
The birth of electronics 

Maxwell equations, published in 1864, form the theo
retical foundation for both the fields of electronics and 
photonics. The term electronic, formed by adding the let
ters " i c " to the word electron, is now used to denote the 
broad range of technologies dependent on controlling the 
flow of electrical charges in either a vacuum, solid, liquid, 
or plasma. 

The field of electronics was born in 1883 when Thomas 
Edison discovered, while working on his carbon filament 
lamp, that electrical current could be made to flow in a 
vacuum when an electrically positive charged plate was 
positioned near his heated filament within a vacuum enve
lope. This discovery remained essentially unused for 21 
years until John Ambrose Fleming invented the vacuum 
diode rectifier for converting alternating current to direct 
current in 1904. This invention was followed two years 
later by Lee DeForest's invention of the vacuum triode in 
1906, which constituted the first electronic amplifier. It is 
somewhat surprising that 23 years lapsed between Edi
son's discovery and DeForest's triode invention because 
Heinrich Hertz generated, propagated, and detected radio 

FIGURE 1. Some major historical events in the develop
ment of the electronic and photonic fields. 

waves in his laboratory as early as 1887. Guglielmo Mar
coni propagated radio waves across the Atlantic Ocean in 
1901, and the telephone industry existing at that time 
could have benefited from the invention of a suitable elec
tronic amplifier. The first electronic oscillator, which lead 
to the first generation of temporal coherent electromagnet-
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ic radiation, occurred in 1912 with Edwin Armstrong's 
invention of the regenerative electronic circuit.1 

After Armstrong's invention, the electronics industry 
developed very rapidly. Electronic vacuum tube devices 
were the heart of the industry and responsible for the rap
id development of radio, radar, television, electronics con
trols, telecommunications, electronic information process
ing, etc. It took 29 years from the Edison discovery in 
1883 to the operation of the first electronic oscillator in 
1912. 

Up to the invention of the transistor in 1948, the field of 
electronics was primarily dependent on devices, i.e. vacu
um tubes, that exerted control on the flow of an electron 
stream in a vacuum. Thus, one can easily conclude that 
the name electronics was appropriate to denote this broad 
field of activity. 

Enter the transistor 
In 1948 the invention of the transistor was announced 

by William Shockley, Walter H . Brattain, and John Bar
deen of Bell Labs. The transistor type devices control the 
flow of either positive charged particles (i.e., holes) or neg
ative charged particles (i.e., electrons) in a crystalline solid. 
At first, germanium was the crystal of choice but soon 
afterwards silicon came into almost exclusive usage be
cause of its superior mechanical and electrical properties 
as well as its ability to grow a native protective oxide, 
S iO 2 , having exceptional electrical properties. 

For a short while, transistor-type devices were resisted 
by the electronic industry but their small size, high effi
ciency, mass producibility leading to eventually lower unit 
cost, lower voltage requirements, and early appreciation 
of their high reliability potential over vacuum tubes, lead 
to their eventual dominance in the electronics field, even 
though their manufacturability was considerably more 
capital intensive and difficult to master.1 

In the 1958-1959 period, the semiconductor integrated 
circuit was invented by Jack Kilby of Texas Instrument 
and Robert Noyce of Fairchild Semiconductor, respective
ly. 2 The integrated circuit chip enabled the manufacturing 
of large numbers of transistors and their associated resis
tors and capacitors electronic circuit components along 
with their electrical interconnections on one monolithic 
substrate. This invention enabled an entire electro, the 
modern information processing revolution. 

If the invention of the triode in 1906 is accepted as the 
start of the electronic revolution, then the field of electron
ics is today a little over 80 years old and its tempo is still 
increasing. It has been said that the industrial revolution 
was based on aiding the human race's muscle power. Con
sequently, the industrial revolution used large amounts of 
energy and materials while generating large amounts of 

The semiconductor industry has been on 
an exponential path for the last 30 years. 

energy and material goods.3 The electronic revolution, in 
contrast, is based on aiding the human race's brain power. 
Consequently, the electronic revolution generates and uses 
large amounts of information.3 It can even be argued that 
since the entire field of microelectronics focuses on minia
turization, it tends to minimize power and material con
sumption. This is probably the major reason why Japan, a 
country that lacks mineral and energy resources, has fo
cused on the electronics field for manufacturing emphasis. 

