and
a digital control system. A complete system can be made
up of as many trunks as required with each of the trunks
accommodating up to 30 groups, cach with 999 subscrib-
ers. Each trunk is assigned a specific return frequency so
that all 999 RTRs on any one trunk operate on the same
return frequency. Return-frequency assignments for
trunks are spaced 0.75 MHz apart but may be spaced
only 0.25 MHz apart if necessary.

Figure 10 shows a block diagram of an RTR.!? Signals
in the 54-MHz region and up are routed to the converter
by means of a filter (not shown). The RF section receives
interrogation signals at 50 MHz. The transmitter sends
return signals on its assigned frequency somewhere
between 6 and 30 MHz.

Figure 1113 shows the format of the signal used to
interrogate the RTRs. A central data terminal (CDT)
transmits interrogation information to the RTRs with
selected frequency coding in the 50-MHz range. First, a
master reset signal is transmitted. It causes all of the
RTRs throughout the system to come to a reset state.
Next, an ID enable signal is transmitted that cnables all
the remote RTRs in the entire system to receive an ID
code ten bits long. Each RTR decodes the ID signal and,
if the code is applicable to any particular RTR, it will
respond to the CDT to say, in effect, that it is ready to
receive an interrogation. The CDT then transmits an
additional signal, which identifies the particular work
of the selected RTR that is to be interrogated. That
particular RTR then transmits back to the CDT a 16-
bit signal corresponding to the desired information, such
as a meter reading. An RTR can be sampled in 30 milli-
seconds and the entire system in 30 seconds.

No 1ocom systems have been installed as yet (other
than in the CAS corporate facility) but, with quantity
production, the manufacturer hopes to set the price of
an RTR at about $100. The CDT cost can range up-
ward from $80 000, depending on the complexity of the
particular system being installed.

Subscriber Response System

Hughes Aircraft Company in Culver City, Calif., has
developed a two-way system known as the Subscriber
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Response System (SRS). It provides video and digital
downstream signals and digital upstream signals. It was
developed primarily as a single-cable system but is readily
adaptable to dual-cable installations. The system has
been under field test for some time by TelePrompTer
Corporation in Los Gatos, Calif,, in a single-cable in-
stallation.

Figure 12 is a functional block diagram of the Sub-
scriber Response System.!'* Two-way communications
take place between subscriber terminals and a computer
complex known as a Local Processing Center (LPC). At
the head end, the SRS digital signals (on a 110-MHz
carrier) are frequency multiplexed with the standard
video signals and sent downstream through the cable
network. At a subscriber’s location, the composite signal
is routed to a modem unit that converts the 26-channel
television spectrum to a fixed frequency signal (usually
channel 8 or 12) for reception by the television receiver.
The modem performs all of the RF modulation and
demodulation and most of the digital signal processing
required at the subscriber terminals, and also provides the
interfaces for all accessories in the system. All operating
controls for the terminals are contained in the subscrib-
ers’ consoles that are connected to the modems. A console
contains a television channel selector switch, a keyboard,
and a small strip printer.

The downstream signals occupy the band from 54 to
270 MHz. The downstream SRS signals use pulse code
modulation at a one-megabit-per-second rate. The digital
SRS signals, which are used to frequency-shift-key a
110-MHz carrier, occupy a 4-MHz bandwidth from 108
to 112 MHz. The upstream signal also uses a 4-MHz
bandwidth, from 21 to 25 MHz. Upstream signals are
also digital PCM at a data rate of one megabit per second
but the 23-MHz carrier is phasc-shift-kcycd rather than
frequency-shift-keyed.

