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The IEEE’s Manpower Requirements. Professional societies have a unique char-
acteristic in being dependent on voluntary contributions of time and effort by members
in order to operate. Yet as these societies have grown in size and complexity it becomes
increasingly clear that systematic methods must be developed for locating among the
members those capable of accepting significant responsibility for the development of
the societies. Not only must able and willing individuals be located, but they must also
understand the societies’ problems in suflicient detail to be able to find appropriate
solutions.

Consider some of the characteristics of the IEEE. It is a society of more than 130 000
mentbers located in 104 countries. In addition it has more than 25 000 Student members
attending a great number of educational institutions of widely ranging character. It has
183 Sections located in 23 countries. It has an annual budget in excess of $5 million. It
employs a full-time staff of 275 people. It publishes 35 technical periodicals and many
special publications, including standards, conference records, and various brochures. Its
Sections publish 54 periodicals devoted to Section news. It sponsors or cosponsors an
average of more than 80 nonlocal technical meetings a year in addition to the more than
2500 meetings per year sponsored at the Section level. It has a large number of com-
mittees and maintains relations with a large number of professional organizations and
governmental agencies.

It is clear that an organization of this size and scope cannot be managed on an amateur
basis nor can its operating policies and future planning be left to inexperienced or un-
tested members no matter how well intentioned.

At the time of the merger of the AIEE and IRE, it was decided that a highly capable
stalTwould have to be developed to handle the complex problems of the enlarged organiza-
tion. Much progress has already been made by General Manager Fink in the development
of this staff. Although there is room for improvement, it is clear that an adequate manage-
rial structure is available, and means for coping with the problems of a staff nature are
at hand.

However, the procedure of identifying and locating the talent needed in the voluntary
service category is not as well-developed. Too frequently those members who have held
responsible positions in the recent past are asked to undertake new duties simply because
they are well-known to the present members of the Board of Directors and the Executive
Committee. The net effect of this procedure is that the Institute tends to develop an
ingrown character, and its major policy decisions are made by men who may not be
closely enough in touch with newly developing areas of importance to the IEEE. Itis
clear that a more systematic “executive development program” is needed for the In-
stitute. A means of identifying members who have demonstrated their capability in
solving problems of both technical and administrative nature and are willing to devote
time to Institute affairs is essential if the Institute is to develop far-sighted policies and to
keep abreast of the rapid developments that are characteristic of today’s technology and
science.

Some steps were taken recently by the Executive Committee to develop such a pro-
cedure. The various organizational units of the 1EEE, such as the Sections, Groups, and
various Boards and committees, are being requested to recommend members who have
done outstanding jobs, for nomination to those Boards and committees responsible for
making the important decisions which will determine the future of the Institute. These
recommendations should include sutlicient documentation so that the individual's
capabilities are clearly recognizable. It should also be recognized that seniority should
not be the determining factor in making recommendations for such positions of increased
responsibility. The need is for far-sighted and bold thinking as well as for sound judg-
ment. The Institute should be run by those of its membership who are capable of direct-
ing its affairs with skill and foresight. F. Karl Willenbrock
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1964 Nobel Lecture

Production of coherent radiation

by atoms and molecules

The techniques of quantum electronics allow
interesting new ways to generate and ex-
plore most of the acoustic spectrum and
much of the electromagnetic domain. We

can look forward to another decade of

rapid development in this field

Charles H. Townes

Full text of Nobel Lecture, presented in Stockholm, Sweden,
December 11, 1964, Copyright © The Nobel Foundation 1964,

General and historical comments

From the time when man first saw the sunlight until
very recently, the light which he has used has come pre-
dominantly from spontaneous emission, like the random
emission of incandescent sources. So have most other
types of electromagnetic radiation—infrared, ultraviolet,
or gamma rays. The maximum radiation intensities, or
specifically the power radiated per unit area per unit solid
angle per unit frequency bandwidth, have been controlled
by Planck’s black-body law for radiation from hot ob-
jects. This sets an upper limit on radiation intensity—a
limit which increases with increasing temperature, but
we have had available temperatures of only a few tens of
thousands or possibly a few millions of degrees.

Radio waves have been different. And perhaps without
our realizing it, even much of our thinking about radio
waves has been different, in spite of Maxwell’s demonstra-
tion before their discovery that the equations governing
radio waves were identical with those for light. The black-
body law made radio waves so weak that emission from

Massachusetts Institute of Technology

hot objects could not, for a long time, have been even
detected. Hence their discovery by Hertz and the great use
of radio waves depended on the availability of quite differ-
ent types of sources—oscillators and amplifiers for which
the idea of temperature and black-body radiation even
seems rather out of place. For example, if we express the
radiation intensity of a modern electronic oscillator in
terms of temperature, it would typically be in the range
101 to 1030°K.

These two regimes, radio electronics and optics, have
now come much closer together in the field known as
quantum electronics, and have lent each other interesting
insights and powerful techniques.

The development of radar stimulated many important
applications of electronics to scientific problems, and
what occupied me in particular during the late 1940s was
micrewave spectro copy, the study of interactions be-
tween microwave; and molecules. From this research,
considerable information could be obtained abOL.
molecular, atomic, and nuclear structure. For its successy
coherent microwave oscillators were crucial in allowing a
powerful high-resolution technique. Consequently, it was
important for spectroscopy, as well as for some other
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purposes, to extend their range of operation to wave-
lengths shorter than the known limit of electronic oscilla-
tors, which was near one millimeter. Harmonic generation
and some special techniques allowed interesting, though
rather slow, progress. The basic problem with clectronic
amplifiers or oscillators seemed to be that inevitably some
part of the device which required careful and controlled
construction had to be about as small as the wavelength
generated. This set a limit to construction of operable
devices.! It was this experimental difficulty which seemed
inevitably to separate the techniques that were applicable
in the radio region from those applicable to the shorter
waves of infrared or optical radiation.

Why not use the atomic and molecular oscillators
already built for us by nature? This had been one recur-
ring theme which was repeatedly rejected. Thermody-
namic arguments tell us, in addition to the black-body law
of radiation, that the interaction between electromagnetic
waves and matter at any temperature* cannot produce
amplification since radiation at the temperature of matter
cannot be made more intense by interaction of the two
without violating the second law. But already by 1917,
Einstein had followed thermodynamic arguments further
to examine in some detail the nature of interactions be-
tween electromagnetic waves and a quantum--mechanical
system. A review of his conclusions almost immediately
suggests a way in which atoms or molecules can in fact
amplify.

The rate of change of electromagnetic energy confined
in a region where it interacts with a group of molecules
must, on the basis of Einstein’s work, have the following
form:

dl

— = AN, — BIN, 4 B'IN, )]

dr
where N, and N, are the numbers of molecules in the
upper and lower of two quantum states, which we assume
for simplicity to be nondegenerate (i.e., single). 4 and B
are constants, and thus the first and second terms repre-
sent spontaneous emission and absorption, respectively.
The third term represents emission from the upper state
produced by the presence of a radiation intensity /, and is
hence called stimulated emission.

At equilibrium, when dI/dt = 0,

* Strictly speaking, at any positive temperature. Negative
absolute temperatures can be defined as will be noted subsequently,
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] = AN,

BN, — B’'N,

Rather simple further thermodynamic reasoning shows
that B’ = B and gives the ratio A/B. Although Boliz-
mann’slaw N, = N,.e """ requires N, < N, at any tem-
perature T, it is immediately clear from (1) that if N, >
N, dl'dr will always be positive and thus there is am-
plification. This condition is, of course, one of nonequilib-
rium for the group of molecules, and hence it successfully
obwiates the limits set by black-body radiation. The con-
dition N, > N, is also sometimes described as population
inversion, or as a negative temperature,? since in Boltz-
mann'’s law it may be obtained by assuming a negative
absolute temperature.

Thermodynamic equilibrium between two states of a
group of atoms requires not only a Boltzmann relation
Ny, = N,e"'*7 but also a randomness of phases of the
wave functions for the atoms. In classical terms this
means that if the atomic electrons are oscillating in each
atom, there must not be a correlation in their phases if
the entire group can be described as in temperature equi-
librium. Einstein’s relation (1) in fact assumed that the
phases are random. And if they are not, we have another
condition which will allow the atoms to amplify electro-
magnetic waves, even when N, < N,. This represents a
second type of loophole in the limits set by the black-body
law and thermodynamic equilibrium, and one which can
also be used alone or in conjunction with the first in order
to produce amplification.

Thermodynamic arguments can be pushed further to
show that stimulated emission (or absorption) is coherent
with the stimulating radiation. That is, the energy de-
livered by the molecular systems has the same field distri-
bution and frequency as the stimulating radiation and
hence a constant (possibly zero) phase difference. This
can also be shown somewhat more explicitly by means
of a quantum-mechanical calculation of the transition
process.

Stimulated emission received little attention from ex-
perimentalists during the 1920s and 1930s when atomic
and molecular spectroscopy were of central interest to
many physicists.

Later, in the 1940s, experiments to demonstrate stimu-
lated emission were at lcast discussed informally and were
on the minds of several radio spectroscopists, including
myself. But they seemed only rather diflicult demonstra-



tions and not quite worthwhile. In the beautiful 1950
paper of Lamb and Retherford on the fine structure of
hydrogen,? there is a specific brief note about ‘‘negative
absorption™ with reversal of population. And a year
later, Purcell and Pound* published their striking demon-
stration of population inversion and stimulated emission.
As a matter of fact, population inversion and its effects on
radiation had already shown up in a somewhat less ac-
cented form in the resonance experiments of Bloch® and
others. But all these effects were so small that any amplifi-
cation was swamped by losses due to other competing
processes, and their use for amplification seems not to
have been seriously considered until the work of Basov
and Prokhorov, of Weber,” and of Gordon, Zeiger, and
Townes*?in the early 1950s.

My own particular interest came about from the realiza-
tion that probably only through the use of molecular or
atomic resonances could coherent oscillators for very
short waves be made, and the sudden discovery in 1951 of
a particular scheme® which seemed to really offer the
possibility of substantial generation of short waves by
molecular amplification.

Basic maser principles

The crucial requirement for generation, which was also
recognized by Basov and Prokhorov, was to produce posi-
tive feedback by some resonant circuit and to ensure that
the gain in energy afforded the wave by stimulated
molecular transitions was greater than the circuit losses.
Consider a resonant microwave cavity with conducting
walls, a volume ¥, and a quality factor Q. The quality
factor is defined by the fact that power lost because of
resistance in the walls is E2Vv/4Q, where E? is the electric
field strength in the mode averaged over the volume and
v is the frequency. If a molecule in an excited state is
placed in a particular field of strength E, the rate of

Qutput [
microwaves .

O ® g0

)

transfer of energy to the field is

<Ey)2 hy

fi 3 Ay

when the field’s frequency coincides with the resonance
frequency » between the two molecular states. Here u is a
dipole matrix element for the molecular transition and
Av is the width of the molecular resonance at half maxi-
mum (if a Lorentz shape is assumed). Hence for N, mole-

cules in the upper state and N, in the lower state, the
power given the field in the cavity is

Eu\? v
Ny — N,
(Mo o@)3m

If the molecules are distributed uniformly throughout the
cavity, E? must be averaged over the volume. For the net
power gain to be positive, then,

2 2
(N» = Ny) Eu {1 > EVy
fi 3 Ay 4Q

This gives the threshold condition for build-up of oscilla-
tions in the cavity
Ny = Ny > S @
1672Qu?

There is by now an enormous variety of ways in which
the threshold condition can be met, and some of them are
strikingly simple. But the system which first seemed to
give an immediate hope of such an oscillator involved a
beam of ammonia molecules entering a resonant cavity,
as shown in Fig. 1. The transition used was the well-
known inversion transition of ammonia at 23 870 Mc/s.
A “focuser,” involving inhomogeneous electric fields,
tends to remove molecules in the ground state from the

Molecular
source

° Focuser
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beam and to focus molecules in the excited state along the
axis ol the becam and into the cavity, thus ensuring that
Ny > N,. J. P. Gordon played a crucial role in making
operable the first such system in 1954, after 2% years of

xperimental work,* 1 and H. J. Zeiger was a valuable
‘olleague in the first year of work and early designs. We
called this general type of system the maser, an acronym
for microwave amplification by stimulated emission of
radiation. The idea has been successfully extended to such
a variety of devices and frequencies that it is probably
well to generalize the name—perhaps to mean molecular
amplification by stimulated emission of radiation. But in
the radio-frequency range it is sometimes called the raser,
and for light the term laser is convenient and commonly
used. Maser amplification is the key process in the new
field known as quantum electronics—that is, electronics
in which phenomena of a specitically quantum-—-mechani-
cal nature play a prominent role.

