Production of Coherent Radiation
by Atoms and Molecules

From the time when man first saw
the sunlight until very recently, the
light which he has used has come
dominantly from spontaneous emission,
like the random emission of incandes-
cent sources. So have most other types
of electromagnetic radiation—infrared,
ultraviolet, or gamma rays. The maxi-
mum 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 objects. This sets an upper
limit on radiation intensity—a limit
which increases with increasing tem-
perature, 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 demonstration before their
discovery that the equations governing
radio waves are identical with those
for light. The black-body law made
radio waves so weak that emission from
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 avail-
ability of quite different 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 elec-
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tronic oscillator in terms of tempera-
ture, it will typically be in the range
1010 to 103° degrees Kelvin.

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

The development of radar stimulated
many important applications of elec-
tronics to scientific problems, and what
occupied me in particular during the
late 1940’s was microwave spectroscopy,
the study of interactions between mi-
crowaves and molecules. From this re-
search, considerable information could
be obtained about molecular, atomic,
and nuclear structure. For its success,
coherent microwave oscillators were
crucial in allowing a powerful high-
resolution technique. Consequently it
was important for spectroscopy, as well
as for some other purposes, to extend
their range of operation to wavelengths
shorter than the known limit of elec-
tronic oscillators, which was near 1
millimeter. Harmonic generation and
some special techniques allowed inter-
esting, though rather slow, progress.
The basic problem with electronic am-
plifiers 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 de-
vices (7). It was this experimental dif-
ficulty which seemed inevitably to sep-
arate the techniques which were appli-
cable in the radio region from those
applicable to the shorter waves of infra-
red or optical radiation.

Why not use the atomic and molecu-
lar oscillators already built for us by
nature? This had been one recurring
theme which was repeatedly rejected.
Thermodynamic arguments tell us, in

addition to the black-body law of radia-
tion, that the interaction between elec-
tromagnetic waves and matter at any
temperature® cannot produce amplifi-
cation, for radiation at the tempera-
ture of matter cannot be made more
intense by interaction of the two with-
out violating the second law. But al-
ready by 1917, Einstein had followed
thermodynamic arguments further to
examine in some detail the nature of
interactions between electromagnetic
waves and a quantum-mechanical sys-
tem. And a review “of his conclusions
almost immediately suggests a way in
which atoms or molecules can in fact
amplify.

The rate of change of electromag-
netic energy confined in a region where
it interacts with a group of molecules
must, from Einstein’s work, have the
form

L= AN, —BIN. +BIN, (1)
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 (that
is, single). A and B are constants, and
thus the first and second terms repre-
sent spontaneous emission and absorp-
tion, respectively. The third term rep-
resents emission from the upper state
produced by the presence of a radia-
tion intensity I, and is hence called
stimulated emission.

At equilibrium, when

df AN, ,
w=01= "BN., — B'N;,

Rather simple further thermodynamic
reasoning shows that B = B and gives
thé ratio A/B. While Boltzmann’s law
N, = N,e—W/*T requires N, < N, at
any temperature 7, it is immediately
clear from Eq. 1 that if N, > N,, dI/dt
will always be positive and thus the
radiation amplified. This condition is
of course one of nonequilibrium for the
group of molecules, and it hence suc-
cessfully obviates the limits set by
black-body radiation. The condition
N, > N, is also sometimes described as
population inversion, or as a negative
temperature (2), since in Boltzmann’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 N, =
N,e—W/kT but also a randomness of

# Strictly speaking, at any positive temperature.
Negative absolute temperatures can be defined
as will be noted below.
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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 excited
molecules will initiate an oscillating electromagnetic 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.

phascs of the wave functions for the
atoms. In classical terms, this means
that, if the atomic electrons are oscil-
lating in each atom, there must not be
a correlation in their phases if the en-
tire group can be described as in tem-
perature equilibrium. Einstein’s relation
(Eq. 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 electromagnetic
waves, even when N, < N,. This rep-
resents 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 delivered by the molecular
systems has the same field distribution
and frequency as the stimulating radia-
tion and hence a constant (possibly
zero) phase difference. This can also be
shown somewhat more explicitly by a
quantum-mechanical calculation of the
transition process.

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

Later, in the 1940’s, experiments to
demonstrate stimulated emission were
at least discussed informally and were
on the minds of several radio spectros-
copists, including myself. But they
seemed only rather difficult demon-
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strations and not quite worth while. In
the beautiful 1950 paper of Lamb and
Retherford on the fine structure of hy-
drogen (3) there is a specific brief
note about “negative absorption” with
reversal of population. And a year later
Purcell and Pound (4) published their
striking demonstration 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 accented
form in the resonance experiments of
Bloch (5) 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 (6),
Weber (7), and of Gordon, Zeiger,
and Tewnes (8, 9) in the early 1950'.

My own particular interest came
about from the realization that prob-
ably 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 (8) which
scemed to really offer the possibility of
substantial generation of short waves
by molecular amplification.