In 1970, $1,000 could purchase approximately 400 
barrels of oil or 40 kilobytes of semiconductor random 
access memory (RAM) capacity. In 1985, $1,000 could 
purchase approximately 30 barrels of oil or 25 megabytes 
of R A M capacity. The amount of oil one could buy per 
dollar decreased by over an order of magnitude over a 15-
year period while the amount of R A M bytes per dollar 
increased by over two orders of magnitude. Such decreas
ing cost trends for semiconductor memory circuits is still 
continuing, thereby indicating that the information revo
lution is still continuing at a rapid pace. 

The semiconductor industry has been on an exponential 
path for the last 30 years. Worldwide revenues now total 
about $30 billion. The industry is producing the equiva
lent of 250,000 transistors per year for every person on 
earth and, over the last two decades, the number has dou
bled every year. A n integrated circuit with a million tran
sistors today sells for the same price as did a single transis
tor in the early days of the industry. 

The history of photonics 
For a comparison of the major photonic historical 

events with the electronic historical events, let us again 
refer to Fig. 1. The formulation by Albert Einstein in 1916 
of the stimulated and spontaneous emission processes and 
their relationship to the radiation absorption process in 
atomic and molecular systems occurred four years after 
Armstrong's invention of the electronic oscillator. After 
1916, many scientists investigating the spectroscopic 
properties of gases realized that population inversion in 
atomic and molecular systems would result in amplifica
tion of radiation by the stimulated emission process for
mulated by Einstein, but they ignored its development. For 
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example, in "The Reinforcement of the Primary Beam by 
Negative Absorption," Tolman stated in 1924: "The pro
cess of negative absorption, however, from analogy with 
classical mechanics, would presumably be of such a nature 
as to reinforce the primary beam, and we must assure our
selves that the magnitude of this reinforcement is negligi
ble." 4 

The probable reason why scientists in the 1916 to 1954 
time period did not ask themselves how they could exploit 
the "negative absorption" process to obtain an optical os
cillator was because the principle of positive feedback re
vealed by Armstrong in 1912 with electronic oscillators 
was not avidly appreciated by the researchers investigating 
the spectroscopic properties of gases. The importance of 
microwave radar during World War II caused many scien
tists to work on microwave oscillators and amplifiers. One 
such scientist was C . H . Townes. Working on microwave 
research during World War II, he was extensively exposed 
to the principles of positive feedback in electronic micro
wave oscillators. This experience, coupled with his spec
troscopic training, provided the technical foundation re
quired for the invention of the microwave N H 3 maser in 
1954.5 The device was the first quantum electronic oscilla
tor and it was first operated 42 years after the operation of 
the first electronic oscillator. 

In retrospect, providing positive feedback in the micro
wave region in a population inverted molecular system 
was a relatively straightforward undertaking, but a new 
invention was required for the optical region. This inven
tion was the realization that a Fabry-Perot interferometer 
could serve as a multiple axial mode, positive feedback 
cavity for populated inverted atomic or molecular amplifi
ers in the optical region.6 

The excitement of the laser 
The operation of the ruby laser by T. H . Maiman in 

I960 7 resulted in the first use of a coherent electromagnet
ic oscillator in the optical region 58 years after the opera
tion of the first electronic vacuum tube oscillator. Con
trary to the relatively mild attention given to the an
nouncement of the transistor in 1948, the laser was 
greeted with great excitement and expectation by the sci
entific and engineering communities as well as the general 
public. 

The primary reason for this difference in reception was 
probably the fact that the transistor was introduced as a 
potential replacement for the vacuum tube while the laser 
performed a new and unique function. The laser made 
possible the transportation of techniques and technologies 
from the audio, video, radio frequency, and microwave 
regions into the optical portion of the electromagnetic 
spectrum for the first time. 

There was an explosion of scientific activity and discov
ery after the announcement of the successful operation of 
the ruby laser. In less than 20 years, the He-Ne laser, 
Nd 3 + :g lass laser, Q-switching, semiconductor laser diode, 
nonlinear optics, optical mixing, N d 3 + : Y A G laser, Argon 
ion laser, dye laser, holography, CO2 laser, optical para
metric amplifiers, picosecond laser pulse generation, gas 
dynamic laser, chemical laser, fiber- optics, integrated-op
tics, excimer laser, free electron laser, optical phase conju
gation, optically squeezed states, etc. were discovered and 
rapidly developed. Researchers quickly made a transition 
from maser research to laser research. Laser devices per
formed the major stimulating role for the broad field of 
photonics after 1960 that the vacuum tube performed for 
the broad field of electronics after 1906. 