It is well known that an amplitier can usually be made
into an oscillator, or vice versa, with relatively minor
moditications. But it was only after experimental work on
the maser was started that we realized this type of ampli-
tier is exceedingly noise-free. The general reason for low
noise can be stated simply. The molecules themselves are
uncharged, so their motions, in contrast to motions of
electrons through vacuum tube amplifiers, produce no
unwanted electromagnetic signals. Hence a signal intro-
duced into the resonant cavity competes only with what-
ever thermal noise is in the cavity as the result of thermal
radiation from the cavity walls, and with spontaneous
emission from the excited molecules. Spontaneous emis-
sion can be regarded for this purpose as that stimulated

by a fluctuating tield of energy /v, Since AT = 200 hv for
‘nicrowaves in a cavity at room temperature, the thermal
radiation AT in the cavity is much more important than
spontaneous emission. It is, then, only the thermal radia-

Fig. 1. The ammonia (beam-type)
maser. Molecules diffuse from the
source into a focuser, where the
excited molecules (open circles) are
focused into a cavity and molecules
in the ground state (solid circles) are
rejected. A sufficient number of ex-
cited molecules will initiate an oscil-
lating electric field in the cavity, which
is emitted as the output microwaves.
Because of energy given to the field,
some molecules return to the ground
state toward the end of their transit
through the cavity.
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tion present that sets the limit to background noise, since
it is amplitied precisely as is the signal.

The above discussion also shows that, if the cavity is at
0"K and no extraneous noisc enters the cavity with the
input signal, the limiting noise fluctuation is determined
by the spontaneous emission, which is equivalent to only
one quantum of energy in the cavity. It can be shown, in
fact, that masers can yield the most perfect amplification
allowed by the uncertainty principle.

The motion of an electromagnetic wave is analogous
to that of a mechanical harmonic oscillator, the electric
and magnetic fields corresponding to position and mo-
mentum of the oscillator. Hence the quantum-—mechanical
uncertainty principle produces an uncertainty in the
simultaneous determination of the electric and magnetic
fields in a wave, or equivalently in determination of the
total energy and phase of the wave. Thus one can show
that, to the extent that phase of an electromagnetic wave
can be defined by a quantum-mechanical operator, there
is an uncertainty relation!!

Anlde¢ 2 A3)

Ilere Anis the uncertainty in the number of photons in the
wave, and A¢ is the uncertainty in phase measured in
radians.

Any amplifier that gives some representation of the
phase and energy of an input wave in its output must,
then, necessarily involve uncertainties or fluctuations in
intensity. Consider, for example, an ideal maser amplifier
composed of a large number of molecules in the upper
state interacting with an initial electromagnetic wave,
which is considered the signal. After some period of
time, the electromagnetic wave will have grown to such
magnitude that it contains a very large number of quanta
and hence its phase and energy can be measured by classi-
cal means. By using the expected or average gain and
phase relation between the final electromagnetic wave and
the initial signal, the maser amplifier thus allows a meas-
urement of the initial wave.

A calculation by well-established quantumi-mechanical
techniques of the relation between input and output waves
shows that this measurement of the input wave leaves an
uncertainty just equal to the minimum required by the
uncertainty principle.!! Furthermore, the product AFE AH
of uncertainties in the electric and magnetic ftields has the
minimum value allowed while at the same time (AE)? 4+
(AH)? is minimized. The uncertainty in number n of
quanta in the initial wave is

An = Vi1
and in phase it is
1
Ap =
2\/n
so that
|
1 n4+1
An A¢p =
na¢ Z‘I n

The phase has real meaning, however, only when there
are as many as several quanta, in which case An A¢p — Y4,
the minimum allowed by (3). The background noise
that is present when there is no input signal (n = (}) is seen
to be equivalent to a single quantum (An = 1) of input
signal.
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A somewhat less ideal maser might be made of N, and
N, molecules in the upper and lower states, respectively,
all interacting with the input signal. In this case fluctua-
tions are increased by the ratio N,/(N, — N,). If the
amplifier has a continuous input signal, a continuous
amplified output, and a bandwidth for amplification Av,
the noise power output can be shown to be equivalent to
that produced by an input signal 12

_ hv Av
1 — (NJ/Ny)

The noise power N is customarily described in terms of
the noise temperature 7, of the amplifier, defined by N =
kT, Av. Thus the minimum noise temperature allowed by
quantum mechanics is that for a maser with N,/N, < 1,
which ig

Tn = (4)

hv
k
This is equivalent to the minimum energy uncertainty
indicated above of one quantum (An = 1). In the micro-
wave region, T, given by (4) is approximately 1°, whereas
the best other microwave amplifiers when maser ampli-
fiers were first being developed had noise fluctuations
about 1000 times greater.

It is interesting to compare an ideal maser as a detector
with a perfect photodetector, such as a gamma-ray
counter. The gamma-ray counter can detect a single
photon with almost no false signals, whereas a maser
must always have a possible false signal of about one
photon. But the photodetector gives no information about
the phase of the signal; it only counts quanta, which is
why the uncertainty principle allows An — 0. Unfortu-
nately, there are no perfect photodetectors in the micro-
wave or radio regions, so the maser is our best available
detector for these waves.

The same freedom from noise that makes the maser a
good amplifier helps make it a strikingly good source of
monochromatic radiation since, when the threshold con-
dition is fulfilled and the maser oscillates, the low noise
implies that there is a minimum of random frequency
fluctuations.

Consider now a maser oscillator consisting of a group
of excited molecules in a resonant cavity. Let the molecu-
lar transition frequency be v, its half width at half-maxi-
mum intensity Av,,, and the resonant cavity frequency be
ve with a half width Av,.. If v,, and v, differ by much less
than Av,, + Av,, the radiation produced by the oscillation
can be shown to occur at a frequency!?

Vi QOm + veQe

= Umiom T Pele s
T o ¥ O 5

where the quality factors Q,, and Q. are v,/Av, and
v./Av,, respectively. Thus if the molecular resonance is
much sharper than that of the cavity, as in the ammonia
beam maser (Qn > Q.), the frequency of oscillation is
given by!1°

0

=m+ c_'m—c 6
v=v ) V)Qm ©

If the cavity is tuned so that (v, — v,) is small, then the
frequency of oscillation coincides very closely with the
natural molecular frequency v,, and one has an almost

constant-frequency oscillator based on a molecular mo-
tion—a so-called atomic clock.

The frequency v is not precisely defined or measurable
because of noise fluctuations, which produce random
phase fluctuations of the wave. In fact, the maser is es-
sentially like a positive feedback amplifier which ampliﬁe.
whatever noise source happens to be present and thereby
produces a more-or-less steady oscillation. If Q,, or Q. is
high, and the amplifier gain is very large, then the band-
width of the system becomes exceedingly small; but it is
never zero, nor is the frequency ever precisely defined.
The average deviation in frequency from (5) which these
phase fluctuations produce when averaged over a time ¢

isld
w, 1/2
e = Av (?[) (7)

where Av = Av. Av,/(Ave + Ava), P is the power gener-
ated by the oscillator, and W, is the effective energy in the
source of fluctuations. Where AT >> /v in a cavity at
temperature 7 and resonant frequency », the effective
energy comes from thermal noise and W, = AT. If the
noise fluctuations come from spontaneous emission, as
they do when AT < /iy, then W, = hw.

It is also useful to state the spectral width of the radia-
tion emitted from a maser oscillator, as well as the pre-
cision to which the frequency can be determined. The half
width of the spectral distribution is again determined
by the same noise fluctuation and can be expressed by the
relation 10-15.16

Fig. 2. Energy levels of Cr =7 in ruby with a
particular crystalline orientation in a mag-
netic field of 3900 oersteds. For a three-level
maser, 23.1 Gc/s is the frequency of the
pumping field and 9.4 Gc/s is the frequency
of amplification or oscillation.

9.4 Ge/s

23.1 Ge/s ‘
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B 27V,
P

6 (Aav)* (8)

where Av, W,, and P are the same as in (7). This width é
is typically so small in maser oscillators that they provide
‘w far the most monochromatic sources of radiation

available at their frequencies.

Maser clocks and amplifiers

Although the ammonia beam-type maser was able to
demonstrate the low-noise amplification which was pre-
dicted,'? its extremely narrow bandwidth makes it and
other beam-type masers more useful as a very monochro-
matic source of electromagnetic waves than as an ampli-
fier. For the original maser, the power output P was about
10~ watt, and the resonance width Ay about 2 kc's. as
determined by the length of time required for the beam of
molecules to pass through the cavity. Since the frequency
of oscillation »,, is 23 874 Mc/s, the fractional spectral
width according to (8) is 8/v = 107" In a time 1 = 100
seconds, Eq. (7) shows that the frequency can be specified
to a fractional precision ¢/v = 2 X 1014, and of course
the precision increases for longer times proportionally to
1/t

As a constant-frequency oscillator or precise atomic
clock, however, the ammonia maser has an additional
problem, which is not so fundamental but which sets a
limit on long-term stability. This comes from long-term
drifts, particularly of the cavity temperature, which vary
v.. These variations can be seen, from (6), to “pull” ».
Variations of this type have limited the long-term sta-
bility!* of ammonia masers to fractional variations of

‘about 10-11; however, this still represents a remarkably
good clock.

A beam-type maser using the hyperfine structure transi-
tion in the ground state of hydrogen, which is at 1420
Mc/s, has recently been developed by Goldenberg,
Kleppner, and Ramsey.!® In this case, the excited atoms
bounce many times from glass walls in the cavity and
thereby a resonance width as small as 1 ¢/s is achieved.
Present designs of the hydrogen maser yield an oscillator
with long-term fractional variations no larger than about
1013, This system seems likely to produce our best avail-
able clock or time standard.

Masers of reasonably wide utility as amplifiers came
into view with the realization that certain solids contain-
ing paramagnetic impurities allowed attainment of the
maser threshold condition.?® Microwave resonances of
paramagnetic atoms in solids, or in liquids, had been
studied for some time, and many of their properties were
already well known. The widths of these resonances vary
with materials and with impurity concentration from a
small fraction of a megacycle to many hundreds of mega-
cycles, and their frequencies depend on applied magnetic
field strengths, so that they are easily tunable. Thus they
offer for maser amplifiers a choice of a considerable
range of bandwidth and a continuous range of fre-
quencies.

A paramagnetic atom with spin of 's has two energy
levels which, when placed in a magnetic field, are sepa-
rated by an amount usually of about » = 2.8H Mc/s.
Here H is the field in gauss, and from this it is clear that
most of the microwave frequency range can be covered by
magnetic fields of normal magnitudes. The first paramag-
netic masers suggested involved impurity atoms of this

Townes—— Production of coherent radiation by atoms and molecules

type in crystals of Si or Ge. Relaxation between the two
states was slow enough in these cases that a suflicient
population inversion could be achieved.* However,
before very long a very much more convenient scheme for
using paramagnetic resonances was proposed by Bloem-
bergen,?! the so-called three-level solid-state maser. This
system allowed continuous inversion of population, and
hence continuous amplification, which was very awkward
to obtain in the previous two-level system.