Figure 13 shows a typical communications sequence
with the SRS system.!* The LPC initiates all communica-
tions by sending an interrogation message to cach sub-
scriber in sequence at a periodic rate. Figure 13 shows
typical responses from a subscriber’s terminal. If there is
no response from the subscriber, either a break in the
cable or a faulty subscriber terminal is indicated. If no
service is requested, a terminal status report is automati-
cally sent back to the LPC indicating the state of the
terminal with regard to proper functioning of the terminal
circuitry, the condition of accessory devices, and other
diagnostic information. In the exaniple shown in Fig. 13,
another possible reply is that the subscriber requests
restricted channel 24, which has special programming.
The LPC checks the request for eligibility. If the sub-
scriber is ineligible, no further action is taken, but, if
the subscriber is cligible, his coded address is remembered
by the LPC. After a group of 1000 subscribers has been
processed, the LPC scrvices the subscribers’ requests.
Referring again to the example shown in Fig. 13, the
LPC will send a message to the subscriber enabling his
television video reception for the restricted channel
requested. Simultaneously, the LPC will prepare a billing
record on magnetic tape (if there is a charge involved).
When 1000 subscribers have been interrogated, the
process is repeated for another 1000 subscribers, until
the system limit of about 65 000 subscribers per LPC is
reached. For a system of 10000 active subscribers, the
time required for any one subscriber to receive a response
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Peripherals

. ' toarequest is less than 2 seconds.
Y _ ‘ To antennas Typical services that might be provided by the system

B Combimer [ et 32§,L3i?;n include remote channel selection, premium television,
aidlo restricted television, channel polling, opinion polling,
emergency alarms, meter reading, accessory power con-
trol/timing, two-way messages, system diagnostics, and

system controls.
Two-way message capability can be initiated by a sub-
To scriber with the small numeric keyboard that is included
4 ;’L'I,i'c,ibe,s as part of his console. Messages may be entered in groups
of up to 20 characters at one time. As the subscriber
enters data into the keyboard each character is printed

To accessory 0

devices on a paper strip so that he can check for errors and also
Alarm systems, obtain a permanent hard copy record of purchases or
paragraph printer, other financial transactions. The two-way message capa-

uttlity meters, etc.

bility has many applications, such as shopping at home,
educational instruction, reservation services, stock mar-
ket transactions and reports, quiz shows, mail and ad-

Digital r——— /,;f% - vertising, and data bank access.
logic and Frequency LI IN ’

m }
codine R irvos : 'jU TICCIT system
¥ e Z An experimental system called TicciT (Time-Shared,
Interactive, Computer-Controlled, Information Televi-
sion) is being demonstrated currently in Reston, Va., by
The MITRE Corporation. The system is innovative in the
techniques used to provide a variety of two-way services
but actual applications might be restricted somewhat by
the fact that one television channel is required for every
600 interactive terminals.
TICCIT is a system for providing computer-generated
information that can be received and displayed selectively
by standard television receivers. Using one television
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channel on a wide-band cable, 600 separate television
receivers can receive separate information provided by
the computer at a rate of once every 10 seconds. A
signal *‘refresh” device provided to the subscriber in-
corporates a video cassette recorder that allows the tele-
vision screen to display the information sent by the
computer at the standard television rate of 30 frames per
second. By using standard telephone lines and a 12-
button push-button phone, each subscriber can call for
any kind of information the system is designed to provide,
independently of all other subscribers.

In the experimental system at Reston, the CATV net-
work of The Reston Transmission Company is used. It
is a dual-cable system that provides each subscriber with
12 channels on each cable.

The computer for the Reston demonstration is located
in McLean, Va. Voice and still-picture signals generated
by the computer are transmitted to the head end of the
Reston CATV system by microwave link. At the head
end the signals are put onto channel 13 of cable A.

At the computer facility, standard telephone lines are
terminated in modems that convert subscribers’ informa-
tion requests into a digital format. A character generator
at the computer facility provides a standard television
signal picture containing up to 800 characters (16 lines
of 50 characters each). The character set consists of 96
alphanumerics.

Because of the characteristics of the home refresh
device and the desire to maximize the use of each tele-
vision channel, the demonstration system does not use the
interlace feature of standard television. Instead, the
transmitted picture frames contain only every other line
of a standard picture, which permits sending up to 60
different pictures every second rather than 30. Address
data, supplied by the character generator, are encoded
near the last line of each previously transmitted picture
frame as a sequence of 16 black or white elements, each
measuring !/, of the line length. Using 16 clements allows
addressing of up to 32 000 different home terminals.

