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INSTRUMENTS AND TECHNIQUES 

Optical Mas( 

in Science and Technolo 

Advances in the control of light waves give pror 
of important applications in science and technol 

G. C. D 

The use of light waves in science History 
and in technology is almost as old as 
science itself. Many of the laws of The 
optics were known to Newton, and we magneti 
see around us the many ways in which tinual 
the science of optics has contributed The wic 
to technology. The telescope and the and, me 
microscope, for example, are among rise to 
the most powerful tools which man has frequen 
had available for studying the universe impetus 
in which he lives. quency. 

Recently, however, with the inven- which I 
tion of the optical maser, a new dimen- coils, cc 
sion has been added to the science of became 
optics. For the optical maser makes it ever, at 
possible to control light waves in much because 
the same way that it has previously small a 
been possible to control electromagnetic cult. I 
radiation at lower frequencies in the this dif 
radio or microwave part of the spec- it was 
trum, and with the same degree of Townes 
sophistication. This device, first sug- the vas 
gested by Schawlow and Townes (1), availabl 
was experimentally demonstrated for cules o: 
the first time only a little over a year He call 
ago (2). However, progress in this an acre 
field has been extremely rapid, and tion by 
already it is possible to say with some ation. 
certainty that this device will have a The 
broad applicability in many fields of scribed 
science and technology. Townes, 

The author, who was until recently direc- 
tor of the Solid State Electronics Research Labo- 
ratory, Bell Telephone Laboratories, Murray Hill, 
N.J., is vice-president for research of the Sandia 
Corporation, Albuquerque, N.M. 

12 JANUARY 1962 

used ar 
through 
about 2 
This fre 

history of man', 
ic waves has bec 
pushing upware 
despread use of 
ore recently, tele 
our increasing 
cy space and 

to the push 
The standard 

resonant circuits 
ondensers, and t 

increasingly iml 
higher and hig 
the resonators 

as to make co 
Many ingeniou 
ficulty were fc 

not until 19' 
suggested a n 

t supply of na 
e within the at 
f matter could 
ed this inventic 
nym for micro 
the stimulated f 

first operating 
by Gordon, 

,in 1954 (3). 
n ammonia gas 

a microwave 
74,000 megacyc 
equency corresp 

SCIE:NCE 

the natural resonances in the ammo- 
nium molecules and provides a very 
precise frequency. In fact, the major 
application of the ammonia-beam ma- 
ser is as a frequency standard. 

r1s In 1956, Bloembergen (4) proposed 
using a solid-state crystal, and this 
type of maser was demonstrated by 

gy Scovil, Feher, and Seidel in 1957 (5). 
Since that time a large number of dif- 
ferent masers have been demonstrated 

nise by many workers in the field. How- 

cvgy- ~ ever, all of these devices operated in 
the microwave part of the spectrum. 

In 1958, Schawlow and Townes de- 
acey scribed means by which the maser prin- 

ciple could be extended into the optical 
part of the electromagnetic spectrum. 
Last year an experimental verification 
of this suggestion was made, and since 
that time the field has been a very 

s use of electro- rapidly moving one indeed. There now 
en one of a con- exist masers in several different solid 
d in frequency. materials, including ruby, calcium flu- 
broadcast radio oride doped with samarium, and calcium 

-vision has given fluoride doped with uranium. Further- 
requirement for more, Javan, Bennett, and Herriott (6) 
has thus added have recently demonstrated the opera- 
for higher fre- tion of a continuous infrared maser, in 
I techniques, in which they utilize a helium-neon gase- 
s constructed of ous system. 
he like are used, 
practicable, how- 
;her frequencies, Principle of Operation 
s had to be so 
instruction diffi- Since the optical maser is a rela- 
s ways around tively new device, I present here a brief 
)und. However, description of the principle of opera- 
51 that C. H. tion, as background material for the 
neans by which sections describing potential applica- 
ttural resonators tions. As I have said above, the optical 
toms and mole- maser depends for its operation on the 
be put to use. use of atoms as natural resonators. 

on the maser- The optical behavior of atomic systems 
)wave amplifica- can be described in terms of the quan- 
?mission of radi- tized amounts of energy, or the "en- 

ergy levels," which atoms are allowed 
maser was de- to possess. An atom in thermal equi- 

Zeiger, and librium will ordinarily occupy the low- 
These workers est of these possible energy levels, 

s beam passing from which it can be raised to a higher 
cavity tuned to level by the absorption of energy. 
les per second. From this "excited state" it may then 
ronds to one of return to a lower energy level by the 
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Fig. 1. Growth of a light wave by stimulated emission. The wave striking an excited 
atom at the same frequency forces it to "join" the original emission. An unexcited atom 
absorbs the wave and ends the emission. 

emission of light. This is the sequence 
of events which takes place in the well- 
known phenomenon of fluorescence. 
The energy which must be supplied in 
"pumping" the atom to a higher energy 
level may in turn come from the ab- 
sorption of a quantum of light of an 

appropriate frequency corresponding to 
the difference between two of the possi- 
ble energy levels of the atom. 