Basic Maser Principles

The crucial requirement for genera-
tion, which was also recognized by
Basov and Prokhorov, was to produce
positive 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 V, and a quality factor
Q. The latter is defined by the fact
that power lost because of resistance
in the walls is

EVy ,
40

where E? is the electric field strength
in the mode averaged over the volume
and y is the frequency. If a molecule
in an excited state is placed in a par-
ticular field of strength E, the rate of
transfer of energy to the field is

Ex\? hv

(T) 3Ay

when the field’s frequency coincides
with the resonance frequency » between
the two molecular states. Here . is a
dipole matrix element for the molecular
transition and Ay is the width of the
molecular resonance at half maximum
(if a Lorentz line shape is assumed).
Hence for N, molecules in the upper

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

_Eé,) .
il 3Ay

(N, — NJ)

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

Ex\? hv EVy
We=N\%7) 35 = 40

This gives the threshold condition for
buildup of oscillations in the cavity

3hVar | 2)

W= ND = gt

There is by now an enormous va-
riety of ways in which the thresh-
old 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 am-
monia at 23,870 Mc/sec. A “focuser,”
involving inhomogeneous electric fields,
tends to remove molecules in the
ground state from the beam and to
focus molecules in the excited state
along the axis of the beam and into
the cavity, thus ensuring that N, >>
N,. J. P. Gordon played a crucial role
in making operable the first such sys-
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tem in 1954, after 2%5 years of experi-
mental work (9, 10), and H. J. Zeiger
was a valuable colleague in -the first
year of work and early designs. We
called this general type of system the
maser, an acronym for microwave am-
plication by stimulated emission of
radiation. The idea has been success-
fully extended to such a variety of de-
vices 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 some-
times 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 quan-
tum electronics—that is, electronics in
which phenomena of a specifically
quantum-mechanical nature play a
prominent role.

It is well known that an amplifier can
usually be made into an oscillator, or
vice versa, with relatively minor modi-
fications. But it was only after experi-
mental work on the maser was started
that we realized this type of amplifier
is exceedingly noise-free. The general
reason for low noise can be stated sim-
ply. The molecules themselves are un-
charged so that their motions, in con-
trast to motions of electrons through
vacuum tube amplifiers, produce no un-
wanted electromagnetic signals. Hence
a signal introduced into the resonant
cavity competes only with whatever
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 emission can be regarded
for this purpose as that stimulated by
a fluctuating field of energy hy. Since
kT = 200 hy for microwaves in a cavity
at room temperature, the thermal radi-
ation kT in the cavity is much more
important than spontaneous emission.
It is then only the thermal radiation
present which sets the limit to back-
ground noise, since it is amplified pre-
cisely as is the signal.

The above discussion also shows that,
if the cavity is at 0°K and no extrane-
ous noise enters the cavity with the
input signal, the limiting noise fluctua-
tion 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 amplifica-
tion allowed by the uncertainty princi-
ple.

The motion of an electromagnetic
wave is analogous to that of a mechan-
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ical harmonic oscillator, the electric and
magnetic fields corresponding to posi-
tion and momentum of the oscillator.
Hence the quantum-mechanical uncer-
tainty 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 un-
certainty relation (11)

AnAg = V4, 3)

Here An is the uncertainty in the num-
ber of photons in the wave, and A¢ is
the uncertainty in phase measured in
radians.

Any amplifier which gives some rep-
resentation 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 com-
posed of a large number of molecules
in the upper state interacting with an
initial electromagnetic wave, which is
considered the signal. After some pe-
riod 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 classical 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 measurement of the initial wave.

A calculation by well-established
quantum-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 (/7). Further-
more, the product AEAH of uncertain-
ties in the eleciric and magnetic fields
has the minimum value allowed while
at the same time (AE)2 4+ (AH)2? is
minimized. The uncertainty in number
n of quanta in the initial wave is

An = \/ﬁj—“i,
and in phase it is

so that

AnA¢ =15 \L'L"t L
n

The phase has real meaning, however,
only when there are as many as sev-
eral quanta, in which case An Agp— V42,
the minimum allowed by Eq. 3. The

background noise, which is present with
no input signal (n = 0), is seen to be
equivalent to a single quantum (An = 1)
of input signal.

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 fluctuations are increased by the
ratio N,/ (N, — N,). If the amplifier
has a continuous input signal, a con-
tinuous amplified output, and a band-
width for amplification Ay, the noise
power output can be shown to be
equivalent to that produced by an input
signal (12)

hvAv
1 —N, -
Ny

N =

The noise power N is customarily de-
scribed in terms of the noise tempera-
ture T, of the amplifier, defined by
N = kT Ay. Thus the minimum noise
temperature allowed by quantum me-

chanics is that for a maser with
(N./Ny) << 1, which is
Tn:..ﬁ’f_._ (4)

k

This is equivalent to the minimum
energy uncertainty indicated above of
one quantum (Arn = 1). In the micro-
wave region, T, given by Eq. 4 is ap-
proximately 1°, whereas the best other
microwave amplifiers when maser am-
plifiers 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 y-ray counter.
The y-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 pho-
ton. But the photodetector gives no in-
formation about the phase of the signal;
it only counts quanta, which is why the
uncertainty principle allows An—0. Un-
fortunately, there are no perfect photo-
detectors in the microwave or radio re-
gions, so that the maser is our best
available detector for these waves.

The same freedom from noise which
makes the maser a good amplifier helps
make it a strikingly good source of
monochromatic radiation since, when
the threshold condition is fulfilled and
the maser oscillates, the low noise im-
plies a minimum of random frequency
fluctuations.