Paramagnetic atoms with an angular momentum due
to electron spin S greater than ', have 2 .S + 1 levels,
which are degenerate when the atom is in free space. But
these levels may be split by “crystalline fields,” or inter-
action with neighboring atoms if the atoms are imbedded
in a solid, and frequently the splittings lie in the micro-
wave range. The energy levels of such a system, involving
a spin of 3/2 and four levels, can be as indicated in Fig. 2
when the system is in a magnetic field. If a sutficiently
large electromagnetic wave of frequency v,; (the transition
frequency between levels 1 and 3) is applied, the popula-
tion of these two levels can be equalized or “‘saturated.”
In this case, the ratio of the population of level 2 to that
of level I or 3 under steady conditions is
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Here T is the temperature of the crystal containing the
impurities, and 7. and 7%.; are the times for relaxation
between states | and 2 or 2 and 3, respectively. For i, >
AT and lvs; >> kT, as occurs at very low temperatures or
at ordinary temperatures if the levels are separated by
optical frequencies,
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When v, << AT and fiv.3 << kT, which is more commonly
the case for microwaves,
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Thus if (v12/T12) > (ve3/Ty), there is an inversion of popula-
tion between fevels 2 and 1, or if (vi2/T), < vs3/Ts3), there
is an inversion of population between levels 3 and 2, since
the populations n#; and n, have been equalized by the
“pumping” radiation. Equation (9) is essentially the
result obtained by Bloembergen,*! who also suggested
several promising paramagnetic materials that might be
used. Basov and Prokhorov had already proposed a
rather similar three-level “‘pumping’’ scheme for applica-
tion to a molecular beam system. 22

The first successful paramagnetic maser of this general
type was obtained by Scovil er al.,*® using a rare-earth ion
in a water-soluble crystal. But before long. other more
suitable crystals such as ruby?* (chromium ions in Al.O;)
became more or less standard and have provided ampli-
fiers of remarkable sensitivity for radio astronomy, for
satellite communication, and for communication to space
probes. 2 They have considerably improved the potential-
ities of radio astronomy, and have already led to some
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new discoveries. 202" These systems generally require
cooling with liguid helium, which is a technological
difticulty that some day may be obviated. But otherwise
they represent rather serviceable and convenient ampli-
fiers.

A maser amplifier of microwaves can rather easily be
built which has a theoretical noise temperature as low as
1° or 2°K, and experimental measurements have con-
firmed this figure.?s However, such a low noise level is not
easy to measure because almost any measurement in-
volves attachment of input and output circuits which are
at temperatures much higher than 1°K, and which radiate
some additional noise into the amplifier. The lowest over-
all noise temperature so far reported for an entire receiv-
ing system?! using a maser amplifier is about 10°K. This
represents about 100 times the sensitivity of microwave
amplifiers built before invention of the maser. But masers
have stimulated other amplifier work; and some para-
metric amplifiers, using the more or less classical proper-
ties of materials rather than quantum electronics, now
have sensitivities that are within a factor of about 5 of this
figure.

Optical and infrared masers, or lasers

Until about 1957, the coherent generation of frequencies
higher than those that could be obtained from electronic
oscillators still had not been directly attacked, although
several schemes using molecular-beam masers for the far-
infrared were examined from time to time. This lack of
attention to what had been an original goal of the maser
came about partly because the preliminary stages, in-
cluding microwave oscillators, low-noise amplifiers, and
their use in various scientific experiments, had proved so
interesting that they distracted attention from the high-
frequency possibilities.

But joint work with A. L. Schawlow,!s beginning at
about this time, helped open the way for fairly rapid and
interesting development of maser oscillators in the far-
infrared, optical, and ultraviolet regions—as much as
1000 times higher in frequency than any coherent sources
of radiation previously available. It is masers in these re-
gions of the spectrum, frequently called lasers (light
amplification by stimulated emission of radiation), that
have perhaps provided the most striking new scientific
tools and results. Important aspects of this work were
clear demonstrations that there are practical systems
which can meet the threshold condition of oscillation, and
that particular resonator designs allow the oscillations to
be confined to certain specific and desirable modes. The
resonator analyzed was composed simply of two parallel
mirrors—the well-known Fabry-Perot interferometer,
but of special dimensions.

For light waves, the wavelength is so short that any
macroscopic resonator constructed must have dimensions
that are large compared with the wavelength. In this case,
the electromagnetic field may to some reasonable approxi-
mation be considered to travel in straight lines and be
reflected from the walls of the resonator. The threshold
condition may be written

;.:_E 2hy (Ny — Ny) > 5_2 K
f 127 Av ~ 8r1
where 7 is the decay time for the light in a cavity having

reflecting walls and a volume V. If the light has a ran-
dom path in the cavity, the decay time can be expressed

(10)

generally in terms of the reflection coefiicient » of the
walls, the volume V, the wall area A, and the velocity of
light ¢, as
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Hence (10) becomes!*

[t can be seen that this critical condition is almost inde-
pendent of frequency if the fractional line width Av/v does
not change with frequency (as, for example, in the
Doppler effect). The reflection coeflicient and dipole
moment matrix element u are not particularly dependent
on frequency over the range in question. Hence if the
critical condition can be met for one frequency, it can
probably be met over the entire range from the far-infra-
red to the ultraviolet.

There is a problem with a resonator which is large com-
pared to a wavelength in that there are many modes.
Hence, unless the modes in which oscillations occur are
successfully controlled, the electromagnetic field may
build up simultaneously in many modes and at many
frequencies. The total number of modes in a cavity with
frequencies which lie within the line width Av of the
atomic molecular resonance is

or about 10? for a cavity volume of 1 cm?, a frequency in
the optical region, and ordinary atomic line widths. Bu
fortunately the possibility of oscillation can be eliminated
for most of these modes.

Two small, parallel mirrors separated by a distance
much larger than their diameter will allow a beam of
light traveling along the axis joining them to travel back
and forth many times. For such a beam, the decay time ¢
is (L/c) (1 — r), where L is the mirror separation and r the
reflectivity. Hence the threshold condition is

Ny — No > 3Av {1(‘(1 - r
8w il

This assumes that diffraction losses are negligible. A beam
of light that is not traveling in a direction parallel to the
axis will disappear from the volume between the mirrors
much more rapidly. Hence the threshold condition for
off-axis beams will require appreciably more excited
atoms than that for axial beams, and the condition for
oscillation can be met for the latter without a build-up of
energy in off-axis light waves.

Many features of the modes for the electromagnetic
wave between two square, plane, parallel mirrors of
dimension D and separation L can be approximately
described as those in a rectangular box of these dimen-
sions, although the boundary conditions on the enclosed
sides of the “box” are of course somewhat different. The
resonant wavelengths of such a region for waves traveling.
back and forth in a nearly axial direction are!?

= 2L l:] - l(l: '_'>2 - !(é §>2] 12)
q 2\D g 2\D ¢
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where ¢, r, and s are integers, and r K ¢, s K ¢. More
precise examination of the modes requires detailed
numerical calculation.? For a precisely axial direction,
i =5 = 0, and the modes are scparated by a frequency
¢/2L. If this frequency is somewhat greater than the
atomic line width Ay, then only one axial mode can oscil-
late at a time. The axial wave has an angular width due to
diffraction of about \/D, and if this is comparable with
the angle D/L, then all off-axis modes (» or s # 0) are
appreciably more lossy than are the axial ones, and their
oscillations are suppressed.

If one of the mirrors is partially transparent, some of
the light escapes from the axial mode in an approximately
plane wave and with an angular divergence, approxi-
mately \/ D, determined by diffraction.

A number of modified resonator designs have been
popular and useful in optical masers, in particular designs
that are based on the confocal Fabry-Perot interferom-
eter. However, the plane-parallel case appears to offer
the simplest means for the selection of an individual
mode.

Although a number of types of atomic systems and
excitation seemed promising in 1958 as bases for optical
masers, optical excitation of the alkali vapors lent itself
to the most complete analysis and planning for an oper-
able oscillator. One such system has been shown to oscil-
late as expected,®! but the alkali vapors are no longer of
great interest because other systems, which were at the
time much less predictable, have turned out to be con-
siderably more useful.

The first operating laser, a system involving optical
excitation of the Cr ions in ruby and yielding red light,
was demonstrated by Maiman in 1960.3% %% He took what
seemed at first a rather ditticult route of inverting the
population between the ground state and excited states of

Ftash tube

/ L

the Crion. This technique requires that at least half of the
very large number of atoms in the ground state must be
excited in order to have the possibility of a population
inversion. In the case of two normally unpopulated
atomic states, the total amount of excitation required is
much less. However, Maiman succeeded handsomely in
exciting more than half the Cr ions in a ruby with chro-
mium concentration of about 1/2000 by applying a very
intense pulse of light from a flash tube. This type of system
1s illustrated schematically in Fig. 3. Success immediately
yielded a very-high-energy maser oscillation, because if
population inversion is to be achieved at all, a large
amount of energy must be stored in the excited atomic
states. Surfaces of the ruby served as the reflecting mir-
rors. Collins er al.?* quickly demonstrated that the ruby
laser showed many of the characteristics predicted for
such an oscillator.

The ruby laser is operated normally only in pulses,
because of the high power required to reach threshold,
and emits intense bursts of red light at power levels be-
tween about 1 kW and 100 MW. It has given rise to a
whole family of lasers involving impurities in various
crystals of glasses, and covering frequencies from the
near-infrared into the optical region.

Not very long after the ruby laser was developed, Javan,
Bennett, and Herriott*® obtained maser oscillations from
Ne atoms excited by collisions of the second kind with
metastable He, in accordance with an idea previously put
forward by Javan.*¢ This system, illustrated in Fig. 4, re-
quires only a gaseous discharge through a tube containing

Fig. 3. Schematic diagram of a ruby (optically
excited solid-state) laser. When the gas fiash
tube is activated, electromagnetic oscilla-
tions occur within the ruby rod, and some of
these light waves are emitted in a beam
through one partially reflecting end of the
rod.

/Light beam

/

(
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a mixture of He and Ne at low pressure, and two reflectors
at the ends of the tube. It oscillates at the relatively low
power of about one milliwatt, but approaches ideal con-
ditions much more closely than the ruby system, and
affords a continuous source of infrared radiation of great
purity and directivity.

The technique of gaseous excitation by electrical dis-
charge has also led to a large family of lasers, producing
hundreds of different frequencies from many different
gases which range from wavelengths as long as a few
tenths of one millimeter down into the ultraviolet. For
some systems, a heavy discharge pulse in the gas is needed.
Others, particularly some of the infrared frequencies in
rare gases, oscillate so readily that it seems probable that
we have had lasers accidentally all along. Very likely
some neon or other rare gas electric signs have been pro-
ducing maser oscillations at infrared wavelengths, which
have gone unnoticed because the infrared could not
escape from the glass neon tubes. Some of these oscilla-
tion frequencies represent atomic transitions which were
previously undetected; for others, the transition has not
yet even been identified.

Another class of lasers was initiated through the dis-
covery®? that a p-n junction of the semiconductor GaAs
through which a current is passed can emit near-infrared
light from recombination processes with very high effi-
ciency. Hall er «l.** obtained the first maser oscillations
with such a system, with light traveling parallel to the
junction and reflected back and forth between the faces of
the small GaAs crystal. His results were paralleled or

Fig. 4. Schematic diagram of a He-Ne
(gas discharge) laser. Electrical excitation
can initiate a steady maser oscillation,
resulting in an emitted light beam from
either end of the gas discharge, where there
are reflecting mirrors.

followed immediately, however, by similar work in two
other laboratories, ** 0 This type of laser, illustrated in
Fig. S, is of the general size and cost of a transistor. It can
be made to oscillate simply by passage of an electric cur-
rent, and in some cases the radiation emitted represents
more than 50 percent of the input electric energy—an
efficiency greater than that of other man-made light
sources.

There quickly developed a large family of semicon-
ductor lasers, some involving junctions and, recently,
some using excitation by an external beam of electrons. 4!
They range in wavelength from about 10 microns, in the
infrared, to the center of the visible region.

Normal Raman scattering can be regarded as spon-
taneous emission from a virtual state, as indicated in Fig.
6. Associated with any such spontaneous emission there
must be, in accordance with Einstein’s relations, a stimu-
lated emission. Javan showed*? the principles involved in
using this stimulated emission for a Raman maser. What
is required is simply a large enough number of molecular
systems which are sufticiently strongly excited by radia-
tion of frequency greater than some Raman-allowed
transition.

One might consider the population of the virtual level
in a Raman maser (see Fig. 6) to be greater than that of
the first excited state, so that there is no population
inversion. On the other hand the initial state, which is the
ground state, needs to be more populated than the first
excited state. One can quite properly consider the amplifi-
cation process as a parametric one with the molecular
frequency as idler, or as due to a mixture of ground and
excited states in which there is phase coherence between
the various molecules. This is the second type of loophole
through the black-body radiation law mentioned earlier.
The ammonia beam maser itself illustrates the case of
amplification without the necessity of population inver-
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sion. As the ammonia molecules progress through the
cavity and become predominantly in the ground state
rather than the excited state, they continue to amplify
because their oscillations are correlated in phase with
each other, and have the appropriate phase with respect
to the electromagnetic wave.