In the phenomenon of fluorescence 
the absorbed light is, in general, of 
higher frequency than the light which 
is emitted. Furthermore, the emission 
of light takes place largely by the proc- 
ess of "spontaneous emission." The 
spontaneously emitted light is random 
in direction and phase. 

The optical maser, however, makes 
use of another form of emission, in 
which the atoms are stimulated to emit 
their light, in the same phase and in 
the same direction as a standing wave 
of light of the emission frequency of 
the medium in which the atoms are 
bathed. This process is called "stimu- 

lated emission." A medium in which 
more of the atoms are in the upper of 
two energy states than in the lower is 
capable of amplifying, by the process 
of stimulated emission, a light wave 
of the appropriate frequency passing 
through it. This situation is shown 
graphically in Fig. 1. In addition to 
providing amplification, a medium of 
this type can be used to provide co- 
herent light oscillations if a feedback 
path is provided. The particular feed- 
back arrangement suggested by Schaw- 
low and Townes is illustrated in Fig. 2. 
In this arrangement two parallel coaxial 
mirrors are arranged in such a way 
that light waves traveling along the axis 
and bouncing back and forth through 
an amplifying medium between the mir- 
rors will set up a coherent standing 
wave of light. Waves traveling in any 
other direction, however, soon miss 
the mirrors and are lost. Thus, this 
"Fabry-Perot" type of structure serves 
as a resonant cavity for the oscillator. 
If one of the mirrors is partially sil- 

REFLECTING REFLECTING 
WALL WALL 

Fig. 2. One arrangement of the optical maser, in which a wave "grows" as it bounces 
back and forth between reflecting walls (the vertical dimension has been greatly exag- 
gerated for clarity). 
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vered, light can emerge in the form 
of a beam which is highly directional, 
coherent, intense, and relatively mono- 
chromatic. These four properties make 
the optical maser attractive for poten- 
tial applications. 

Status of the Optical Maser 

At the present time, optical masers 
have been demonstrated in a variety 
of substances. Some of these are at- 
tractive for some applications and some 
for others. In Table 1 are summarized 
the properties of various optical maser 
systems that exist as of this writing. 
It may be seen that, in general, the 
solid-state systems have the advantage 
of higher peak power output, while 
the gaseous system is more highly 
monochromatic. The gaseous system 
can be operated continuously, whereas 
the solid systems (at least to date) have 
only been operated on a pulsed basis. 
In the following sections I discuss the 
various applications of the optical ma- 
ser which now seem feasible. 

Applications to Communication 

The use of electromagnetic waves in 
communication, as in telephony, radio, 
television, and radar, is of course a 
familiar feature of modern life. It 
seems certain that the availability of 
the optical part of the spectrum will 
have an equally profound effect upon 
communications. Optical frequencies 
are attractive for several reasons. In 
the first place, the amount of informa- 
tion which can be carried by an electro- 
magnetic wave is proportional to its 
frequency. At the extremely high fre- 

quencies of the optical region of the 

spectrum (of the order of 10" to 10"5 
cy/sec), an extraordinarily larger band- 
width becomes available. This statement 
can be illustrated by the observation 
that the optical part of the spectrum 
could carry 100 million simultaneous 
television programs (the desirability of 
100 million simultaneous television pro- 
grams need not concern us here). 

Second, the high carrier frequency 
of light waves means that very narrow 
beams may be transmitted without the 
use of extremely large antennae. The 
divergence angle of a beam of radia- 
tion is inversely proportional to the 
diameter (measured in wavelengths) of 
the antenna from which it emerges. 
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Light beams only 1/20 degree in an- 
gular divergence have been obtained 
from a ruby optical maser only /4 inch 
in diameter. To obtain equivalent di- 
rectivity with a microwave antenna 
would require a diameter of more than 
1000 feet. 