Consider now a maser oscillator con-
sisting of a group of excited molecules
in a resonant cavity. Let the molecular
transition frequency be v, its half
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width at half-maximum intensity Ay,
and the resonant cavity frequency be
Ve with a half width Avc. If Vm and Ve
differ by much less than Ay, + Ave
the radiation produced by the oscilla-
tion can be shown to occur at a fre-
quency (13)

— ‘ﬁanm + Vch (5)

On 4 Q.
where the quality factors Q,, and Q,
are v,/Aw, and y./Ay. respectively.
Thus if the molecular resonance is
much sharper than that of the cavity,
as in the ammonia-beam maser
(Q,>>0.), the frequency of oscilla-
tion is (10)

Y= Vm Ve — Vm __Q‘_. 6
+( )Q . (6)

/m

If the cavity is tuned so that y. — yy
is small, then the frequency of oscilla-
tion coincides very closely with the
natura!l molecular frequency v,,, and
one has an almost constant frequency
oscillator based on a molecular motion,
a so-called atomic clock.

The frequency y is not precisely de-
fined or measurable because of noise
fluctuations, which produce random
phase fluctuations of the wave. In fact,
the maser is essentially like a positive
feedback amplifier which amplifies
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 bandwidth of the system
becomes exceedingly small. But it is
never zero, nor is the frequency ever
precisely defined. The average deviation
in frequency from Eq. 5 which these
phase fluctuations produce when aver-
aged over a time ¢ is (/4)

e=4v (Tz) o

A Ave Aviy
v= Ave + JAVZ

where

P is the power generated by the oscilla-
tor, and W, is the effective energy in
the source of fluctuations. Where
kT>>hy in a cavity at temperature T
and resonant frequency v, the effective
energy comes from thermal noise and
W,=kT. If the noise fluctuations come
from spontaneous emission, as they do
when kT<<hy, then W, =hy.

It is also useful to state the spectral
width of the radiation emitted from a
maser oscillator, as well as the preci-
sion to which the frequency can be de-
termined. The half width of the spec-
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Fig. 2. Energy levels of Cr** in ruby with
a particular crystalline orientation in a
magnetic field of 3900 oersteds. For a
three-level maser, 23.1 kMc (23.1 x 10°
Mc) is the frequency of the pumping field
and 9.4 kMc is the frequency of amplifi-
cation or oscillation.

tral distribution is again determined by
the same noise fluctuation and is given
by (10, 15, 16)

20 Wa

b= P (a ”)2 (8)

where Ay, W,, and P are the same as
in Eq. 7. This width § is typically so
small in maser oscillators that they
provide by far the most monochro-
matic 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 (17), its extremely narrow band-
width makes it and other beam-type
masers more useful as a very mono-
chromatic source of electromagnetic
waves than as an amplifier. For the
original maser, the power output P was
about 10—? watt, and the resonance
width Ay about 2 kilocycles, as deter-
mined by the length of time required
for the beam of molecules to pass
through the cavity. Since the frequency
of oscillation v, is 23,874 megacycles,
the fractional spectral width, according
to Eq. 8, is 8/y~ 10—14 In a time
t = 100 seconds, Eq. 7 shows that the
frequency can be specified to a frac-
tional precision ¢/y = 2 X 10—14, and of
course the precision increases for longer
times proportionally to 1/£1/2,

As a constant-frequency oscillator
or precise atomic clock, however, the
ammonia maser has an additional prob-
lem which is not so fundamental, but
which sets a limit on long-term stability.
This comes from long-term drifts, par-
ticularly of the cavity temperature,
which vary .. These variations can be
seen, from Eq. 6, to “pull” ,. Varia-
tions of this type have limited the long-
term stability (/8) of ammonia masers
to fractional variations of about 10—11;
this still represents a remarkably good
clock.

A beam-type maser using the hyper-
fine structure transition in the ground
state of hydrogen, which is at 1420
megacycles, has recently been devel-
oped by Goldenberg, Kleppner, and
Ramsey (79). In this case, the excited
atoms bounce many times from glass
walls in the cavity, and thereby a reson-
ance width as small as 1 cycle per sec-
ond is achieved. Present designs of the
hydrogen maser yield an oscillator with
long-term fractional variations no larger
than about 10—13, This system seems
likely to produce our best available
clock or time standard.

Masers of reasonably wide utility as
amplifiers came into view with the reali-
zation that certain solids containing
paramagnetic impurities allowed attain-
ment of the maser threshold condi-
tion. (20). Microwave resonances of
paramagnetic atoms in solids, or in
liquids, had been studied for some time,
and many of their properties were al-
ready well known. The widths of these
resonances vary with materials and with
impurity concentration from a small
fraction of a megacycle to many hun-

- dreds of megacycles, and their fre-

quencies depend on applied magnetic
field strengths, so that they are easily
tunable. Thus they offer for maser am-
plifiers a choice of a considerable range
of bandwidth, and a continuous range
of frequencies.

A paramagnetic atom of spin 1/2
has two energy levels which, when
placed in a magnetic field, are separated
by an amount usually of about
v = 2.8 H Mc. 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 nor-
mal magnitudes. The first paramagnetic
masers suggested involved impurity
atoms of this type in crystals of silicon
or germanium. Relaxation between the
two states was slow enough in these
cases that a sufficient population inver-
sion could be achieved (20). However,
before very long a very much more
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convenient scheme for using paramag-
netic resonances was proposed by
Bloembergen (217), the so-called three-
level solid-state maser. This system al-
lowed continuous inversion of popula-
tion, and hence continuous amplifica-
tion, which was very awkward to ob-
tain in the previous two-level system.