Coining the term "photonics" 
After the invention of the laser, many new terms came 

into usage to refer to the numerous specialties being devel
oped in response to the coherent optical generator stimu
lant. Terms such as quantum electronics, electro-optics, 
acousto-optics, opto-electronics, integrated optics, adap
tive optics, nonlinear optics, Ladar, Lidar, optical infor
mation processing, holography, optical phased arrays, etc. 
were and are appropriately used to refer to the optical spe
cialties or to the specific optical technologies dependent on 
laser devices. 

It became readily apparent that a term was needed to 
refer to the large number of fields of optical technologies 
dependent on laser devices, just as the term "electronics" 
served the large number of fields dependent on electronic 
devices. Since these optical specialties dependent on the 
control of a photon stream (i.e., a light beam), the term 
"photonic" was formed by adding " i c " at the end of the 
word photon (Fig. 2). The term is now used to refer to the 
technologies for generating, amplifying, detecting, guid
ing, and modulating coherent optical radiation and apply
ing these technologies from energy generation to commu
nication to information processing, etc. 

Some parallelism between electronics and 
photonics 

At this point, it is possible to note some parallelism in 
the way the fields of electronics and photonics developed. 
For example, we can note that optically pumped solid 
state lasers and gas and dye lasers in the photonics field 
play the same role as vacuum tube devices in electronics. 
They were all initially responsible for rapidly developing 
their respective fields and all enjoy pretty much the same 
advantages and disadvantages: they are capable of the 
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FIGURE 2. The term "photonic" denotes a large number 
of optical related technologies in a similar manner as the 
term "electronic" does for associated technologies. 

highest power and operating frequency within their re
gions and they suffer from large weight, size, and power 
consumption, and lower life expectancy than the all solid-
state semiconductor devices. 

The semiconductor laser and transistor devices also 
have parallelism in the role they play in their respective 
photonics and electronics fields. As in electronics, the 
semiconductor lasers and their associated applications of
fer the largest market opportunities because of their small 
size, weight, power consumption, mass producibility, low
er cost, higher reliability, and their ability to be integrated 
on monolithic substrates using micro-electronic fabrica
tion techniques. Consequently, semiconductor lasers offer 
opportunities for usage in the large volume markets, such 
as home entertainment, telecommunications, information 
processing, printing, etc. They also interface easily with 
transistor devices. This laser technology can thus take ad
vantage of the rapid market growth and the large existing 
technology infrastructure that transistor devices presently 
enjoy. 

In electronics, waveguides such as co-axial cables, strip 
lines, and metal guides came into use before active semi
conductor devices came into wide acceptance. In the pho
tonics field, semiconductor laser devices were invented a 
few years after the announcement of the ruby laser in 
1960, but it was not appreciated until 1966, following a 
proposal by K.C. Kao 8 that losses could be greatly reduced 
in glass fibers. Research programs were launched in ear
nest by several organizations to develop glass fibers for 
telecommunication optical waveguide applications after 
Kao's proposal was published. In 1970, Corning Glass 
Works achieved losses below 20dB/km, 9 an accomplish
ment considered critical to the extensive application of fi
ber optics optical loss next to a vacuum. Consequently, 
glass fibers are the transmission line of choice for telecom
munication applications and telecommunication is at 
present probably the largest market for photonics. 

Work on integrated optics 
Researchers are now busy developing integrated optics 

technology to achieve the benefits for photonics that semi
conductor microwave integrated circuits have achieved for 
electronics. It is important not to confuse the huge role 
that integrated digital electronic circuits played in digital 
data processing with the role that integrated optics chips 
are expected to play in photonics. At present, it appears 
that the appropriate parallelism is between the role of mi
crowave integrated circuits, microwave/millimeter wave 
strip line, and microwave/millimeter wave hybrid circuits 
in the lower frequency region and the role that optical in
tegrated circuits are expected to play in the optical region. 
With present technology, microwave monolithic integrat
ed circuits (MIMICs) cannot match the density achieved 
with digital integrated circuits. With presently foreseen 
technology, it does not appear that optical integrated cir
cuits will match the density of M I M I C chips. 

Compound semiconductor materials such as GaAs, 
GaAlAs, etc. are unique when compared to silicon and 
germanium because they can be used to detect and gener
ate optical radiation, they are electro-optically and piezo-
electrically active, and they have good semiconductor 
properties for the fabrication of transistors. Consequently, 
research effort is presently being invested toward realizing 
the benefits of merging integrated electronic circuits, inte
grated optics, opto-electronics, electro-optics, and even 
acousto-optic devices on monolithic substrates of GaAs 
and other similiar compound semiconductor materials. 