The availability of such light beams 
as these may make possible local trans- 
mission of power for specialized pur- 
poses-for example, for powering a 
satellite from the ground. It has also 
been suggested that optical maser 
beams may provide an attractive means 
of interplanetary communication. 

Before any of the attractive poten- 
tialities for communication can be re- 
alized, however, it is necessary to de- 
vise suitable means for modulating and 
detecting the output of an optical ma- 
ser. Already a certain amount of 
progress has been made in these direc- 
tions. Recently Kaminow has suc- 
ceeded in modulating light at a fre- 
quency of 18,000 megacycles per 
second by making use of the magneto- 
optic effect in potassium dihydrogen 
phosphate (7). Although the particu- 
lar structure which he used had a 
relatively narrow bandwidth, straight- 
forward means are available for ex- 
tending his technique to broader bands. 

Considerable current research work 
is also directed toward the development 
of broad-band detectors. It is felt that 
traveling-wave techniques can be used 
with broad-band photomultiplier de- 
vices. Furthermore, there is good rea- 
son to hope that solid-state devices 
can be made with low noise and broad 
bandwidth. 

In view of the rapid progress being 
made, it does not seem unreasonable to 
expect that at least some limited ex- 
perimental demonstration of communi- 
cation via coherent light beams will be 
made in the not too distant future. 

The first property considered is pow- 
er density. Ruby masers have been 
operated with a peak power in the 
beam of some 10 kilowatts (available 
during a pulse of about 1-millisecond 
duration). Since the beam is coherent 
and directional, it can be focused by 
a simple lens into a very small spot. 
In this way it is possible to obtain 
power densities within the focused spot 
of greater than 10" watts per square 
centimeter. Such enormously high pow- 
er densities have not been previously 
available in the laboratory and make 
possible a variety of applications, some 
of which are listed in Table 2. 

Porto and Wood (8) have used a 
ruby optical maser beam as a Raman 
source and have observed the Raman 
spectra of benzene. It is anticipated 
that as the optical-maser art advances, 

many other applications to Raman 
spectroscopy will be made possible. 

Franken, Hill, Peters, and Wein- 
reich (9), using a focused ruby maser 
beam, have demonstrated nonlinear di- 
electric effects in quartz by observing 
the production of second harmonics of 
the exciting light frequency. It is, per- 
haps, fair to predict that the observa- 
tion of nonlinear optical effects in these 
experiments is only the first of many 
observations of new interactions be- 
tween electromagnetic radiation and 
matter which can be observed now 
that such intense sources are available. 
For example it should be possible to 
produce new kinds of photochemical 
reactions, and perhaps new effects in 
the interaction of radiation and biologi- 
cal material. 

Other possible uses for the high pow- 

Applications to Science and Technology 

I mentioned above that the proper- 
ties of high power density, coherence, 
monochromaticity, directionality, and 
high frequency were those which made 
the optical maser attractive for poten- 
tial applications to science and tech- 
nology. Table 2 gives a listing of some 
of the possible applications. Most of 
these will depend upon more than one 
property. However, an attempt has 
been made to list them under that prop- 
erty which is most directly relevant. 

12 JANUARY 1962 

Fig. 3. A jet of self-luminous carbon vapor being ejected from the focal point of a 
ruby maser beam incident upon a carbon rod. The rod is of about 1-centimeter diameter. 
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Table 1. Summary of the properties of various existing optical maser systems. 

rn Frequency Temperature Fractional 
Present o o Pumpin Power of of Pumping maser 

Type mode of output pe oe o 
operation operation method output line 

operation (104 cy/sec) (K) width (A/t) 

Solids 
A1203:Cr Pulsed 4.320 300 Light 104 7 X 10-6 
A1203:Cr Pulsed 4.282 77 Light 
A1203:Cr Pulsed 4.261 77 Light 
CaF2:Sm Pulsed 4.21 77 Light 102 10-6 
CaF2:U Pulsed 1.21 4 Light 
BaF2:U Pulsed 1.15 4 Light 

Gases 
He + Ne Continuous 2.683 300 Gaseous discharge 0.01 <10-13 
He + Ne Continuous 2.601 300 Gaseous discharge 0.01 < 10-13 
He + Ne Continuous 2.586 300 Gaseous discharge 0.01 < 10-3 
He + Ne Continuous 2.502 300 Gaseous discharge 0.01 <10-'3 
He + Ne Continuous 2.485 300 Gaseous discharge 0.01 <10-13 

er density available in focused beams 
exist in the fields of melting refractory 
materials, of welding, and of micro- 

machining. In unpublished experi- 
ments, W. S. Boyle has shown that it 
is possible to vaporize a small volume 
of carbon at the focus of a maser 
beam. In Fig. 3, this experiment is 
shown. A jet of luminous carbon vapor 
may be seen emerging from the end 
of the carbon rod. Examination of 
the rod shows that a small crater of 
about 0.001-inch diameter was created. 
Such a process might compete favor- 

ably with electron beam machining for 

producing small structures-for exam- 

ple, the spinnerettes used in the extru- 
sion of textile fibers. 