Paramagnetic atoms with an angular
momentum due to electron spin S
greater than 1/2 have 2§ 4 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 fre-
quently 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 sufficiently large electromag-
netic wave of frequency 3,5 (the tran-
sition frequency between levels 1 and
3) is applied, the population of these
two levels can be equalized or “satu-
rated.” In this case, the ratio of the
population of level 2 to that of level 1
or 3 under steady conditions is

1 — hV12 1

ne T € kT + Ter
71—: - 1 1 ;Mlll'z_:z
T T 7L ¢ kT

Here T is the temperature of the crystal
containing the impurities, and Ty, and
Tyy are the times for relaxation be-
tween the states 1 and 2 or 2 and
3, respectively. For hps>>kT and
hyoy>>kT, as occurs at very low tem-
peratures or at ordinary temperatures
if the levels are separated by optical
frequencies,

£ _ Tie
m T T
When 7y o<<kT and |hyoy<<kT,

which is more commonly the case for
microwaves,

Viz Vog

Az I T Te
N2 e 12 23
n + kT 1 1 ’ (9)
Tie + T
Thus if
Viz Ves
To = Ta

there is an inversion of population be-
tween levels 2 and 1, or, if

Vi
—— 9

T  Taw
there is an inversion of population be-
tween levels 3 and 2, since the popula-
tions nz and n have been equalized by
the “pumping” radiation. Equation 9
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is essentially the result obtained by
Bloembergen (21), who also suggested
several promising paramagnetic ma-
terials which might be used. Basov and
Prokhorov had already proposed a
rather similar three-level “pumping”
scheme for application to a molecular
beam system (22).

The first successful paramagnetic
maser of this general type was obtained
by Scovil et al. (23), using a rare-earth
ion in a water-soluble crystal. But, be-
fore long, other more suitable crystals
such as ruby (24) (chromium ions in
Al,O;) became more or less standard
and have provided amplifiers of re-
markable sensitivity for radio astron-
omy, for satellite communication, and
for communication with space probes
(25). They have considerably improved
the potentialities of radio astronomy,
and have already led to some new dis-
coveries (26, 27). These systems gen-
erally require cooling with liquid heli-
um, which is a technological difficulty
that some day may be obviated. But
otherwise they represent rather service-
able and convenient amplifiers.

A maser amplifier of microwaves can
rather easily be built which has a theo-
retical noise temperature as low as 1°
or 2°K, and experimental measure-
ments have confirmed this figure (28).
However, such a low noise level is not
easy to measure because almost any
measurement involves 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
overall noise temperature so far report-
ed for an entire receiving system (29)
using a maser amplifier is about 10°K.
This represents about 100 times the sen-
sitivity of microwave amplifiers built
before invention of the maser. But
masers have stimulated other amplifier
work, and some parametric amplifiers,
using more or less classical properties
of materials rather than quantum elec-
tronics, now have sensitivities within a
factor of about 5 of this figure.

Optical and Infrared Masers, or Lasers

Until about 1957, the coherent gen-
eration of frequencies higher than those
which could be obtained from elec-
tronic 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 atten-
tion to what had been an original goal

of the maser came about partly because
the preliminary stages, including micro-
wave oscillators, low-noise amplifiers,
and their use in various scientific experi-
ments, had proved so interesting that
they distracted attention from the high-
frequency possibilities.

But joint work with A. L. Schawlow
(30), 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 previ-
ously available. It is masers in these re-
gions of the spectrum, frequently called
lasers (light amplification by stimu-
lated emission of radiation), which
have perhaps provided the most striking
new scientific tools and results. Impor-
tant aspects of this work were clear
demonstrations that there are practical
systems which can meet the threshold
condition of oscillation, and that partic-
ular resonator designs allow the oscilla-
tions to be confined to certain specific
and desirable modes. The resonator
analyzed was composed simply of two
parallel mirrors—the well-known Fab-
ry-Perot interferometer, but of special
dimensions.

For light waves, the wavelength is
so short that any macroscopic resona-
tor constructed must have dimensions
that are large compared with the wave-
length. 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 \?
(5)
where ¢ is the decay time for the light
in a cavity of reflecting walls and
volume V. If the light has a random
path in the cavity, the decay time can
be expressed generally in terms of the
reflection coefficient r of the walls,
the volume V, the wall area A4, and
the velocity of light c,

hv (N, — Na2) - BV

127 Ay 8r ¢ a0

_ v
1= "0 " DAc

Hence Eq. 10 becomes (30)

Ar hA —nde (47

Ny —Na = vy 167 p?V

It can be seen that this critical condi-
tion is almost independent of frequency
if the fractional line width Ay/y does
not change with frequency (as, for ex-
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Fig. 3. Schematic diagram of a ruby (optically excited solid-state) laser. When the
gas flash tube is activated, electromagnetic oscillations occur within the ruby rod, and
some of these light waves are emitted in a beam through one partially reflecting end

of the rod.

ample, in the Doppler effect). The re-
flection coefficient and dipole moment
matrix element » are not particularly
dependent on frequency over the range
in question. Hence, if the critical con-
dition can be met for one frequency, it
can probably be met over the entire
range from the far-infrared to the
ultraviolet.