The home terminal is shown in the block diagram of
Fig. 14. It uses a standard television receiver, a video
tape recorder, and a coupler/decoder. The video tape
recorder serves as the refresh memory. The type of re-
corder used records a }/ge-second picture frame and plays
it back continuously if the take-up and supply reel mech-
anism for the recorder is disabled. The recorder is driven
by a composite video signal coming from the coupler/
decoder, which also provides some control signals for
the recorder mechanism. The coupler/decoder has a
television tuner, an IF strip, and a detector so that the
recorder can record material from any television channel.
The decoder and control portion of the terminal examines
lines 480 and 481 of each received picture frame and
compares the black-and-white pattern with the address
pattern set in the decoder. If the transmitted picture’s
address matches the decoder’s address, the recorder is
placed in the record mode for the entire picture frame.
At the completion of the frame, the recorder automat-
ically will be placed back in the playback mode. During
all operations in the computer display mode, the recorder
tape-motion hardware is inhibited.

When a user requests information from the system, he
simply dials the phone number for the computer. It
signals automatically with a beep when it is ready for
interactive communication. The computer then displays
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on the television screen a directory of services and tells
the subscriber to depress the number on his push-button
phone corresponding to the service in which he is inter-
ested. Inan operational system,alternatives to push-button
phones would be electric typewriters or other devices
operating on part of the two-way cable system.

Possible two-way applications for TiCCIT are limited
only by one’s imagination. At the present time, soft-
ware programs are being designed under the sponsorship
of the National Science Foundation to provide indi-
vidualized educational courses for home or school use.
The system also provides capabilities for sclective dis-
tribution of materials during “off hours.” A movie or
book or newspaper, for example, could be sent to a
subscriber’s video recorder to be storéd for later display
on his television receiver.

Dial-a-Program system

Since October 1970, a small-scale field trial of a unique
approach to two-way communications has been under
way at Dennis Port, Cape Cod, Mass. Installed by Re-
diffusion International Limited, the system is basically
different from those already discussed but offers some
very decided advantages. In fact, it may weli be the ideal
type of cable system for two-way communications.

The Rediffusion system is a multiple-cable approach
but not in the sense of multiple trunks with various
multiplexing schemes. It is, instead, a switched system
whereby program material is supplied to each subscriber
independently of the other subscribers on the system.
The cables used are not coaxial. They are HF twisted
pairs. And any subscriber, given the necessary equipment,
can be a program source for all other subscribers on the
system.

The heart of the basic system is a central exchange to
which each subscriber is connected by two pairs of cables.
One carries program signals in cither direction; the other
carries control signals. At the exchange, a 36-position

FIGURE 13. Typical communications sequence with the
Subscriber Response System.
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FIGURE 14. Home terminal for the TICCIT system.

reed selector switch is dedicated to each subscriber.
Each of the 36 positions on the switch can be connected
to a program source. The subscriber is provided with a
telephone-type dial selector switch that generates pulses
of direct current to operate the 36-position switch in the
exchange. When a subscriber wishes to receive a par-
ticular program on his standard television receiver, he
merely dials the code number corresponding to that
program material. (Channel O of the exchange switch gives
a list of programs available and their dialing codes.) The
dc pulses are sent to the exchange on one of the two
control cables. The selector arm on the exchange switch
moves through the 36 positions in sequence until the one
selected by the subscriber is reached, and then stops in that
position, making the connection between the subscriber
and the program material at the head end in the exchange.
The program material is sent to the subscriber on the
remaining pair of cables. When the subscriber wishes to
switch to another program, he presses a reset button on
the dial selector mechanism. This action causes a pulse to
be sent on the second of the two control cables to the ex-
change where the switch dedicated to that subscriber is
caused to return to the zero position. The subscriber then
dials the code for the new program desired and the action
takes place as before,

With this system it is a simple matter for any sub-
scriber to be a program source for all other subscribers.
For example, at the Dennis Port installation, one of the
subscribers is a delicatessen. It advertises daily specials to
the other subscribers through use of a television camera
and a simple, handwritten sign. The camera signals are
sent back to the exchange on the delicatessen’s program-
ming pair of wires. The advertising message then be-
comes available to all other subscribers who dial the
proper code number. Upstream programming signals
are in the 9-15-MHz band; downstream signals in the
3-9-MHz band.

At the present time, 11 off-the-air television channels,
and one weather information channel, are on the Dennis
Port system. In addition to the delicatessen programming,
the administrative offices for the system, which are on the
network, also originate programs, on occasion, for dem-
onstration purposes. These programs are available to all
subscribers. To demonstrate the full 36-channel capa-

bility of the system, programs are sometimes duplicated
or triplicated and test patterns are used.