The focused maser beam can also 
be regarded as a highly brilliant light 
source. J. S. Courtney-Pratt (10) has 

Table 2. Possible applications of the optical 
maser, listed according to the most relevant 
property. 

Application 

Science Technology 

Power 
Raman spectra Refractory melting 
Nonlinear optical Welding and cutting 
Photochemistry Photography 
Spectral sources effects Ophthalmology 
Biological studies 

Coherence 
Superradiance Communication 
Intermodulation Superheterodyne tech- 

niques 
Long-distance interfer- 

ometry 

Monochromaticity 
Spectral studies Selective signaling 
Selective photochemis- 

try 
Relativity 

Directionality 
Focusing for super- Space communication 

intensity Radar (Colidar) 

Frequency 
Infrared spectroscopy Carrier communication 

applied this principle to high-speed 
photomicrography. Using a focused 

ruby maser beam, he succeeded in ob- 

taining photomicrographs with a mag- 
nification of 1800 and an exposure 
time of 1/2000 sec. This does not 

represent by any means the limit that 
can be reached with this technique. 

Preliminary experiments in several 

ophthalmological laboratories have indi- 
cated that the ruby optical maser may 
be useful as an "optical coagulator" for 
the treatment of certain diseases of the 

eye-for example, the so-called de- 
tached retina. In this application, the 
beam is brought to focus at the desired 

spot on the retina, where it essentially 
produces a tiny spot weld. It should 
be pointed out that studies are now in 

progress to determine possible. patho- 
logical effects of the maser beam upon 
tissue. Nevertheless, it seems possible 
that coherent light may have medical 

applications comparable to those of 

light at lower frequencies, such as, for 

example, diathermy. 
Let us now consider the properties 

of coherence and monochromaticity. 
That the optical maser beam is indeed 
coherent has been demonstrated by dif- 
fraction experiments (11) in which it 
was shown that the theoretically ex- 

pected diffraction patterns were ob- 
tained when the maser beam was 

passed through a two-slit diffracting sys- 
tem. The negative feedback present 
in an optical maser oscillator narrows 
the spectral line of the emitted radia- 
tion and thus provides extremely mono- 
chromatic output. In the gas maser, 
Javan (6, 12) has estimated that the 
line width may, in fact, be only a few 

cycles per second-that is, only a few 

parts in the 1014. 
The existence of such highly intense 

coherent light sources should make 

possible a number of new and inter- 

esting experiments in optical pumping. 
For example, it should be possible to 

provide a direct test for some of the 

suggestions made by Dicke (13) con- 
cerning the behavior of systems which 
have been coherently excited (the so- 
called "superradiant" states). Then 
too, the availability of coherent radia- 
tion at light frequencies means that 
the familiar techniques of superhetero- 
dyning, so useful in radio, will become 
possible in the optical regions. Highly 
coherent beams of light may make pos- 
sible the use of interferrometric meth- 
ods of measuring length over very long 
distances-perhaps even miles. It has 
been suggested that such methods may 
lead to tests of the theory of relativity 
more sensitive than any previously pos- 
sible. 

It is in spectroscopy, however, that 
the greatest impact may very probably 
be felt. After all, such highly mono- 
chromatic spectral sources have never 
been before available. Then too, the 
optical maser constitutes a source of 
infrared radiation more intense than 
any previously available. In order to 
obtain from a hot body a beam com- 

parable in intensity (within the solid 

angle of emission and within the spec- 
tral line width) to that already obtained 
from the ruby optical maser, it would 
be necessary to have a source more 
than 20 million times as hot as the sun. 

The optical maser is a very new 
device, and the field is a very rapidly 
moving one. It is therefore too early to 
foresee all of the many things which 
will result. I have tried in this article 
to describe a few of these, in the hope 
that still others will suggest themselves 
to readers in the many disciplines of 
science which these words may reach. 
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