There is a problem with a resonator
which is large compared to a wave-
length in that there are many modes.
Hence, unless the modes in which os-
cillations occur are successfully con-
trolled, the electromagnetic field may
build up simultaneously in many modes
and at many frequencies. The total
number of modes in a cavity with fre-
quencies which lie within the line width
Ay of the atomic molecular resonance is
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or about 10° for a cavity volume of
1 cm?, a frequency in the optical re-
gion, and ordinary atomic line widths.
But fortunately the possibility of oscil-
lation 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/¢ (1 — r), where L is the mirror
separation and r the reflectivity. Hence
the threshold condition is

3Av he(1 —7)
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This assumes that diffraction losses are
negligible. A beam of light which is
not traveling in a direction parallel to
the axis will disappear from the vol-
ume between the mirrors much more
rapidly, Hence the threshold condition
for off-axis beams will require apprecia-
bly more excited atoms than that for

Nb e NIL =
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axial beams, and the condition for os-
cillation can be met for the latter with-
out 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 di-
mension D and separation L can be ap-
proximately described as those in a
rectangular box of these dimensions, al-
though the boundary conditions on the
enclosed sides of the “box” are of
course somewhat different. The res-
onant wavelengths of such a region for
waves traveling back and forth in a
nearly axial direction are (30)

2L Lr\?2 Ls\?2

=G -2 (59

(12)
where ¢, r, and s are integers, and
r<<gq, s << q. More precise exam-
ination of the modes requires detailed
numerical calculation (37). For a pre-
cisely axial direction, r = s = 0, and
the modes are separated by a frequency
c¢/2L. If this frequency is somewhat
greater than the atomic line width Ay,
then only one axial mode can oscillate
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 (r 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 approximate-
ly plane wave and with an angular
divergence, approximately AD, deter-
mined by diffraction.

A number of modified resonator de-
signs have been popular and useful in
optical masers, in particular ones based
on the confocal Fabry-Perot interfer-
ometer. However, the plane-parallel
case seems to offer the simplest means
of selecting 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 itseif to the most complete
analysis and planning for an operable
oscillator. One such system has been
shown to oscillate as expected (32); 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 considerably
more useful.

The first operating laser, a system
involving optical excitation of the
chromium ions in ruby and yielding red
light, was demonstrated by Maiman in
1960 (33). He took what seemed at
first a rather difficult route of inverting
the population between the ground state
and excited states of the chromium ion.
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 hand-
somely in exciting more than half the
chromium ions in a ruby with chromi-
um concentration of about 1/2000 by
applying a very intense pulse of light
from a flash tube. This type of system
is illustrated schematically in Fig. 3.
Success immediately yielded a very-
high-energy maser oscillation because,
to get population inversion 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 et al. (34) quickly demon-
strated 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 between about 1 kilowatt
and 100 megawatts. 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 (35) obtained maser oscilla-
tions from neon atoms excited by col-
lisions of the second kind with meta-
stable helium, in accordance with an
idea previously put forward by Javan
(36). This system, illustrated in Fig. 4,
requires only a gaseous discharge
through a tube containing a mixture of
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helium and neon at low pressure, and
two reflectors at the ends of the tube.
It oscillates at the relatively low power
of about 1 milliwatt, but approaches
ideal conditions much more closely
than the ruby system, and affords a
continuous source of infrared radia-
tion of great purity and directivity.

The technique of gaseous excitation
by electrical discharge 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
1 millimeter down into the ultraviolet.
For some systems, a heavy discharge
pulse in the gas is needed. Others, par-
ticularly some of the infrared frequen-
cies 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 producing
maser oscillations at infrared wave-
lengths, which have gone unnoticed be-
cause the infrared could not escape
from the glass neon tubes. Some of
these oscillation frequencies represent
atomic transitions which were previ-
ously undetected; for others, the transi-
tion has not yet even been identified.

Another class of lasers was initiated
through the discovery (37) that a p—n
junction of the semiconductor gallium
arsenide through which a current is
passed can emit near-infrared light
from recombination processes with very
high efficiency. Hall er al. (38) ob-
tained 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 gallium arsenide crystal. His
results were paralleled or followed im-
mediately, however, by similar work
in two other laboratories (39, 40).
This type of laser, illustrated in Fig. 5,
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 per-
cent of the input electrical energy—
an efficiency greater than that of other
man-made light sources.

There quickly developed a large
family of semiconducter lasers, some
involving junctions and, recently, some
using excitation by an external beam of
electrons (47/). They range in wave-
length from about 10 microns, in the
infrared, to the center of the visible
region.

Normal Raman scattering can be re-
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Fig. 4. Schematic diagram of a helium-neon (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. :

garded as spontaneous emission from a
virtual state, as indicated in Fig. 6. As-
sociated with any such spontaneous
emission there must be, in accordance
with Einstein’s relations, a stimulated
emission. Javan showed (42) the prin-
ciples involved in using this stimulated
emission for a Raman maser. What is
required is simply a large enough num-
ber of molecular systems which: are
sufficiently 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 popu-

lated than the first excited state. One
can quite properly consider the ampli-
fication 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 mole-
cules. This is the second type of loop-
hole through the black-body radiation
law mentioned earlier. The -ammonia-
beam maser itself illustrates the case of
amplification without the necessity of
population inversion. 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 demon-
strated by Woodbury and Ng (43) 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 small integer
times a molecular-vibrational frequency.
Their action has been considerably ex-
tended by Terhune (44) and treated in
a number of theoretical papers (42, 45).