Raman masers were first demonstrated by Woodbury
and Ng*? as the result of excitation of various liquid
molecules with a very intense beam from a pulsed laser.
They too have now many versions, giving frequencies
which differ from the original driving maser beam by some
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Fig. 5. Schematic diagram of a gallium arse-
nide (injection, or semiconductor) laser. A
small voltage applied between the silver
ribbon and the molybdenum disk can pro-
duce maser oscillations with resulting
emission of coherent infrared radiation.

Fig. 6. Representation of energy levels in a
Raman maser. This system resembles
qualitatively a three-level maser, one of the
levels being *‘virtual,’”’ or not characteristic
of the molecule, when no field is present.

small integer times a molecular vibrational frequency.
Their action has been considerably extended by Ter-
hune,** and has been treated in a number of theoretical
papers. 12 45

Present performance of lasers

Where now do we stand in achieving the various theo-
retical expectations for performance of masers ?

First, consider the general extension of the frequency
range where we have coherent amplifiers and oscillators.
This has been increased by a factor of somewhat more
than 1000; there are still additional spectral regions
where such techniques need to be developed, but the pace
has been quite rapid in the last few years. Maser oscilla-
tions in the infrared, optical, and ultraviolet regions have
now been obtained in many ways and appear easy; new
excitation mechanisms and systems are continually
turning up. There are still two frequency regions, how-
ever, where such sources of radiation are rare or non-
existent. One is in the submillimeter region or far-infra-
red. The region has, in a sense, now been crossed and
conquered by maser oscillators. But techniques in this
spectral region are still rudimentary, and the frequency
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coverage with masers is spotty. Presumably further work
will allow interesting explorations in this region and a
very fruitful, high-resolution spectroscopy.

Another region in which coherent oscillators have not
yet been developed is that of still shorter wavelengths
stretching indefinitely beyond the near-ultraviolet, where
the first such oscillators are now available. It can be
shown that a rather severe and fundamental limitation
exists as one proceeds to shorter wavelengths because of
the continually increasing number of electromagnetic
modes in a given volume and because of the faster and
faster dissipation of energy into them by spontaneous
emission.

Consider a cavity resonator of fixed volume, fixed-wall
reflectivity, and fixed-fractional frequency width Ap/v.
Meeting the threshold condition (11) in such a resonator
requires that there is power which increases as »* radiated
by spontaneous emission into all modes of the system.!?
In the optical region this dissipated power amounts to
only a few milliwatts for typical conditions, whereas at
50 A, in the soft X-ray region, it would be about 10%
watts, The threshold condition would then be very difh-
cult to maintain. But by the same token, if it is maintained,
the coherent X-ray beam produced would contain many
kilowatts of power. It seems reasonable to expect, on this
basis, that masers eventually will be developed to wave-
lengths that are somewhat below 1000 /a\; however,
maser oscillations in the X-ray region will be very much
more difficult to realize.

Second, let us examine the monochromaticity that has
been achieved. For the ammonia beam maser, the phase
variation of microwave oscillations was shown experi-
mentally to agree with the theoretical expression (7)
within the experimental precision of about 50 percent.
This was done by beating the outputs of two independent
ammonia oscillators together and examining their relative
phase variations. * A similar procedure can be carried out
for two optical oscillators by mixing their two light beams
together in a photocell and detecting the beat frequency.
However, the technical difficulties in obtaining theoretical
performance are rather more demanding than in the case
of the ammonia maser. Expression (8) for a typical
He-Ne laser predicts a frequency spread of about 10~2
c/s, or a fraction 3 X 1077 of the oscillation frequency of
3 X 10 c¢/s.

Almost all masers so far oscillating in the optical or
near-infrared region require a sharper resonance, or
higher Q, of the cavity than that of the atomic resonance.
Hence the frequency of oscillation is primarily de-
termined, from (5), by the cavity resonance. The frequency
of oscillation thus depends on the separation L between
mirrors since, from (12), » = ¢c/2L, where ¢ is some
integer. If, then, the radiated frequencies are to have a
fractional bandwidth of about 3 X 107!, such as would
come from fundamental noise according to (8), the mirror
separation must not vary by more than this fractional
amount. For a mirror separation of one meter, the motion
allowed would be less than 3 X 107'» cm—a demanding
requirement !

If the mirror separation is held constant by cylindrical
rods, L must still vary as a result of thermal excitation of
the lowest frequency-stretching modes of the rods. This
gives an additional fluctuation, which is usually larger
than that from spontaneous emission. It produces a frac-
tional motion*7

26T\
(5%)
where T is the temperature, ¥ the volume of the separa-
tors, and Y their Young’s modulus.

In order for the monochromaticity of lasers to be ex-
amined, two He-Ne systems were carefully shock-
mounted in an acoustically insulated wine cellar of an
unoccupied and isolated house so that acoustic vibrations
would be minimized.*" Their pairs of mirrors were sepa-
rated by heavy invar rods about 60 cm long. For this case,
the limiting theoretical fluctuations set by thermal mo-
tions of the rods corresponded to fractional frequency
variations of 5 X 10715, or a frequency fluctuation of 2
¢/s. Light from each laser was sent into a photodetector,
and the beat frequency examined electronically. Under
good conditions free from acoustic disturbances or ther-
mal transients in the invar spacers, this experiment
showed that variations in the laser frequencies over
periods of a few seconds were less than 20 c/s, or about
one part in 10'3, This was ten times the limit of thermal
fluctuations, but corresponded to detection of motions of
the two mirrors as small as 5 X 10712 ¢cm, a dimension
comparable with nuclear diameters. Presumably, with
great care results still nearer to the theoretical values can
be obtained.

The narrowest atomic spectral lines have widths of the
order of 10¥% ¢/s, so that the laser measured was more
monochromatic than earlier light sources by a factor of
about 10%. Light of this type can interfere with itself after
traveling a distance of about 10 000 km. Hence it could in
principle measure changes in such a large distance to a
precision of one wavelength of light, if there were any,
optical path so constant. Interference work has been done
in several laboratories with laser light over distances of a
few hundred meters, which does not require quite such
special elimination of acoustic or other disturbances.

A third property of laser light is its directivity, or the
spacial coherence across the beam. As indicated above,
certain modes of oscillation should represent approxi-
mately a plane wave of cross section comparable with the
mirror diameter D. The He-Ne maser seems to easily
allow adjustment so that such a mode of oscillation oc-
curs, and its beam has been shown 3 to have nearly the
expected divergence N/ D due to ditfraction.

The spacial coherence or planarity of a laser beam
implies that the entire beam can be focused by a micro-
scope to a region as small as about \/2, or the resolving
power of the microscope. Similarly, it may be transmitted
through a telescope in a beam whose angular width is
simply determined by the angular resolution of the tele-
scope and hence much less than the angular divergence
N D as the beam emerges from a small laser. The entire
energy is originally created in the ideal laser in a single
mode; it can be transmitted into other single modes by
optical systems without violating the well-known bright-
ness laws of optics.

This brings us to a fourth important property, the
intensity or brightness that can be achieved by maser
techniques. As indicated initially, once one has the possi-
bility of coherent amplification there is no firm limit to
intensity, because equilibrium thermodynamics and
Planck’s law no longer are controlling. The only limit is
set by the available energy input, heat dissipation, and
size of the apparatus used.
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If only the one milliwatt of power emitted by a He--Ne
laser is focused by a good lens, the power density be-
comes high because the cross-sectional area of the focused
spot would be only about A\2/4. This gives a power density
of 4 X 10° watts/cm2 The effective temperature of such a
beam, because of its monochromaticity, is also rather
high—approximately 101°°K for the light of 20-c/s band-
width.

The pulsed systems, such as ruby lasers in particular,
emit much greater power, although they do not quite
approach the limits of coherence that the gaseous sys-
tems do. Ruby lasers emit a few tenths of a joule to a few
hundred joules of energy in pulses from about 1073 to
10-* second in length. The power can thus be as great as
10® watts or more. Etfective temperatures of the radiation
are about 10%23°K. The actual limit of power density
will generally be set by the limit of light intensity optical
materials can stand without breakage or ionizalion.
Power of 10? watts focused to a spot 10~ 2 mm in diameter
produces an electric field strength in the optical wave of
about 10? volts/cm, which is in the range of fields by
which valence electrons are held in atoms. Hence this
power ionizes and disrupts all material. The radiation
pressure also becomes large, being about 10'? dynes cm?,
or 10% atmospheres, at such a focal point.

Some applications of lasers

It is clear that light in more ideal and in more intense
form, which maser techniques have produced, can be
expected to find application in wide and numerous areas
of technology and of science simply because we find our
present techniques of producing and controlling light
already so widely applied. Most of these applications are
still ahead of us, and there is not time to treat here even
those that are already beginning to develop. I shall only
mention that in technology, lasers have been put to work
in such diverse areas as radar, surgery, welding, surveying,
and microscopy. A little more space will be devoted here
to discussing three broad areas of science to which optical,
infrared, and ultraviolet masers are expected to con-
tribute.

Masers seem to provide the most precise techniques for
measurement of the two fundamental dimensions of time
and length. Over short periods of time, maser oscillators
clearly give the most constant oscillations; for longer
times the hydrogen maser also seenis to provide the most
precise clock yet available. Light from optical masers
allows new precision in the measurement of distance, and
already seems capable of improving our standard of
length. This new precision suggests interesting experi-
ments on certain fundamental properties of our space, as
well as the application of higher precision to a variety of
physical effects. So far, experiments have been done to
improve the precision with which the Lorentz transforma-
tion can be experimentally verified. 5 It appears that
improved precision in measurement of the speed of light
can also be expected. If we look some distance in the
future, it seems clear that the techniques of quantum
electronics will allow direct measurement of the frequency
of light, rather than only its wavelength. This can be ac-
complished by generation of harmonics of a radio fre-
quency, amplification of the new frequency, and further
generation of harmonics until the radio region is linked
with optical frequencies. This should eventually allow
measurement of the velocity of light ¢ to whatever pre-
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cision we define time and length. Or, it will allow the
climination of separate standards of time and of length
because ¢ times a standard time will define a standard
length with more precision than we can now achieve.

The power of spectroscopy should be considerably
increased by use of masers. In particular, these very mono-
chromatic sources can greatly improve spectroscopic
resolution and thus allow inore detailed examination of
the structure of atoms, molecules, or solids. This advance
can be particularly striking in the infrared and far-infra-
red, where present resolution is far less than the widths of
atomic or molecular lines. Already some high-resolution
spectroscopy has been done with lasers,®2 and still
more interesting work of this general type can be expected
before long.

A third interesting field for which lasers are important
has emerged as a field almost entirely because of the
existence of lasers, and is the area where scientific research
has so far been most active. This is what is usually called
nonlinear optics,*** although it includes some phenom-
ena which might not previously have been described in
this way. We have been accustomed in the past to dis-
cussing the progress of light through a passive optical
material of more or less fixed properties. But in the intense
laser beams now available, interactions between the light
and the optical medium are sufliciently large that proper-
ties of the medium can no longer be regarded as fixed.
The medium distorts, its molecules vibrate, and polariza-
tion of electrons in its atoms no longer responds linearly
to the applied field. One must now also consider the
dynamics of both the light and the optical medium, and
interactions between their two motions. Some of the new
phenomena observed are multiple-quanta absorption,
which makes absorption depend on intensity,®> 5 har-
monic generation in optical materials and mixing of light
frequencies,” ™ excitation of coherent molecular vibra-
tions and stimulated Raman effects,*2-45 and stimulated
Brillouin scattering.t52 Only the last two of these will be
discussed, partly because they bear on still another kind of
maser, one which generates phonons.