The extreme flexibility of the Rediffusion system is ap-
parent from the preceding description. Even though the
trial installation has a maximum of 36 channels available,
it is a simple matter to dedicate a second exchange switch
to each subscriber for a total of 72 channels, or even more
if desired. An important advantage of the system is that
channel capacity can be increased dramatically without
making any changes whatsoever in the distribution net-
work or the terminal equipment in any subscriber’s home.

Because of the simple frequency division used on the
programming cables, distortion is not a problem. Another
advantage of the system is that, for certain applications,
the need for expensive terminal equipment in a sub-
scriber’s home is eliminated. For example, in the
TicCIT system discussed earlier, a video tape recorder or
some other type of “frame snatcher” is needed by each
subscriber. With the Rediffusion system, one or more
frame snatchers could be located at the exchange and
time-shared by subscribers.

As with any system, there are disadvantages as well as
advantages and the Rediffusion system is no exception.
Possibly the major drawbacks, depending on the partic-
ular installation, are the need for one central exchange for
every 336 connections and, in the trial system, a limited
distance from subscriber to exchange of about 550 meters.
The 336-connection limit is partly determined by a re-
striction on the maximum number of 36-position switches
in any exchange and partly by the complexity created by
the numbers of cables to be connected between the
exchange and the subscribers. Main distribution cables
from the exchange contain 12 pairs, enough cabling for
just six subscribers. Thus it is easy to see how quickly
the cabling can become a problem. The 550-meter limita-
tion on the trial system comes about partly because of
the limited power output of available HF repeaters and
partly as a result of video signal cross-coupling problems.
Both problems can be alleviated somewhat!®> by higher-
powered repeaters now under development, by use of
individual subscriber amplifiers in the exchange serving
those who are most distant, and by cable selection pro-
cedures whereby the cables with the least cross coupling
are used for the most distant subscribers.
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GTE/St. Charles proposal

GTE Laboratories, Incorporated, has submitted a
proposal'® for a two-way cable system for St. Charles
Communities, Maryland, a new community being de-
veloped 48 km southeast of Washington, D.C. The pro-
posal is for a switched system similar in network con-
figuration to the Dial-a-Program system. In fact, Re-
diffusion’s 36-position reed switches are to be used in the
St. Charles system. The distribution network differs
from the Dial-a-Program system in that coaxial cables
are used in place of HF twisted pairs. The St. Charles sys-
tem has the versatility of the Dial-a-Program system
supplemented by the availability of a bandwidth of at
least 45 MHz. This provides the capability of sending
each subscriber two different television channels simul-
tancously for use with two different television receivers.

Local Distribution Centers (LDCs) are the heart of the
St. Charles network. All program sources feed into an
LDC. Every subscriber is connected to an LDC by a pri-
vate coaxial cable that carries signals in both directions.
Up to 24 private cables are bundled together in one large
cable for distribution lines from an LDC to individual
subscribers. Because subscriber connections are limited
to about 1200 meters in length, a neighborhood may be
served by more than one LDC.

The private coaxial cable is terminated inside a sub-
scriber’s home at a small service entrance box that con-
tains coaxial cable connections, a simple network that
permits transmission of security alarm signals over the
cable, and connectors for the fire and burglar alarms.

At the LDC each subscriber is connected to a 36-
contact selector switch-—the Rediffusion switch—that
provides him individual access to 36 program busses. The
switch is activated by the subscriber by using a touch-call
keyboard to select the desired program.

Each subscriber’s line can carry three independent
television signals, two from the LDC to the subscriber
and one in the reverse direction, as well as a 20-MHz
bandwidth of FM audio channels. In the return direction,
audio talkback, preference responses, dial signals, and
fire and intrusion alarms are carried to the LDC to be
processed and delivered to the desired origination or
monitoring facility. Since all subscriber lines can carry a
video channel plus miscellaneous narrow-band signals
back to the LDC, local programming is particularly easy.
Any residence or building connected to the system can
originate programs with a television camera and some
auxiliary electronic modules.