Present Performance of Lasers

Where now do we stand in achieving
the various theoretical 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 some-
what 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 oscillations in
the infrared, optical, and ultraviolet re-
gions have now been obtained in many
ways and appear easy; new excitation
mechanisms and systems are continually

- turning up. Fhere are still--two fre--

quency regions, however, where such
sources of radiation are-rare or non-
existent. One is in the submillimeter
region or far-infrared. The region has,
in a sense, now been crossed and con-
quered by maser oscillators. But tech-
niques in this spectral region are still
rudimentary, and the frequency cover-

~age with ‘masers-is -spotty. Presumably

further work will allow interesting ex-
plorations in this region and a very
fruitful, high-resolution spectroscopy.
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Another region where coherent os-
cillators have not yet been developed
is that of still shorter wavelengths
stretching indefinitely beyond the near-
ultraviolet, where the first such oscil-
lators are now available. It can be
shown that a rather severe and funda-
mental limitation exists as one proceeds
to shorter wavelengths because of the
continually increasing number of elec-
tromagnetic modes in a given volume
and the faster and faster dissipation of
energy into them by spontaneous emis-
sion.

Consider a cavity resonator of fixed
volume, fixed-wall reflectivity, and fixed-
fractional frequency-width Ay/y. Meet-
ing the threshold condition (Eq. 11)
in such a resonator requires that there
is power which increases as %, radiated
by spontaneous emission into all modes
of the system (30). In the optical re=
gion this dissipated power amounts to
only a few milliwatts for typical condi-
tions, whereas at 50 angstroms, in the
soft x-ray region, it would be about 105
watts. The threshold condition would
then be very difficult to maintain. But,
by the same token, if it is maintained,
the coherent x-ray beam produced
would contain many kilowatts of pow-
er. It seems reasonable to expect, on
this basis, that masers will be devel-
oped to wavelengths somewhat below
1000 angstroms, but that maser oscil-
lations in the x-ray region will be very
much more difficult.

Secondly, let us examine the mono-
chromaticity which has been achieved.
For the ammonia-beam maser, the
variation of microwave oscillations
was shown experimentally to agree
with the theoretical expression (Eq. 7)
within the experimental precision of
about 50 percent. This was done by
beating two independent ammonia os-
cillators together and examining their
relative phase variations (46). A sim-
ilar procedure can be carried out for
two optical oscillators by mixing their
two light beams together in a photo-
cell 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. Equation
8 for a typical helium-neon laser pre-
dicts a frequency spread of about 10—2
cycle per second, or a fraction 3 X
10—17 of the oscillation frequency of
3 X 10 cycles per second.

Almost all masers so far oscillating
in the optical or near-infrared region
require a sharper resonance, or higher
Q, of the cavity than of the atomic res-
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onance. Hence the frequency of oscil-
lation is primarily determined, from
Eq. 5, by the cavity resonance. The
frequency of oscillation thus depends
on the separation L between mirrors,
since from Eq. 12 v = gc¢/2L, where
q is some integer. If, then, the radiated
frequencies are to have a fractional
bandwidth of about 3 X 1017, such
as would come from fundamental noise
according to Eq. 8, the mirror separa-
tion must not vary by more than this
fractional amount. For a mirror sepa-
ration of 1 meter, the motion allowed
would be less than 3 X 10—15 centi-
meter—a demanding requirement!

If the mirror separation is held con-
stant 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 addi-
tional fluctuation which is usually larger
than that from spontaneous emission. It
produces a fractional motion (47)

2kT \?
Yvj;j

where T is the temperature, ¥V the vol-
ume of the separators, and Y their
Young’s modulus.

In order to examine the monochro-
maticity of lasers, two helium-neon sys-
tems were carefully shock-mounted in
an acoustically insulated wine cellar of
an unoccupied and isolated house so
that acoustic vibrations would be mini-
mized (47). Their pairs of mirrors
were separated by heavy invar rods
about 60 centimeters long. For this
case, the limiting theoretical fluctua-
tions set by thermal motions of the
rods corresponded to fractional fre-
quency variations of 5 X 10—1% or a
frequency fluctuation of 2 cycles per
second. Light from each laser was sent
into a photodetector, and the beat fre-
quency examined electronically. Under
good conditions free from acoustic dis-
turbances or thermal transients in the
invar spacers, this experiment showed
that variations in the laser frequencies
over periods of a few seconds were
less than 20 cycles per second, or
about one part in 103, This was ten
times the limit of thermal fluctuations,
but corresponded to detection of mo-
tions of the two mirrors as small as
5 X 10—12 centimeter, a dimension
comparable with nuclear diameters.
Presumably, with great care, one can
obtain results still nearer to the theo-
retical values.

The narrowest atomic spectral lines
have widths of the order of 108 cycles
per second, so that the laser measured
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Fig. 5. Schematic diagram of a gallium
arsenide (injection, or semiconductor) laser.
A small voltage applied between the
silver ribbon and the molybdenum disc
can produce maser oscillations with re-
sulting emission of coherent infrared ra-
idation.

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 kilometers. 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 labora-
tories 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 which
is of interest is its directivity, or the
spacial coherence across the beam. As
indicated above, certain modes of oscil-
lation should represent approximately
a plane wave of cross section compara-
ble with the mirror diameter D. The
helium-neon maser seems to easily al-
low adjustment so that such a mode of
oscillation occurs, and its beam has
been shown (35, 48) to have nearly the
expected divergence \/D due to diffrac-
tion.