The phonon maser

Acoustic waves follow equations that are of the same
general form as the equations of light and manifest many
of the same phenomena. An acoustic wave can produce
an atomic or molecular excitation, or receive energy from
it by either spontaneous or stimulated emission. Hence,
one may expect maser action for acoustic waves if a sys-
tem can be found in which molecules are sufficiently
coupled to an acoustic field and appropriate excitation
can be obtained to meet the threshold condition. The
first such systems suggested involved inversion of the spin
states of impurities in a crystal in ways similar to those
used for solid-state electromagnetic masers.5* A system of
this type has been shown to operate as expected.t* How-
ever, a more generally applicable technique seems to be
Brillouin scattering and its close associate Raman scatter-
ing, which utilize phase correlation rather than popula-
tion inversion to produce amplification. This process can
also be viewed as parametric amplification.

Light may he scattered by the train of crests and troughs
inan acoustic wave much as by a grating. Since the wave is
moving, the scattering involves a Doppler shift. The net
result, first analyzed by Brillouin,® is that the scattered
light is shifted in frequency from the frequency vo of the
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original beam by an amount

v = 20 sin? a3)
c 2

where v and ¢ are the phase velocities of sound and of
light, respectively, in the medium, and @ is the scattering
angle. The energy lost, /iy, is given to the scattering acous-
tic wave of frequency ». If the light is of sufficient inten-
sity, it can thus give energy to the acoustic tield faster than
it is lost and fulfill a threshold condition which allows the
acoustic energy to build up steadily.

For the very high acoustic frequencies (10° to 10" ¢/s)
implied by (13) when 6 is not very small, the losses are
usually so large that interesting amplification cannot be
achieved with ordinary light. But with laser beams of
hundreds of megawatts per square centimeter, it is quite
feasible to produce an intense build-up of acoustic waves
by this process of stimulated Brillouin scattering®!¢*—so
intense, in fact, that the acoustic energy can crack glass or
quartz. This gives a method of producing and studying
the behavior of very-high-frequency acoustic waves in
almost any material that will transmit light—a possibility
which was previously not so clearly available.

Brillouin scattering by spontaneous emission has been
studied for some time. But the intense monochromatic
light of lasers allows now much greater precision in work
with this technique,®? and it too is yielding interesting
information on the propagation of hypersonic waves in
materials.

There is no firm limit to the acoustic frequencies that
can be produced by stimulated emission, even though
(13) indicates a kind of limit, for 6§ = =, of 2vev/c. But in
the optical branch of acoustic waves, the phase velocity v
can be very high. In fact, stimulated Raman scattering, or
the Raman maser mentioned briefly above, represents
excitation of the optical branches of acoustic spectra, and
generates coherent molecular oscillations. Quantum-elec-
tronic techniques can thus allow interesting new ways to
generate and explore most of the acoustic spectrum as
well as much of the electromagnetic domain.

Concluding remarks

In a few years this brief report will no longer be of much
interest because it will be outdated and superseded, except
for some matters of general principle or of historical
interest. But, happily, it will be replaced by further striking
progress and improved results. We can look forward to
another decade of rapid development in the field of quan-
tum electronics—new devices and unsuspected facets of
the field, improved range and performance of masers, and
extensive application to science and to technology. It
seems about time now for masers and lasers to become
everyday tools of science, and for the exploratory work
that has demonstrated so many new possibilities to be
increasingly replaced by much more finished, more system-
atic, and more penetrating applications. It is this stage
of quantum electronics that should yield the real benefits
made available by the new methods of dealing with radia-
tion.
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Atmospheric research and
electromagnetic telecommunication—Part 1

The broad subject of electromagnetic telecommunication in
the United States is examined, with the stress on the importance
of atmospheric research to this growing field

H. G. Booker
C. G. Little

National Burean of Standurds

This report is based on material prepured during 1964
for the Interdeparimential Commitiee for Aimospheric
Sciences, entitled “* Aimospheric Research Required 10
Fucilitate Electromagnetic Telecomnuuication.” The au-
thors were chairman and secretary, respectively, of the
Steering Committee set up 1o guide the preparation of the
repori.

Part 1 of this repori deals with the economic magnitude of
electromagnetic telecommunication in the nation, and
discusses the inteructions beiween aumospheric science
and eleciromagnetic telecommunication. Part 11, 10 appear
next month, will present an analysis of the fiscal year 1964
relecommunication-oriented atmospheric research across the
nation, and discusses the balance of this research program
relative 1o the aimospheric research needed 10 support the
nation’s telecommunication activities.

Economic magnitude of
electromagnetic telecommunication

One hundred years ago Maxwell first described the
electromagnetic nature of light. Now, only 63 years
after Marconi’s first transmission of radio signals across
the Atlantic, electromagnetic telecommunication activities
comprise several large industries which have a tre-
mendous impact on the way of life of all Americans. It is
the purpose of this section to outline briefly the magni-
tude of these electromagnetic telecommunication in-
dustries.

University of California, Sun Diego

Expenditures, investment, and employment. Table I
shows that the 1962 U.S. expenditures on electromag-
netic telecommunication through the atmosphere were
of the order of $17 billion, or about 3 percent of the
Gross National Product.

Table II estimates $26 billion as the 1963 depreciated
U.S. investment in electromagnetic telecommunication
systems, equipment, and research and development
facilities.

The total impact on the economy is, of course, far
greater than that indicated in Table I, both in terms of
supporting industries and the *“multiplier effect” of the
income generated by these expanding activities. Pre-
liminary research by the Office of Business Economics on
interindustry sales and purchases indicates that sales of
communications equipment to final users have an almost
equivalent additional impact on other industries and
activities. Every dollar spent on communications equip-
ment requires almost an equal total output from such
supporting industries as electronic components, chem-
icals, fabricated products, plastics, and other materials;
services, such as trade, transportation, water and electric
power, real estate, etc.; primary metals; mining, and
others. Also, before communications equipment can be
used, additional expenses are incurred in transportation,
distribution, and installation.

The income generated by expanding telecommunication
activities and supporting industries has a further economic

IEEE spectrum AUGUST 1965




|I. Estimated annual sales, revenue, or

expendi-

‘ures for electromagnetic telecommunication

quipment, operations, or services, 1962

Manufacturing (value of shipments at manu-
facturers’ prices)

Wholesale and retail trade in electromagnetic
telecommunication equipment and com-
ponents (estimated markup or net revenue)

Installation and repair services

Electromagnetic telecommunication opera-
tions and maintenance expenditures or reve-
nues

Research and development expenditures not
included in other categories (industry, gov-
ernment laboratories, universities, and other
nonprofit organizations)

Total

Il. Estimated U.S. Investment in
electromagnetic telecommunication
systems, equipment, and R&D facilities,

U.S. Government
Department of Defense and other National
. Security Agencies

Federal Aviation Agency

National Aeronautics and Space Administra-
tion

Treasury (Coast Guard)

Commerce (Maritime Administration, Wea-
ther Bureau, National Bureau of Stan-
dards, etc.)

U.S. Information Agency

Others, including Atomic Energy Commission,
Agriculture, Interior, Justice, Tennessee
Valley Authority, Veterans Administration,
St. Lawrence Seaway, etc.

Manufacturing, net fixed assets
Non-U.S. Government communications serv-
ices, facilities, and equipment

Broadcasting
Television
Radio

Common carrier

Safety and special services, including state
and local government

Research and development, equipment and
facilities not reported elsewhere

Government, industry, and educational and
other nonprofit institutions

Repair and installation services, and test and
measuring equipment and facilities

Wholesale and retail trade

Consumer electromagnetic telecommunica-
. tion equipment

Television receivers

Radio receivers

Total

Booker, Little- —~ Atmospheric rescarch

Millions
$ 5600

850
1400

8 350

800
$17 000

1963

Depre-

ciated

Value,
millions

$ 9000
635
250

450

70
90

75
1000

370
260
1700

1500

350

300
450

5 500
4 000

$26 000

lll. Estimated employment in
electromagnetic telecommunication activities, 1963

Thou-
sands
of Em-
ployees
Manufacturing
Government and commercial telecommuni-
cation equipment 270
Television and radio receivers 115
Electronic components 160
Operations and maintenance
Government
Department of Defense, including Armed
Forces and civilian personnel 400
Other federal agencies 60
Nongovernment
Broadcasting 100
Safety and special services 140
Common carrier 40
Government facilities operated by private
contractors 30

Research and development
Government, industrial, educational, and
nonprofit R&D laboratories, not included
elsewhere 40

Wholesale and retail electromagnetic tele-
communication equipment distribution

Television and radio receiver distribution 70
Other: commercial equipment and parts dis-

tribution 15

Repair and installation services

Television and radio repair shops 80
Other: commercial equipment repair and in-

stailation services 20

Total 1500

IV. Authorized station count, June 30, 1963
Type of Radio Service Number of Stations

Safety and special services

Amateur 270 838
Aviation 106 202
Industrial 107 79
Land transportation 14 089
Marine 143 227
Public safety 43 168
Citizens 446 590
Total 1131910
Broadcast services
Standard (AM) 3997
Frequency modulation
(FM) 1445
Television (TV) 757
Others 9630
Total 15 829
Common carrier 6599
Experimental services 730
Total station count 1155 068

Source: Federal Communications Commission 29th Annual Report
for Fiscal Year 1963.
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effect as people spend this income on housing, food,
consumer goods, insurance, recreation, and other goods
and services. The relatively rapid growth rates of indus-
tries and services based on the telecommunication arts
have been, and will continue to be, a major factor in
U.S. economic growth.

The total employment in electromagnetic telecom-
munication is estimated to be about 1.5 million persons.
The principal categories are shown in Table III.

Authorized transmitter stations. Table IV shows that
the authorized station count for civilian transmitters in
the United States, as of June 30, 1963, was 1 155 068.
After omitting the large amateur radio and citizens’ radio
usage, the total broadcast, common carrier, experi-

mental, public safety, and special radio services num-
bered 437 640.

Economic usage by broad spectral region. Table V is
an attempt to divide the economic usage of the electro-
magnetic spectrum into four main spectral regions.
These are from 0 to 3 X 107 ¢/s (primarily involving
ground-wave and/or ionospheric propagation); 3 X
107 to 10° c¢/s (primarily tropospheric line-of-sight
propagation; 10°to 3 X 102 ¢/s (primarily tropospheric
line-of-sight and beyond-the-horizon propagation); and
3 X 102 to 10' ¢/s (infrared and optical line-of-sight
propagation).

The distribution of annual expenditures for the dif-
ferent frequency bands for 1962 is estimated as follows:

V. Estimated annual sales, revenue, or expenditures for

electromagnetic telecommunication, by broad frequency ranges, 1962 (in millions of dolars)

Activity

Manufacturing (value of shipments at manufacturers’
prices)

Government expenditures for installation operations and
maintenance

Nongovernment annual revenue or expenditures
Broadcasting
Common carrier
Safety and special services

Research and development expenditures for electromag-
netic telecommunication (industry, government, and
nonprofit institutions not reported elsewhere)

Wholesale and retail trade in electromagnetic telecom-
munication equipment and components (estimated
markup or net revenue)

Installation and repair services (radio, TV, and commer-

cial)
Totals

Fig. 1. Electronic equipment output compared with Gross
National Product, 1929 to 1963.
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Fig. 2. Growth of total broadcast revenues compared with
Gross National Product, 1937 to 1962.
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Frequency, Approximate
c/s Expenditure
Below 3 X 107 $3 billion

9 billion
$4.4 billion
$0.6 billion

3 X 10 to 10
. 10°10 3 X 10'2
Above 3 X 1012

Growth rates and trends. Now that the large magnitude
of atmospheric telecommunication activities has been
established, it is important that the growth rates be
identified. Common experience shows that the field is
still growing; the question, of course, is ““*how fast?”’

Growth of manufaciuring. Figure 1 gives dollar figures
for the manufactured output of electronic equipment and
the Gross National Product for the period 1926-1963,
in current dollars. (About 70 percent of the electronic
equipment is for telecommunication purposes.) It is
noteworthy that in the last 30 years the GNP has in-
creased by essentially one order of magnitude and the
electronic equipment output by about two orders of
magnitude. As one would expect, the rate of growth of
electronic equipment is no longer as fast as it was in the
1940s und early 1950s; nevertheless, over the last ten
years the annual growth rate has been about 8 percent per
year (in current dollars) compared with an equivalent
GNP annual growth rate of 5 percent.