Figure 15 shows the frequency-assignment scheme used
for the St. Charles system. The designations A and B
refer to the two separate television channels available to
any subscriber who wishes them for reception on two dif-
ferent television receivers. For such service, the sub-
scriber would also need a second touch-call keyboard to
select the desired program for the second receiver. The
second keyboard is tied in with a second 36-position
switch at the LDC. Initially, the same set of 36 programs
will be available on all switches so that the second re-
ceiver would not be able to receive any different pro-
gramming. But, in the future, a second set of different
programs could be made available on the second switch.

The television channels received by the subscriber,
Fig. 15, are not on standard frequency carriers but are
up-converted to channel 2 (54-60 MHz) and channel 4
(66-72 MHz). The FM sound channels that are received

in the 45-65-MHz range are up-converted to 88-108
MHz for use by standard FM receivers.

Programming possibilities for the system are unlimited
but suggested channel assignments for the initial system,
in addition to 12 television entertainment channels and
six FM channels, include: weather service; stock market
information; shopping; scheduled educational programs;
access to educational programs on tape ; adult educational
programs with talkback ; adult educational programs with
tape access; scheduled community programs with and
without talkback; youth programs; senior citizen pro-
grams; and private two-way video channels for home-
bound students and schools, patients at home and doc-
tors, and nursing homes and hospitals.

The St. Charles system, as is true with the Dial-a-
Program system, has the advantage of not requiring each
subscriber to have a frame snatcher for educational appli-
cations. The frame snatcher can be located at the LDC
and the expense to any one subscriber thus minimized.

DISCADE system

The final system to be described is one developed by
AMECO, Incorporated, of Phoenix, Ariz. Installation
of the pIsCADE systemi is now under way in the Disney
World complex in Orlando, Fla., where it will supply
about 2000 hotel rooms, and another installation has
just been completed in Daly City, Calif.

The DISCADE system!” is similar to both the Dial-a-
Program and GTE systems in that it is a remotely
switched cable distribution system. It differs from
both in that each television or other communications
channel, or two of these channels in another version of
the system, is distributed to a subscriber on a separate
coaxial cable. Another difference is that all switching and
control functions are accomplished with solid-state cir-
cuits.

The original Daly City system consisted of a 20-chan-
nel head end and a space-division-multiplexed sub-
frequency (7-13-MHz) transmission system with each of
the 7-13-MHz channels connected to a separate coaxial
cable. Four Area Distribution Centers, each with a ca-
pacity of 48 switching modules, were installed to pro-
vide service to 192 subscribers. Problems arose in that
the equipment used, particularly repeater amplifiers and
Area Distribution Centers, was physically large and
difficult to install under existing pole attachment prac-
tices. The system cost appeared to be uncomfortably
high.

In a newer version of the system, known as DISCADE
II, two channels are carried on each cable. One half of
the VHF channels are converted to channel A, with a
35.25-MHz visual carrier frequency and a 39.75-MHz
aural carrier frequency, and one half to channel B, with
a 23.25-MHz visual carrier frequency and a 27.75-MHz
aural carrier frequnecy. One channel A and one channel
B signal are connected to each coaxial cable transmission
line. The number of transmission lines used is deter-
mined by the total number of channels. In this case, for a
20-channel system, a total of ten transmission cables are
used. An additional cable carries the FM band through-
out the system. The FM signals are converted at the head
end to the 20-40-MHz band and then block-converted
upward to 88-108 MHz for reception by standard FM
receivers.

The channel sclector in the subscriber’s home is de-
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FIGURE 15. Frequency-assignment scheme for the GTE/St. Charles system.

signed to switch from one line to the next on alternate
channel selector switch positions. Channel A and channel
B frequency-conversion oscillators are alternately
switched on and off with each channel selection position.

In the Disney World development, the frequency of
the television signal, carried one channel per cable,
matches the intermediate frequency of the television
receiver being used and thereby eliminates the need for
any tuning or conversion at the receiver.

Current development programs for the DISCADE Sys-
tem include design of equipment for automatic moni-
toring of the subscriber’s service connection and design
of equipment for providing subscriber response and
home-security service.

A new DISCADE System is also planned for Salt Lake
City, Utah.