Figure 3 illustrates an example of a potential integrated 
opto-electronic circuit in schematic form that researchers 
may some day realize. 1 0 Optical signals can be brought to 
such a chip by optical fibers. Optical radiation from these 
fibers can be coupled into planar waveguides embedded 
within the chip. Photodetectors fabricated on the chip can 
convert the optical signals to electrical signals that can be 
digitally processed by digital electronics devices also fabri
cated on the chip. These electrical signals can then be used 

FIGURE 3. A schematic of a future integrated optoelec
tronic circuit (Ref. 10). 
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FIGURE 4. A schematic of a typical optical circuit (a) and 
the comparison between the equivalent all fiber-optics 
(b) and integrated optics versions (c). 

FIGURE 5. Vacuum tube technology trends. 

to either directly modulate semiconductor lasers or to en
ergize electro-optic modulators also fabricated directly on 
the chip. The modified optical signals can then again be 
transported through the chip by embedded planar wave
guides and eventually coupled to optical fibers for trans
mission to remote locations. 

Such a chip has not been presently realized. Examples of 
only small portions of such a chip have been reported in 
the technical literature today, but the trend for the future 
appears clear. A more typical monolithic optical chip that 
exists today is illustrated by Fig. 4(a). It represents the inte
gration of four optical components on L i N i B O 4 : a 3dB 
power combiner, a polarizer (P), a 3dB power splitter, and 
a phase modulator (PM). Such chips are useful in realizing 
miniature, low cost fiber optic gyros for navigational ap

plications. Figure 4(b) illustrates how such a circuit can be 
realized in an all fiber configuration having typical dimen
sions of 5 X 5 X 1 cubic cm. Figure 4(c) illustrates how 
such a circuit can be realized in an integrated optics chip 
configuration having typical dimensions of 4 x 0.02 x 
0.02 cubic centimeters. 

The large advantages of smaller size and weight of the 
all fiber approach denoted by Fig. 4(b) over a discrete op
tical component version consisting of mirrors, polarizer 
and electro-optics phase modulator can be easily appreci
ated. The large advantage of even smaller size, weight, and 
power consumption of the integrated optics chip approach 
over the all fiber approach can also be easily appreciated. 

Electronic technology trends 

Vacuum tubes 

Figure 5 summarizes the electronic vacuum tubes trends 
from 1940 to the present. During the decade of the '40s, 
vacuum tubes were the dominant active devices in elec
tronics, a dominance that lasted well into the '50s. Near 
the end of the 1950s, transistors began to dominate the 
digital, analog, control, audio, and video electronics mar
kets so that by 1970, vacuum tube devices were essentially 
replaced in these markets except for high voltage or very 
high power applications. 

Vacuum tubes continue to play a major role in the RF, 
microwave, millimeter, and submillimeter region, especial
ly in the high power and very high frequency areas. Mag
netrons, kylstrons, traveling wave tubes, and gyrotron 
type devices are responsible for the continued important 
role that vacuum tubes play in the high power, high fre
quency portion of the radio through the submillimeter 
wave portion of the electromagnetic spectrum. 

In 1977, attention was focused on the generation of op
tical radiation using appropriate electron beams interact
ing with periodic varying magnetic fields11 with the opera
tion of the free electron laser at Stanford University in the 
optical portion of the spectrum. The successful demon
stration of the free electron laser has firmly pushed vacu
um tube technology into the far infrared, infrared, and 
visible portion of the spectrum with the hope of extending 
the operation into the near ultraviolet and ultraviolet por
tion of the spectrum in the 1990s. The high efficiency and 
high power potential of free electron lasers are responsible 
for the strong interest in the technology.1 2 

Semiconductor devices 
Figure 6 summarizes the trends in electronic semicon

ductor devices from 1940 to the present. After the an
nouncement of the first Ge transistor in 1948, transistor 
devices began to make steady inroads into the digital, ana
log, controls, audio, and video markets, especially after a 
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transition was made from Ge to Si in the early 1950s. The 
invention of the integrated circuit in 1958-1959 caused a 
constant movement toward the integration of an ever in
creasing number of transistors on a chip. The industry 
moved from small scale integration (SSI), medium scale 
(MSI), and large scale (LSI) to very large scale integration 
(VLSI). VLSI today enables approximately one million 
transistors to be fabricated on one chip of Si having di
mensions of approximately one square cm. This accom
plishment occurred within approximately 30 years. 