Growth of broadcasting revenues. Figure 2 illustrates
the growth of total broadcasting revenues (AM/FM radio
and television) over the 25-year period 1937-1962, com-
pared with the Gross National Product. Again the growth
of the telecommunication activity has been more rapid
than that of the GNP; in this case the annual growth rate
.(in current dollars) of the broadcast revenue has averaged

approximately 10 percent per annum during the last ten
years.

Growith of authorized station count. From these two
analyses, one of manufacturing, one of telecommunica-

VI. Growth of safety and special services in the United States

tion service revenue, it is clear that the field of clectro-
magnetic telecommunication is still growing rapidly, with
an annual growth rate roughly twice as fast as the Gross
National Product. This ratio in the growth rates is in-
creased if they are expressed in dollars of constant value,
rather than in current dollars. Further evidence of this
growth is presented in Table VI, which gives authorized
transmitters licensed by the Federal Communications
Commission, as of June 30, 1935; June 30, 1959; and
June 30, 1963. Here the growth over the four-year period
1959-1963 totals 127 percent.

The trend 10 higher frequencies. An important feature of
this growth is the trend to higher frequencies. As radio
telecommunication usage has increased, the International
Telecommunication Union has found it necessary to
extend specific regulatory contro! to higher and higher
frequencies. The upper limits of the ITU coverage are
given in Table VII, in which the figures refer to the fre-
quency assignments for «// radio services. As an example
of the way a particular service has been affected by this
trend to higher frequencies, Table VIII gives the band
allocations and station counts for public safety services
(police, fire, forestry conservation, highway maintenance,
local government, state guard) since 1931.

Anticipated growth areas in aimospheric telecommunica-
tion. The foregoing discussion has identified the magni-
tude of the telecommunication activities of the nation,
and has shown that the nation’s expenditures in this field
are stiil increasing. We believe that these expenditures will
continue to grow, both because of the rapid evolution of
the technology of telecommunication and because of
the rapidly evolving telecommunication demands of our
industry and civilization. Examples of the evolving tech-
nology include the laser and space telecommunication
systems; examples of potential or growing demands for
telecommunication capability lie in such areas as

1. Picture phone

Authorized Station Count Percentage
June 30, June 30, June 30, ﬂ
Radio Service 1935 1959 1963 1959-1963

Marine 2157 84 947 143 227 69
Aviation 678 77 682 106 202 37
Public safety 298 29 363 43 168 47
Industrial 146 49 697 107 796 116
Land transportation 0 10 625 14 089 32
Citizen 0 49 269 446 590 909
Amateur 45 561 195 776 270 838 38
Totals 48 840 497 359 1131 910 127

Source: Federal Communications Commission 29th Annual Report tor Fiscal Year 1963.

VIil. Upper limits of International
Telecommunication Union coverage

Vill. Band allocations, public safety services

Booker

s New Band Total Number
Maximum Frequency of Year Added, Mc/s of Stations
Vear Tu Ag‘;:atms' 1931* 1.5t03 62
— _ 1935 30 to 40 252
1927 6 X 107 1949 152 to 162 5700
1938 2 X 108 1954 450 to 470 15 697
1947 1.05 X 10%° 1963 — 43 168
4 X 10"

1959

, Little—Atmospheric rescarch

* Creation of this radio service.
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Color television
Closed-circuit television
. Educational television
Mobile communications
Automatic collection of geophysical data
. Provision of remote access to computer centers
. Provision of remote access to data-storage centers

and libraries

9. Military command and control

The normal expansion of existing services, plus the
expansion required to meet new needs such as those sug-
gested above, make it highly probable that the telecom-
munication activities of the nation will continue to grow
appreciably faster than the Gross National Product.

Intangible benefits resulting from telecommunication.
The foregoing discussion has been concerned primarily
with identifying the magnitude and trends of the national
expenditures on electromagnetic telecommunication.
There has been no discussion of the benefits obtained by
these expenditures, though it is important to recognize
that they are so large as to make it appropriate to speak
of the 20th century as the Age of Telecommunication.
The impact (political, military, sociological, economic,
educational, scientific, and historical) of man’s ability to
communicate over long distances essentially instantane-
ously is rarely even discussed, let alone measured. Indeed,
it does not appear possible to measure quantitatively the
many benefits derived by the United States from this use
of the electromagnetic spectrum. For example, how would
one estimate the total value of television (including inter-
national relay) to the nation ? What are the military and
civilian benefits obtained (say) by the use of radar? How
does one measure the worth of the lives saved by the use
of radio by the fire and police services (or even how many
lives are saved)? To what extent will the use of two-way
radio by American industry for instant communication
with skilled decision makers increase our ability to com-
pete effectively in worldwide markets ? We do not attempt
to answer such questions here, since this article is con-
cerned primarily with atmospheric research rather than
social science and economics. Instead, we will list the
principal uses of telecommunication, leaving it up to the
reader (if he wishes) to make his own estimates of the
benefits derived from such services. These uses (approxi-
mately in descending order of annual expenditure or
revenue) are as follows:

1. Military uses for the command, control, and
guidance of friendly forces and weapons; for the
detection, surveillance, deception, and (if neces-
sary) destruction of hostile weapons, activities, and
forces

2. Television broadcast

. Mobile communication to and from aircraft, ships,

and land vehicles

. Navigation

. Long-distance radio relay of telephone calls

. AM and FM broadcast

. Public safety by law enforcement agencies, fire

services, civil defense, etc.

Space telecommunication

9. Geodesy

10. Atmospheric research by remote electromagnetic
probing

11. Voice of America broadcasts

12. Citizens’ band
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13. Amateur radio
14. Dissemination of time and frequency standards

Telecommunication capabilities
and limitations of the atmosphere

The primary purpose of this section is to review the
field of telecommunication by electromagnetic waves, and
to indicate across the spectrum the extent to which the
atmosphere interacts with and limits telecommunication.

First, we should note that the analysis relates to com-
munication through the atmosphere using electromag-
netic waves. We will be concerned with the atmosphere
as it affects propagation; we will not, in general, be
directly concerned with the details of either the trans-
mitting or the receiving devices.

Second, it is necessary to define telecommunication in
the sense used in this article. By telecommunication we
mean theuse of electromagnetic waves propagating through
the atmosphere to convey information (intelligence) of
any type. Thus telecommunication must be recognized as
including all radar, navigation, broadcast, television, and
other systems that involve propagation of electromag-
netic waves in the atmosphere.

Third, it is important to recognize the range of fre-
quencies considered here. Although the electromagnetic
spectrum has been explored by the physicist over at least
the range 1073 ¢/s to 1022 ¢/s, that part of the spectrum
between about 104 (very-low-frequency radio waves) and
1015 ¢/s (near-ultraviolet) is potentially the most useful for
telecommunication purposes. Among other difficulties,
the radiation, modulation, and detection of coherent
electromagnetic waves outside this frequency band makes
such frequencies unattractive to the communicator. There
are however a number of research uses, and even some'
specialized applied telecommunication uses, of fre-
quencies below 10* c¢/s. Following and extending the
terminology of the radio telecommunication engineer, we
will describe the different regions of this spectrum by the
terms given in Table IX.

Fourth, because of the extremely broad frequency range
to be covered, it is important to recognize that very many
different propagation mechanisms (i.e., methods by which
electromagnetic waves propagate through the atmosphere
from a transmitter to a receiver) must be considered. The
principal propagation mechanisms which are significantly

IX. Regions of the frequency spectrum

1TU
Band
Frequency, Num-
Region c/s ber
Very-low frequencies (VLF) 3 X 10% to 3 X 10¢ 4
Low frequencies (LF) 3 X 10! to 3 X 108 5
Medium frequencies (MF) 3 X 105 to 3 X 10° 6
High frequencies (HF) 3 X 10% to 3 X 107 7
Very-high frequencies (VHF) 3 X 10° to3 X 10¢ 8
Ultrahigh frequencies (UHF) 3 X 10* to 3 X 10¢ 9
Superhigh frequencies (SHF) 3 X 109 to3 x 10 10

Extremely high frequencies

(EHF) 3X10°to3 X101t — ‘
Teracycle radio 3 X 10"to3 X102 —
Infrared 3X102to4 X101 —
Visible 4 X 104to8 X 1014 —
Near-ultraviolet 8 X 10! to 10% -
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affected by the atmosphere may be listed as follows:
1. Geometrical-path (line-of-sight) propagation
a. Tropospheric line of sight at radio, infrared,
and optical frequencies
b. Earth-space line of sight at radio, infrared,
. and optical frequencies
2. Propagation mechanisms involving reflection
a. Earth-ionosphere ducting
b. Earth-ionosphere reflection
¢. Tropospheric ducting
d. Tropospheric reflection
3. Propagation mechanisms involving scatter
a. lonospheric forward scatter
b. Meteor scatter
¢. Tropospheric scatter at radio, infrared, and
optical frequencies

It should be noted that several other propagation
methods exist but have been omitted. Such mechanisms
ure

I. Propagation mechanisms not discussed because of
minor sensitivity to atmospheric etfects

a. Space-to-space line of sight (essentially un-
alfected by the propagation medium for all
frequencies greater than about 107 ¢/s)

b. The Norton surface (ditffracted) wave (a very
important propagation mechanism at VLF,
LF, and MF and of some importance to about
10% ¢/s, in which the propagation is determined
primarily by the electrical characteristics and
curvature of the ground, rather than by the
atmosphere)

¢. Mountain diffraction and ground scatter

‘ (which may be of importance in the range of
107 to about 10! ¢/s, again depending on the
characteristics of the ground rather than the
atmosphere)

2. Propagation mechanisms not discussed because of
limited usefulness except for atmospheric research
purposes

a. Incoherent scatter (3 X 107 to 10° ¢/s)

b. Hydromagnetic waves, and the whistler mode
(103 to 10° ¢/s)

¢. Magnetospheric ducting (10%to 2 X 107 ¢/s)

d. Auroral scatter (108 to 3 X 10° ¢/s)

Fifth, for any of these propagation mechanisms, a tele-
communicator may well be interested in the following
principal parameters of an electromagnetic wave, as well
as their space and time dependence. In many cases, the
propagation-induced fluctuations in these parameters
limit the telecommunication capabilities of the system.
These parameters include

1. Amplitude

. Phase

. Frequency (time derivative of phase)

. Polarization

. Direction of travel

6. Phase velocity

Dispersion (the variation of phase velocity with
frequency)

Sixth, it should be recognized that the final limit to the

‘ informution-carrying capability of an electromagnetic
telecommunication system is the existence of unwanted
signals and noise. These may be man-made or of natural
origin; they may originate in the system itself or may be
signals that originate elsewhere and are picked up by the
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receiving system. In any discussion of the effects of the
atmosphere on telecommunication systems, the atmos-
pheric noise level in which the system is immersed must
therefore be considered.

Seventh, it should be recognized that in many atmos-
pheric telecommunication systems, the signals may
propagate to the receiver by more than one propagation
mechanism at a time. These may foliow somewhat similar
paths (such as the two magnetoionic mode paths of an
HF communication system), or two very different mech-
anisms may be involved, as in the case of simultaneous
reception of the ground wave and the sky wave at low or
medium frequencies.

Atmospheric telecommunication limitations. A detailed
discussion of the manner and extent to which each of the
significant parameters describing an electromagnetic
wave is alfected by the several atmospheric regions,
across the whole spectrum of interest to the communi-
cator, is clearly beyond the scope of this article. Instead,
two figures summarizing this information have been pie-
pared. Figures 3 and 4 present graphically the key aspects
of significance, understanding, and predictability of at-
mospheric limitations to telecommunication as a function
of propagation mechanism and frequency. It is important
that the reader recognize that the frequency boundaries
used in these figures are very arbitrary. In practice, the
transition from one propagation mechanism to another,
or from one grade to another, occurs over a range of fre-
quencies rather than at a discrete frequency.

The several ditterent uses of a given propagation
mechanism will not in general be equally sensitive to
changes in propagation; a given change in propagation
conditions may be of far greater significance tor one tele-
communication system than for another. Also, difterent
specialists would undoubtedly grade the telecommunica-
tion limitations of an individual propagation mechanism
differently, with the standard deviation probably about
one grade. The reader should therefore be cautious in us-
ing these figures, especially when attempting to apply
them to an individual telecommunication circuit instead
of to the general state of the art for that propagation
mechanism.