Conclusion

From this necessarily brief discussion of two-way sys-
tems it should be apparent that there are a great many
techniques being proposed or actively under field test for
achieving two-way communications on CATV systems.
It is perhaps ironic that with so many different systems
evolving there are so few customers demanding two-way
services. But, as with all new developments, demand
comes only when the public has been exposed to the ad-
vantages of such developments. That exposure will surely
take place as enterprising government agencies, cable
system operators, and equipment manufacturers take
the lead in putting systems into the field. The public will
benefit in the long run and one can only hope that an
overall communications program will emerge that will
permit CATV systems, the telephone network, and com-
mercial television broadcasting to complement each other
rather than compete.
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Placing atmospheric
CO. in perspective

Contrary to popular belief, increases in atmospheric CO,

have not drastically altered the world climate; in fact, over the
last three decades, rising CO, levels have helped to slow down
the effects of a steady decrease in world temperature

Arthur D, Watt Westinghouse Georesearch Laboratory

Atmospheric carbon dioxide, which amounts to 320
parts per million (ppm) by volume, rather than being
a pollutant, is essentially a thread of life woven
through the globe on which we live. In the past cen-
tury alone, the amount of CO, in the atmosphere has
increased by 40 ppm, with levels increasing at a cur-
rent rate of about 0.75 X 107 tonnes per year. For-
tunately, man can tolerate CO, levels many times
present concentrations, and plant life actually grows
better at increased CO, levels. What does cause con-
cern is the effect that atmospheric CO, has on the
earth’s climate. It appears that the 40-ppm increase
over the last century may have contributed to a
global temperature increase of the order of 0.2 K.
Since 1940, however, the global atmospheric tempera-
ture has been decreasing—an indication that other
factors (such as atmospheric dust) are of much
greater importance in determining the overall heat
balance of the world.

Each year, approximately one tenth of the carbon
dioxide in the atmosphere is exchanged at ocean and land
surfaces, with the biosphere playing a decidedly important
role. At present, man is injecting into the atmosphere
approximately 2 X 10 tonnes (metric tons) of CO. per
year as a result of fossil fuel burning. This is about 10 per-
cent of the annual exchange and 1 percent of the atmo-
spheric total. By far the largest input of CO» to the atmo-
sphere is derived from the tropical oceans, amounting
to an estimated 15 X 10'° tonnes per year.

Rate of exchange is primarily governed by tempera-
ture, pH, and wave action, which are the most significant
factors in maintaining the level of atmospheric CO.. Also
of great importance is the continual removal of CO, by
plant growth, believed to consume 7 X 101° tonnes per
year. Despite the delicate balances that contribute to the
overall rate of exchange, however, atmospheric CO, levels
are annually increasing by about 0.75 X 1019 tonnes, or
over a third of the total amount introduced to the atmo-
sphere by man in burning fossil fuels.

Approximately 99 percent of the earth’s atmospheric
materials (5.3 X 10!5 tonnes) are contained in the first
30 km of this life-supporting layer surrounding the earth.
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The major constituents of the atmosphere are gases and
water vapor. The gases consist (by volume) of 78 percent
nitrogen, 20 percent oxygen, 0.9 percent argon, and 0.03
percent CO.. In addition, there are numerous other gases
present, including ozone with a concentration of the order
of 0.000 005 percent. Water vapor amounts to approxi-
mately 0.2 percent (by weight), which is equivalent to 2--3
cm of precipital moisture distributed over the whole
earth. There is also about 0.008 percent of water droplets
and ice crystals, and a small amount of dust with diam-
eters predominant in the region from 0.1 to 1 um with an
effective weight of approximately 0.000000 1 percent.
Atmospheric dust loading varies over a range of several
factors, very often resulting from volcanic action.

Gases are rather uniformly distributed up to a height
of some 90 km, with the exception of ozone, which is
concentrated in a layer 20-60 km above sea level.
Water vapor is contained in the first several kilometers
above the earth’s surface. Fine dust particles (0.1 um in
radius) are found near the earth’s surface in the lower
troposphere, with increased concentration occurring dur-
ing windy days in dry areas and near urban centers.
Coarser particles (near 1 um radius)are found in the strato-
sphere, with a maximum near 18 km above the earth’s
surface and a concentration that increases after large
volcanic eruptions,

There has been considerable conjecture for a number of
years as to the effects of the growing amount of atmo-
spheric carbon dioxide on the world’s climates. These
claims range all the way from rather minor increases in
world temperature to several degrees of change with a
resultant melting of the ice caps and the inundation of
large coastal cities.