= e e VIRTUAL
LEVEL
PUMPING EMITTED
RADIATION RADIATION
——— 1 EXCITED STATE
4  ——— —— GROUND STATE

Fig. 6. Representation of energy levels in a
Raman maser. This system resembles qual-
itatively a three-level maser, one of the
levels being “virtual,” or not characteristic
of the molecule when no field is present.
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The spacial coherence or planarity
of a laser beam implies that the entire
beam can be focused by a microscope
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 an-
gular resolution of the telescope, and
hence much less than the angular di-
vergence A/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 sys-
tems without violating the well-known
brightness laws of optics.

This brings us to a fourth important
property, the intensity or brightness
which can be achieved by maser tech-
niques. As indicated initially, once one
has the possibility of coherent ampli-
fication, there is no firm limit to in-
tensity because equilibrium thermody-
namics 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.

If only the 1 milliwatt of power emit-
ted by a helium-neon 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 105 watt/cm?, The effective
temperature of such a beam, because
of its monochromaticity, is also rather
high—about 101 °K for the light of
20-cycle-per-second bandwidth.

The pulsed systems, such as ruby
lasers in particular, emit much greater
power, although they do not quite ap-
proach the limits of coherence which
the gaseous systems do. Ruby lasers
emit a few tenths of a joule to a few
hundred joules of energy in pulses from
about 10—3 second to 10—8 second in
length. The power can thus be as great
as 10° watts or more. Effective tem-
peratures of the radiation are of the
order 1023 °K. The actual limit of
power density will generally be set by
the limit of light intensity optical ma-
terials can stand without breakage or
ionization. Power of 10°? watts focused
to a spot 10—2 millimeter in diameter
produces an electric field strength in
the optical wave of about 10° volt/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 102 dyne/
cm?, or 10% atmospheres, at such a focal
point.
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Some Applications of Lasers

It is clear that light in more ideal
and in more intense form, which maser
techniques have produced, can be ex-
pected to find application in wide and
numerous areas of technology and of
science simply because we find our pres-
ent techniques of producing and con-
trolling light already so widely applied.
Most of these applications are still
ahead of us, and there is not time to
treat here even those which are al-
ready 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 ex-
pected to contribute.

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 seems
to provide the most precise clock yet
available. Light from optical masers al-
lows new precision in the measure-
ment of distance, and already seems
capable of improving our standard of
length. This new precision suggests in-
teresting experiments on certain funda-
mental properties of our space, as well
as the application of higher precision to
a variety of physical effects. So far, ex-
periments have been done to improve
the precision with which the Lorentz
transformation can be experimentally
verified (49, 50). It appears that im-
proved 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 quan-
tum electronics will allow direct mea-
surement of the frequency of light,
rather than only its wavelength. This
can be accomplished by generation of
harmonics of a radio frequency, ampli-
fication of the new frequency, and
further generation of harmonics until
the radio region is linked with optical
frequencies. This should eventually al-
low measurement of the velocity of
light, ¢, to whatever precision we de-
fine time and length. Or, it will allow
the elimination 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 very much im-
prove spectroscopic resolution and thus
allow more detailed examination of the
structure of atoms, molecules, or solids.
This advance can be particularly strik-
ing in the infrared and far-infrared,
where present resolution is far less than
the widths of atomic or molecular lines.
Already some high-resolution spectros-
copy has been done with lasers (51, 52)
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 ex-
istence of lasers, and is the area where
scientific research has so far been most
active. This is what is usually called
nonlinear optics (53, 54) although it
includes some phenomena which might
not previously have been described in
this way. We have been accustomed in
the past to discussing 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 sufficiently large
that properties of the medium can no
longer be regarded as fixed. The medi-
um distorts, its molecules vibrate, and
polarization - of electrons in its atoms
no longer responds linearly to the ap-
plied field. One must now also con-
sider the dynamics of both the light
and the optical medium, and interac-
tions between their two motions. Some
of the new phenomena observed are
multiple-quanta  absorption,  which
makes absorption depend on intensity
(55, 56), harmonic generation in op-
tical materials and mixing of light
frequencies (57—-60), excitation of co-
herent molecular vibrations and stimu-
lated Raman. effects (42-45), and
stimulated Brillouin scattering (61, 62).
Only the last two of these will be dis-
cussed, 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 en-
ergy from it by either spontaneous or
stimulated emission. Hence, one may
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expect maser action for acoustic waves
if a system can be found in which
molecules are sufficiently coupled to
an acoustic field and appropriate ex-
citation can be obtained to meet the
threshold condition. The first such sys-
tems suggested involved inversion of
the spin states of impurities in a crys-
tal in ways similar to those used for
solid-state electromagnetic masers (63).
A system of this type has been shown
to operate as expected (64). However,
a more generally applicable technique
seems to be Brillouin scattering and its
close associate Raman scattering, which
utilize phase correlation rather than
population inversion to produce ampli-
fication. This process can also be viewed
as parametric amplification.