Gaps in our understanding of atmospheric effects. In
Figs. 3 and 4 the degrees of significance, understanding,
and predictability of these atmospheric effects for each
of the main propagation mechanisms are summarized.
The purpose of the present section is to use this material
to identify the major gaps in the understanding of the
atmospheric etfects on electromagnetic telecommunica-
tion. The treatment will be broad and certainly not all-
inclusive; however, it is hoped that by identifying the
main gaps in our knowledge it will be possible to test the
balance of the existing atmospheric research program in
support of telecommunication.

For purposes of broad review of the balance of the re-
search eftort it is convenient to consider only four main
types of electromagnetic propagation paths. These are,
respectively, tropospheric line-of-sight paths; tropo-
spheric beyond-the-horizon paths; paths involving iono-
spheric reflection or scatter; and earth—space line-of-sight
paths, involving both tropospheric and ionospheric
propagation. The status of understanding of each of these
four main types of telecommunication paths will now be
considered in turn.

Tropospheric line-of-sight paths. In this most important

49



propagation mechanism (typically limited to distances of
a few tens of miles) the degree of understanding is good up
to roughly 10! ¢/s. As the frequency increases from
~1019 to ~3 X 10'2 ¢/s, the degree of understanding
changes rapidly to poor or very poor. The history of line-
of-sight radio telecommunication is one of constant
extension to higher and higher frequencies; it is clear that
the pressures for increasing bandwidth are such as to
cause this trend to continue. Since atmospheric limitations
are of increasing significance at radio frequencies above
about 1019 ¢/s, it is clear that considerable research on the
radio properties of the troposphere (including especially
the absorption of radio waves by atmospheric gases, and
their atteuuation by clouds and precipitation) will be
required to optimize system design and spectrum utiliza-
tion.

The understanding of line-of-sight propagation at op-
tical and infrared frequencies is rated as fair; again con-
siderable atmospheric research is required before the tele-
communication capabilities of the atmosphere at these
frequencies is understood. Considerable effort is being
devoted to component development in this frequency
band; much of it will be wasted unless adequate propaga-
tion information is available.

Tropospheric  beyond-the-horizon  puaths. The tropo-
spheric reflection, ducting, or scatter of electromagnetic
waves to points beyond the horizon represents an ex-

tremely important propagation mechanism applicable
(with the exception of some absorption bands) to all fre-
quencies above about 107 ¢/s. The degree of understanding
of the atmospheric effects on such propagation paths is
typically poor or very poor. For example, although in a
favorable case it is possible to predict the median trans-
mission loss with a probable error of about a factor of
two, the instantaneous transmission loss between single
antennas typically varies by at least a factor of one mil-
fion, in an unpredictable manner. Although the theory of
electromagnetic propagation in simplified models of the
atmosphere is well advanced, there is no general agree-
ment as to the appropriateness of any of the models, nor
even as to the relative amount of time that the received
signal should be attributed to tropospheric scatter, re-
flection, or ducting. It is clear that any further major
advances in RF tropospheric scatter communication are
dependent upon a better understanding of the radio
propagation, and that a much better understanding than
now exists of the large- and small-scale variations of at-
mospheric refractive index will be required.

No systematic studies have been made of beyond-the-
horizon propagation of infrared and optical wavelengths;
such studies appear to be of high priority, since they may
offer completely new telecommunication opportunities.
Radio telecommunicators have found the very weak scat-
tering of signals that occur in the troposphere and the

Fig. 3. Degrees of significance and understanding of atmospheric
effects on the main electromagnetic propagation mechanisms.
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lower ionosphere extremely valuable for beyond-the-
horizon propuagation; at oplical wavelengths the scattered
component is orders of magnitude stronger, and so well
may provide a valuable teleconumunication mechanism.

Paths involving ionospheric reflection or scatier. An

examination of Fig. 3 reveals that the degree of under-
standing of ionospheric propagation is rated from fair to
good, being best in the range 10¢ to ~3 X 10 ¢/s, and
poorest in the range 10% to 108 ¢/s. The fact that the degree
of understanding is higher for this type of propagation
rather than for tropospheric propagation can be at-
tributed to two main factors:

1. The large amount of research (both propagational
and atmospheric) that has been conducted in this
field, starting almost 40 years ago

2. The major extent to which radio techniques have
been used to study the upper atmosphere

The first of these points can be attributed to the domi-

nant importance of ionospheric propagation, which until
about 1955 was the only method of communicating far
beyond the horizon (except for the important, though then
relatively small, use of cables). The second factor is
attributable to the inherent simplicity of the remole
electromagnetic probing techniques relative to the diffi-
culty of conducting in sitr studies of the upper atmos-
phere.

From the point of view of telecommunication, the

ionosphere is enormously more variable, both geograph-
ically and temporally, than the lower atmosphere. The
last decade has seen major improvements in our under
standing of the gross temporal variations (diurnal, sea-
sonal, and 11-year sunspot cycle) and the gross geographic
and height variations. The present limitations in our
understanding of the ionosphere are primarily in terms of
the shorter term (disturbance-type) variations, and those
of smaller scale (from roughly 1000 kilometers down to
scales of tens of meters). These irregular, and at the
moment unpredictable, variations have importance com-
parable to that of the long-term and large-scale variations,
and much research must be devoted to increasing our
understanding of their role in ionospheric telecommunica-
tion.

Earth-space line-of-sight paths. The propagation of
electromagnetic waves from the earth’s surface to space
vehicles involves bolh tropospheric and ionospheric
propagation. Up to frequencies of the order of 10° ¢/s,
ionospheric effects (refraction, scatter, polarization, rota-
tion, and absorption) are the most important; above
about 10? ¢/s the tropospheric effects become more sig-
nificant, especially at low angles of elevation. The present
trend is to use frequencies of the order of 2 X 10? to 101
c/s for most earth-space telecommunication; for this
reason the atmospheric research required to support this
type of telecommunication is tropospheric in nature.

Fig. 4. Degree of predictability of atmospheric effects on the main

electromagnetic propagation mechanisms.
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Three main types can be identified:

1. Because many of the present allocations for earth—
space telecommunication are on a shared-use basis, it is
important to study the effects of tropospheric scattering,
ducting, and reflection, which may result in unacceptable
interference between services operating on the same fre-
quencies.

2. Studies of earth-space propagation at radio fre-
quencies above 4 X 10'° ¢/s (the highest frequencies cur-
rently assigned by the ITU) should be made in order to
investigate the possibility of their use for space telecom-
munication.

3. The potential importance of earth-space propaga-
tion at infrared and optical frequencies should also be
investigated.

Atmospheric noise levels. Since all telecommunication
systems are ultimately limited by the effects of unwanted
noise and interference, it is important that appropriate
studies of atmospheric noise levels be made. Across the
spectrum, the major research neads may be identified as
follows.

Up to about 102 ¢/s, the principal noise limitation is not
atmospheric in origin, but due to unintentional and often
unnecessary radiation of energy from electric machinery,
motor vehicles, neon lights, power lines, etc. At higher
radio frequencies, particularly above about 2 X 101 ¢/s,
thermal noise due to atmospheric absorption becomes
dominant. With the advent of ultralow-noise receivers,
atmospheric noise (including ground noise scattered into
the antenna beam by precipitation) is becoming a serious
limitation. Studies of atmospheric absorption as a func-
tion of frequency and elevation angle are required at fre-
quencies up to and including the infrared frequencies. At
optical frequencies a considerable body of unorganized
data exists; it is clear that there is a need for studies of
the background illumination levels as a function of
(optical) frequency, angle of elevation, climatic condi-
tions, etc., before optical telecommunication systems can
be designed in an optimum manner.

Interference noise levels. As the use of the electromag-
netic spectrum increases, the problem of cochannel inter-
ference becomes more serious. Eventually, noise of
natural origin ceases to limit the sensitivity of telecom-
munication systems, and instead the limit becomes one
of interference from other competing man-made signals.
Because the received strength of these unwanted signals is
often determined largely by the atmosphere, there exists
an important need for atmospheric research directed
toward the interference problem. (These studies differ
from normal atmospheric telecommunication studies.
Usually the telecommunicator designs his system to cope
with the periods of weakest received signal strength. In
decisions concerned with mutual interference—e.g., fre-
quency-allocation problems-—the telecommunicator must
consider the swrongest signal strengths that will be re-
ceived from the interfering source.) This problem is cur-
rently of critical concern in the HF band, in the VHF
mobile bands, and in connection with frequency sharing
between earth-space and ground-ground systems at
ultrahigh and superhigh frequencies. However, across the
whole of the spectrum it forms an essential part of the
information required by any civilian or military fre-
quency-allocating body. Since errors or uncertainties in
the magnitudes of these interference fields impose a
serious limit on efficient spectrum utilization, it is clear

that much study (including atmospheric research) should
be devoted to this problem.

Modification and control of the telecommunication capa-
bilities of the atmosphere. One important goal of atmos-
pheric research in support of electromagnetic telecom-
munication is to be able to modify the propagation.
limitations and capabilities of the atmosphere. The prog-
ress to date has been limited. However, it is now clear that
man can modify the electromagnetic propagation charac-
teristics of his environment in several ways, though with
difficulty and usually only in a very transient and localized
manner ; for example:

1. Temporary, localized disturbances in electron den-
sity capable of scattering or reflecting radio waves
have been produced by artificial seeding of the iono-
sphere by suitable chemicals.

2. The production of extra ionization in the middle
and high atmosphere by high-altitude nuclear bomb ex-
plosions has been studied on a number of occasions.
Under many circumstances the ionization is produced
sufficiently low in the atmosphere to cause major disrup-
tion in radio communication because of the high absorp-
tion associated with the high electron collision frequency.
Atmospheric nuclear bomb explosions can also have
major propagation effects on infrared and optical tele-
communication systems.

3. A third way to perturb the propagation medium is
the controlled use of electromagnetic waves (radio, in-
frared, or optical) to heat the medium, the resultant
change in temperature of the atmospheric gases or elec-
trons changing the refractive index, and hence the propa-
gation characteristics of the medium. This method, when
applied to the lower ionosphere, results in the so-called
Luxembourg or radio-wave interaction. .

4. The production of ionized regions by shock waves
from supersonic objects (artificial meteors, re-entry ve-
hicles) results in the production of a transient, localized,
and often undesired perturbation of the electromagnetic
properties of the atmosphere.

5. Electromagnetic propagation through the atmos-
phere may also be modified by the introduction of passive
metallic material capable of scattering electromagnetic
waves—e.g., chalf, balloons, Project Westford needles,
etc.

6. The telecommunication capabilities of the atmos-
phere may be modified by changing the noise environment
in which the telecommunication system works, rather
than the propagation medium itself. Examples of such
man-made perturbations are the weak increases in back-
ground noise level at radio frequencies due to synchrotron
emission from energetic electrons resulting from the high-
altitude bomb explosion of July 9, 1962, or at optical and
radio frequencies from the Westford needies. More dra-
matic, but shorter-lived, changes in noise level can occur
across the whole telecommunication spectrum in the
moments following an atmospheric nuclear bomb explo-
sion.

Although a great deal has been learned by studying
these phenomena—including, for example, techniques for
the remote detection of nuclear bomb explosions—it does
not appear that the telecommunication properties of the‘
atmosphere are likely to be controllable in the immediate
future.

(This article will be concluded in the September issue.)
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Science and the salty sea

Man’s dream for centuries has been to turn the
oceans into sweet water. Today we know that this
dream will be fulfilled tomorrow for the vast arid
regions from the Mojave Desert to the Sahara,

where human prosperity-—and survival

depend

upon new sources of fresh water

Gordon D. Friedlander

“Water, water, every where,

And all the boards did shrink ;

Water, water, every where

Nor any drop todrink.”
Samuel Taylor Coleridge
The Ancient Mariner

Back in 49 B.C.. Julius Caesar attempted to convert
salt water to fresh water during the siege of Alexandria. In
1963 A.D., in the United States, President Kennedy said:
“If it can be done inexpensively, it will dwarf any other
scientific accomplishment.” And he directed that a
maximum effort be made during his administration to
achieve a major breakthrough in increasing water supplies
by low-cost water desalting and purification. Today, this
program has been greatly accelerated, and Federal funds
for this effort have doubled the previous appropriations.