Carbon dioxide in the air is one of the essential keys to
all life. All primary production of land-based food is de-
pendent upon atmospheric CO,. In fact, 93 percent of the
basic materials used by land plants in the photosynthetic
production on carbohydrates come from the carbon
dioxide of the atmosphere. The remaining 7 percent is
supplied from groundwater. From this we can surmise
that, rather than being a contaminantin the air we breathe,

Based on material presented at the First Westinghouse School
for Environmental Management, Fort Collins, Colo., June 15
July 10, 1970.
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FIGURE 1. The carbon cycle in the ecosystem. (Adapted from Smith,? p. 49)

CO:. is absolutely essential to life on earth.

It is instructive to observe that even if all the world’s
economic hydrocarbon fuel resources were burned in one
year and no greater absorption occurred, the atmospheric
CO. would only increase to three to six times the present
level, i.e., to about 1000 to 2000 parts per million (ppm).
By comparison, the human safety limit for prolonged ex-
posure to CO. is reportedly! about 5000 ppm or 15 times
the present level. The upper limit for plant response has
not been established, but it is known that plants grow
more rapidly with increased tevels of CO, ranging up to
100 times the present atmospheric level.

In view of these considerations, it appears that the only

Fossil fuet
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significant remaining area for possible concern over in-
creasing atmospheric CO, lies with its possible effects on
global climate. Since existing literature on this subject is
controversial, we will first examine the basic CO, cycle
along with observed spatial and temporal variations of
atmospheric CO,. The probable eftects of increasing CO,
levels will then be examined in the light of experimental
and theoretical evidences.

The basic CO, cycle

In man’s environment, there are a number of highly
significant cycles by which both dominant and trace
elements are cycled through the combined physical and
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FIGURE 2. Action spectrum of the photosynthesis process.
(From Keeton,® p. 118)

biological systems, The characteristic cycling of carbon
dioxide through a local ecosystem is shown in Fig. 1.
Solar energy is a basic requirement for the photo-
synthesis process, which is expressed in simplified form
as

ATP 222 ADP + ® + energy

From these considerations, it is apparent that nitrogen
and phosphorus availability as well as trace elements for
enzymes are important factors in plant growth.

Based on these energy relationships, it can be shown
that the first-level production of 1 kg of glucose requires
3.7 X 10%kcal = 4.35 kWh of energy. In this production,
approximately 1.47 kg of CO, is consumed along with 0.6
kg of H,O. Tracer studies have revealed that the oxygen in
the glucose all comes from the oxygen in the carbon
dioxide and, as a result, about 93 percent of the glucose
produced comes from the CO. in the air and only 7 percent
(i.e., the hydrogen) comes from water. The oxygen given
off, on the other hand, comes from both water and CO..

In plants, there is continual respiration going on day
and night, during which time glucose is combined with
oxygen to yield carbon dioxide, water, and energy.
This reaction is shown in the following simplified form:

Respiration

(from the air) (to the air)

|
6{C6H”06} + O, — CO. + H.O + cnergy (2)
30 32 44 18
grams grams grams grams

Typical plants use up approximately 40 percent of the first-
level C¢H 1205 in the production of energy to be used in

Photosynthesis

(from the air)

solar radiation

! 1

(to the air)

f

light energy 1
H.O - CO, - = 6 {CsHmOe} -+ 0. (1)
18 44 112 kcal 30 32
grams grams grams grams
water +  carbon dioxide 4  light energy —  glucose + oxygen

The regions of the electromagnetic spectrum that are most
effective in photosynthesis are the orange-red portion
with a secondary peak in the green region (see Fig. 2).

The actual photosynthesis and respiration process in-
volves various other essential elements and catalysts.
Keeton?® pointed out that ‘“‘the reduction of carbon
dioxide to form glucose proceeds by many steps, each
catalyzed by an enzyme.” Two key nitrogen- and phos-
phate-containing organic compounds are involved: ADP
(adenosine diphosphate) and ATP (adenosine triphos-
phate). Energy is added in the reaction

ADP + ® + cnergy <YM, ATP
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