Light may be scattered by the train
of crests and troughs in an 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 (65), is that the
scattered light is shifted in frequency
from the frequency y, of the original
beam by an amount

v = 2rv/csin 0/2 (13)

where v and ¢ are the phase velocities
of sound and of light, respectively, in
the medium, and # is the scattering an-
gle. The energy lost, hiy, is given to the
scattering acoustic wave of frequency v.
If the light is of sufficient intensity, it
can thus give energy to the acoustic
field faster than it is fost and fulfill a
threshold condition which allows the
acoustic energy to build up steadily.

For the very high acoustic frequen-
cies (109 to 10%9 cy/sec) implied by
Eq. 13 when 4 is not very small, the
losses are usually so large that interest-
ing 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 acous-
tic waves by this process of stimulated
Brillouin scattering (6/, 62)—so in-
tense, 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
which 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
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(52) and it too is yielding interesting
information on the propagation of
hypersonic waves in materials.

There is no firm limit to the acoustic
frequencies which can be produced by
stimulated emission, even though Eqg.
13 indicates a kind of limit, for § = o,
of 2yyv/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 men-
tioned briefly above, represents excita-
tion of the optical branches of acoustic
spectra, and generates coherent molecu-
lar oscillations. Quantum-electronic
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, ex-
cept for some matters of general prin-
ciple or of historical interest. But, hap-
pily, it will be replaced by further strik-
ing progress and improved results. We
can look forward to another decade of
rapid development in the field of quan-
tum electronics—new devices and un-
suspected 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 every-
day tools of science, and for the ex-
ploratory work which has demonstrated
so many new possibilities to be increas-
ingly replaced by much more finished,
more systematic, and more penetrating
applications. It is this stage of quantum
electronics which should vyield the real
benefits made available by the new
methods of dealing with radiation.
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Letters 8,
Savage, Appl.

Karl Jansky: His Career
at Bell Telephone Laboratories

In 1928, 22-year-old Karl Jansky
joined my group in our Cliffwood field
laboratory and, because he had a
chronic kidney ailment, it was re-
quested that he be assigned to work
which would not exert undue pres-
sure on him. (Jansky was first re-
jected by the Medical Department but
later was accepted through the inter-
vention of his brother.)

Karl agreed to start work recording
the static received at long wave-
lengths, using equipment already in
existence. Later, he planned to record
static at 14 meters’ wavelength, using
a 100-foot-long “Bruce” antenna which
was to be mounted on a rotating
platform such as we had used in
1924 to study long-wave static. He
built an ultrasensitive shortwave re-
ceiver similar to the one I had used
in 1928 to show that Johnson noise
limits the sensitivity of radio re-
ceivers. He also modified Mutch’s
static recorder, which was an improved
version of the one that had been used
earlier to record long-wave static.

After working with his colleagues,
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especially Beck, Mutch, and Sharp-
less, to become thoroughly familiar
with the then-existing techniques for
accurate measurement, Karl began to
assemble the equipment, but his work
was interrupted by the relocation, in
January 1930, of the whole Cliffwood
field laboratory to Holmdel.

Karl had a new rotating platform
built at Holmdel and reassembled his
equipment. By the end of 1930 he was
ready to record static at 14 meters’

wavelength.
His recordings gave him lots of
data, and he published the results

in a paper, “Directional studies of
atmospherics at high frequencies,” in
Proceedings of the Institute of Radio
Engineers for December 1932, In this
paper he classified static into three
types: (i) that due to local thunder-
storms, (ii) that due to distant thunder-
storms, and (iii) “a steady hiss static,
the origin of which is not known.”

The hiss-type static, or hiss noise,
fascinated Karl. The angle of arrival
did not seem to check with anything
pertaining to the earth or the solar
system. Having collected thousands of
records, he discussed the data with his
colleague A. M. Skellet, who was fa-
miliar with astronomy. The conclusion
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was that the hiss noise came from the
Milky Way.

Karl presented the findings before
the International Scientific Radio Un-
ion (URSI) in April 1933, in Wash-
ington, and published a paper, “Elec-
trical disturbances of extraterrestrial
origin,” in Proceedings of the I.R.E.
for October 1933. He also published
a short paper, “Radio waves from
outside the solar system,” in Nature.
The Bell Telephone Laboratories pub-
lications department issued a press re-
lease, and the New York Times carried
the story as front-page news.

As a result of this astounding and,
to most people, unbelievable discov-
ery, Karl was now a famous man.
Karl was modest, and this adulation
did not affect him. He wanted to con-
tinue his work and thought that it
would be worth while to look for hiss
noise at a shorter wavelength.

By 1931 Karl had built a new re-
ceiver that covered the wavelength
range 4 to 20 meters, and he used it
to observe static from local thunder-
storms. A. C. Beck erected a 100-foot-
long comb-type antenna on Karl’s ro-
tating platform and, in 1934, Karl con-
nected his receiver to the comb an-
tenna, but found no hiss noise at a
wavelength of 4 meters. In retrospect,
this is not surprising since the gain of
the comb antenna is low (its direc-
tivity gain is high).

In July 1935 Karl presented a pa-
per, “A note on the source of inter-
stellar interference” (Proceedings of
the 1.R.E., October 1935), in which
he pointed out that the hiss noise was
strongest when the antenna beam
pointed toward the center of the Milky
Way, and that the hiss noise sounded
like thermal agitation noise. Karl had,
in the meantime, made many mea-
surements of the noise output of large
fixed rhombic antennas; he always
found hiss noise appearing at that time
of the day when the antenna pointed
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