The world problem

Large areas of the globe are presently short of pure,
fresh water. During the next four decades-—unless alterna-
tive sources are found-—the shortage will become critical.

In the United States, it was expected, until recently,
that our natural supply would exceed the demand for
many years to come. But unforeseen and prolonged
drought in watershed areas that previously had adequate
rainfall has changed this optimistic outlook. Also, our
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water resources are not uniformly distributed. An excess
of demand over supply by 1980 is predicted for five of our
22 major resource regions. Poor water quality, either
from natural alkalies or industrial pollution, considerably
affects our present-day supply. Further qualitative
diminution could bring critical shortages before 1980.

A United Nations’ study of 75 emerging nations reveals
that more than 130 million people depend upon water
sources that are inadequate, or unsafe, or a combination
of both. And this alarming estimate is expected to in-
crease by 300 percent by 1980, unless sweeping tech-
nological changes and advances are achieved.

An international program. As an international ap-
proach to the overall problem, 50 nations are pooling
their efforts this year for a long-range study project,
sponsored by UNESCO. to be called the International
Hydrological Decade. The participants in this project
realize, as their basic premise, that with sufficient inge-
nuity, financing, and experimentation, man can almost
always obtain fresh water from some nearby or remote
source. But economics must invariably be the controlling
element. For example, a cost differential of one penny per
1000 gallons increases to prodigious proportions when
required quantities are measured in billions of gallons.

At first glance, water desalination may seem to be a
remote subject for the pages of an electrical and elec-
tronics engineering publication. But its relevance and
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close relationship is apparent when one realizes that a
number of the present desalination methods, especially
the evaporative processes, are being used in the design
and construction of close-coupled, dual-purpose plants,
in which exhaust steam from the turbine cycle of nuclear
generating plants is used to operate the water plants.
This promising application, in areas where shortages of
both electric power and fresh water are critical, will be
explored in more detail later in this article.

Large-scale single- and dual-purpose plants are already
under construction in the United States, Israel, on the
island of Bahrein in the Persian Gulf, and at the U.S.
Naval Base at Guantanamo Bay, Cuba.

The four methods of obtaining water

Four principal methods of supplementing local water
supplies are in use today.

Transporting water. Fresh water from inland lakes,
streams, and reservoirs can be conveyed great distances
by aqueducts, a method in use since the days of ancient
Rome. But this is a costly method and entails many
associated problems.

For example, in California, surface waters will be
impounded from abundant watershed sources in the
Sierra Nevada range by the world’s largest earthfill dam,
which will be built on the Feather River at a cost of
$457 million. Water will be carried by aqueduct, across
deserts and through mwountains, for a distance of 400
miles to the south. An additional 638 miles of canals,
conduits, and tunnels will be required to distribute the
water to coastal farms and towns. The cost of the entire
project will involve billions of dollars. The construction
of the aqueduct system alone is estimated at $1.3 billion.

But beyond the initial investment costs, the transporta-
tion of fresh water from one place to another creates a
“vicious circle’ in that the population of former arid
lands invariably soars as fresh water becomes available,
thereby requiring ever-greater quantities in the future.
This situation will inevitably deplete the reserves of the
distant sources.

Desalting sea water. Our oceans and inland seas
contain 92.7 percent of the earth’s water. This water
can be made potable if its saline content is reduced from
about 35000 parts per million to 500 ppm or less. The
desalination of sea water can be accomplished by various
distillation or evaporative methods, by electrodialysis,
or by the newer experimental processes of reverse osmosis,
direct contact freezing, and propane hydrate.

But even at the present state of the art, to attain only
a moderate economy in operation, distillation plants
for a large population must be of huge size. The domestic
requirements of one million people are approximately
150 Mgpd (million gallons per day), and in a distillation
plant of such capacity, the cost to produce fresh water
would range from 35 to 45 cents per 1000 gallons at the
distribution centers.

A major disadvantage is that costs per 1000 gallons do
not decrease markedly even with much greater produc-
tion. A distillation plant capable of meeting the full
requirements of the city of London—about nine million
people—would produce 1350 million gallons per day at a
cost of 25 to 30 cents per 1000 gallons at the plant. But
since such plants must be situated on the sea coast,
aqueduct and pumping costs to inland cities and towns
must be added.

Sea water can be efliciently desalted by electrodialysis,
but because of the high saline content, present costs are
too great. It is expected that substantial reductions of
these costs may ultimately be achieved from R & D
programs now under way.

Electrodialysis of brackish waters. During the Devon-
ian period of the earth’s formation, a vast sea covered
most of the midwestern prairies of the United States. Over
the millions of years of geological time, this sea receded,
but left as its residue the surface waters of the Great Salt
Lake in Utah, the alkali wastes of the South Dakota
“bad lands,” and huge underground ‘aquifers” of
brackish waters (see Fig. 1 map). By definition, brackish
water consists of between 1000 and 10000 ppm of
alkali salts.

Of the total rain that falls on the land, 70 percent either
evaporates or is transpired by plant life and returns to the
atmosphere. The remaining 30 percent falls into catch-
ment or watershed areas from which it eventually reaches
rivers through surface runoif. But about one quarter of
this 30 percent percolates into the ground to augment the
supply of the existing aquifers. This water is recoverable,
mainly by electrodialysis, and many hydrologists believe
that the brackish underground supplies are one of the
world’s great untapped natural resources. Vast quantities
of such water can be found in almost every country of the
world. The brackish waters contain far less salt than sea
water does, and hence can be more easily converted to
fresh water. And equally important, the brackish water
sources are frequently situated close to the point of in-
tended use.

Essentially, in electrodialysis, electric power removes
salts from the water by drawing them through mem-
branes. When salts and minerals are dissolved in water,
their atoms acquire positive and negative ionic charges
in the solution. Common salt, or sodium chloride, splits
into positively charged sodium ions and negatively
charged chloride ions. We will discuss electrodialysis in
detail later in this article.

Water reuse and reclamation. The fourth method of
assuring a continuous supply of fresh water is reuse—
after purification and desalination. This method can be
used wherever central sewers are installed.

The reuse of waste and sewage waters can virtually
perpetuate the existing supply of a community. The
contaminants in sewage effluent include organic material,
detergents, and biological materials. As water passes
through a municipal system, the dissolved mineral con-
tent also increases by 300-400 ppm. Conventional sewage
treatment systems remove the organic and biological
contaminants, but do not remove dissolved minerals.
After the water is purified, however, it can be deminer-
alized by electrodialysis at a relatively low cost (see Fig. 2).
It is forecast that for direct municipal use on a scale of
50 Mgpd, the cost by this method could eventually be 10
cents per 1000 gallons.

Wrightsville Beach—
Government-sponsored ‘proving ground’

To implement the crash program of new water conver-
sion processes and techniques, the Office of Saline Water
(O3W), of the U.S. Department of the Interior, has
established a single, consolidated test site at Wrightsville
Beach, N.C. Here, R & D work is carried out under
contracts and grants administered by the OSW,! which
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Fig. 1. Map showing brackish underground aquifers which could be purified econom-
ically by a number of desalination processes.

Fig. 2. Typical sewage reclamation
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Fig. 3. Flow diagram of a triple-effect distillation system that is commonly used to produce boiler makeup feed.

Fig. 4. Diagram displaying the fundamental principles of a flash evaporator system that is
similar in process operation to a one-Mgpd plant under construction in Israel.
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must evaluate the hundreds of ideas that come from
universities, industry, and private individuals.

The projects reviewed may range from pure research
studies to commercial-scale demonstrations of advanced
processes.

One vital effort in the R & D program is to translate
fundamental data into a complete and practical process
for testing on a pilot plant scale. The pilot plants are
designed at the smallest workable scale for the deter-
mination of both method feasibility and economic prac-
ticality.

Physical facilities of test station. As originally de-
signed, the test station, which was completed in January
1963, provided for ten pilot plant sites. Each site is
furnished with all necessary utilities, such as high- and
low-pressure steam, electricity, sea water and fresh
water connections, compressed air for plant and instru-
ments, and propane gas for laboratory experimentation.
The reinforced concrete “‘test pads” also have overhead
crane facilities for the installation or removal of heavy
equipment.

At present, the Koppers Company of Pittsburgh, Pa.,
operates and maintains the station facilities under con-
tract license to the OSW. By terms of the contract, person-
nel are available to operate the central station boilers,
machine shop and repair installation, and chemical
laboratory, and to maintain all necessary station appur-
tenances.

Nucleus of the program. The basic purpose of the
Wrightsville Beach program is the testing that is being
performed in the nine individual pilot plants. The plants
function by the various processes, both operational and

.experimental, that will be described next in this article.

The basic evaporation process

Multiple-effect distillation. In this early method of
sea water conversion? the vapor produced in one evapora-
tor of a series (Fig. 3) is used as the heat source for the
following evaporator. The pressure in the next adjacent
evaporator is lowered so that the solution will boil, with
the latent heat of condensation of vapor as its heat supply.
For example, in the first stage shown in the diagram, sea
water is evaporated to steam at atmospheric pressure or
higher. As the steam passes to coils in the second evapora-
tor, it condenses and is collected as distilled water. In
condensing, the steam releases latent heat and evaporates
the sea water in that vessel—and so on through a number
of successive stages. Essentially this is the process used in
marine installations to provide boiler feed water. It is
limited in its output and it is expensive in terms of cost
per thousand gallons.

Long-tube vertical evaporators. In the long-tube
vertical evaporator process (LTV), sea water is fed into
the inside of the tubes, from whence it precipitates in a
falling-film pattern. In this configuration the water vapor
condenses on the outside of the tubes, and the sea water
is boiled on the inside.

The oldest operating pilot plant sponsored by the OSW
at Wrightsville Beach, is the LTV evaporator that was
designed by W. L. Badger Associates, Inc. The one-Mgpd
demonstration plant at Freeport, Tex., was designed on
the basis of information obtained from the pilot unit.
This plant contains a 12-effect system of evaporators of
the falling-film type, with a maximum operating tempera-
ture of 250° F,
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At the present time the pilot plant is used principally to
develop methods of increasing the efficiency of the proc-
ess, and the main emphasis is directed toward finding
ways to control scale formation on heat transfer surfaces
at high temperatures.

Multistage flash distillation. In the multistage flash
distillation process, sea water is progressively heated
and then introduced into a large chamber, wherein pres-
sure just below the boiling point of the hot brine solu-
tion is maintained. When the brine enters this chamber,
the reduced atmospheric pressure immediately causes
part of the liquid to boil, or “flash,” into steam. The re-
maining brine is then passed through a series of similar
chambers at successively lower pressures where the flash
process is repeated at progressively lower temperatures.

Figure 4 shows the Baldwin-Lima-Hamilton Corpora-
tion’s configuration of a multistage flash distillation plant
that is similar in process operation to a one-Mgpd 30-
stage flash plant nearing completion in Eilat, Israel.

In operation, sea water is pumped from a water intake
through the condenser tubes of the heat rejection stages.
Here, the sea water is heated and most of it is returned to
the sea, but a portion of this water is treated for scale
prevention. deaerated, and then flashed into one of the
lower flash chambers as makeup.

The brine is recycled from the lowest pressure stage
through the tubes of the heat recovery stages. This brine
is heated in each stage by vapors from the flashing brine
steam in the heat recovery section of the shell. After the
brine has passed through all of the stages, it has received
more than 90 percent of the heat required for producing
water. As shown in the Fig. 4 diagram, the additional
heat required is obtained from an external source in the
brine water heater where the temperature is raised to the
maximum desirable value.

The brine is then piped into the first-stage shell where
the pressure is maintained slightly below the saturation
pressure at the brine temperature. This permits a portion
of the brine to flash into steam and attain thermal
equilibrium. The remainder of the brine passes into the
successively lower stages where the process is sequentially
repeated.

The vapor generated in each of the stages passes up
from the brine surface, through suitable demisters, into
the condenser shell. It is condensed on the tubes and gives
up its heat to the incoming brine.

Finally, the condensate drops from the tubes into a
collection trough which transports this water through
successively lower pressure stages. The distilled fresh
water is continuously removed from the lower stages.

Vapor compression distillation. The fourth basic
evaporation method is that of vapor compression dis-
tillation. Essentially, the vapor produced in the evapora-
tor is compressed and therefore can be used as<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>