Because practical, manufacturable chips get larger with 
time, and because the industry learns to pack devices clos
er together on a chip, device density has been doubling 
every year since the early 1960s. This trend is still continu
ing. In the 1990 decade, integration of one billion transis
tors on a chip will probably occur. This phase of the tech
nology will probably be called giga-scale integration (GSI). 

The advent of the microprocessor (i.e., a computer on a 
chip) by Intel in 1971 gave birth to the pocket calculator 
leading to the exclusion of vacuum tube technology (for 
all practical purposes) in the digital, analog, and control 
markets. 

A steady inroad was also made by semiconductor de
vices into low power radio, microwave, millimeter waves 
markets in the '60s and '70s. The inroad was made first by 
such silicon devices as parametric amplifiers and tunnel 
diodes as well as more conventional transistors and later 
by compound semiconductor devices fabricated from 
GaAs, GaAlAs, etc. such as Gunn diode, IMPATT, as well 
as field effect transistors (FET) etc. At present, the govern
ment-sponsored Microwave Monolithic Integrated Cir
cuits (MIMIC) program is directed toward reducing the 
cost of fabricating microwave transmitters and receivers 
on a GaAs chip for military applications. 

In the late 1950s, light emitting diodes fabricated from 
GaAlAs came on the scene for numerical display applica

tions. In 1962, the GaAlAs laser operating in the near IR 
was first reported by General Electric, R C A , and Lincoln 
Labs researchers, ensuring that semiconductor devices 
would play a major role in photonics. Today, the lead salt 
semiconductor lasers have extended the operating wave
length range of semiconductor lasers into the far infrared 
region and GaAs-based semiconductor lasers have operat
ed in the red portion of the visible spectrum. In the future, 
it is hoped that SiC and diamond technology will yield 
semiconductor lasers in the blue portion of the spectrum. 
Consequently, semiconductor technology is playing and 
will continue to play an ever increasingly important role in 
photonics. 

The compatibility of semiconductor lasers with micro
electronics devices has launched major segments of exist
ing markets such as fiber optic telecommunication, optical 
data recording, audio disks, video disks, laser printers, bar 
code and readers (Fig. 7). To serve these markets, the semi
conductor laser is the first truly mass produced laser. The 
He-Ne laser is now a far distant second in the race for the 
largest number of annually produced lasers. Manufactur
ers are producing several hundreds of thousands of semi
conductor lasers per month to supply the needs of the 
markets depicted in Fig. 7. It has become the first truly 
commodity active device in photonics. Table 1 summa
rizes the progress in semiconductor lasers from 1970 to 
1988. 

Over the last 25 years, the three areas of laser technolo
gy that have received continuous and extensive R & D sup
port are laser weapons, controlled fusion with lasers, and 
semiconductor laser development. The first two are still a FIGURE 6. Semiconductor devices technology trends. 

FIGURE 7. Industries spawned by the semiconductor laser 
(Ref. 14). 
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long way from making a national impact. However, be
cause of their perceived importance to national security 
and economical well being, they have received extensive 
government R & D support in many countries. The semi
conductor laser, on the other hand, has been developed 
primarily by industrial R & D funds and has been the most 
successful in spawning numerous new sectors of existing 
industries, as seen in Fig. 7. It is therefore important to 
have a manufacturing competitiveness in semiconductor 
lasers if a nation is to maintain competitiveness in photon
ics. 

Photonic technology trends 
Photonic technology went through a birth of technolo

gy phase in the 1960s and an engineering development 
phase in the 1970s and most of the 1980s. At present, 
photonics has entered the manufacturing technology 
phase and sometime in the future, it wil l experience a ma
tured technology phase. 1 3 

Birth phase of photonics 
The birth of quantum electronics occurred with the op

eration of the ammonia (NH 4 ) beam maser in 1954. 5 The 
birth of photonics came with the operation of the ruby 
laser in 1960 and the birth phase lasted throughout the 
1960s. This was a period of numerous scientific break
throughs and considerable media attention was given to 
the new field. The researchers' interest moved from maser 
to laser devices after the operation of the ruby laser. 

This phase for photonics was a period of limited busi
ness opportunities but relatively extensive government-
funded support for laser research. Manufacturing laser de

vices for scientific instrumentation was the major business 
opportunity since researchers were interested in using 
newly discovered laser sources in probing the electromag
netic properties of atoms and molecules in liquid, solids, 
and gases. 

The other business opportunity during this period was 
to sell components, materials, and devices to researchers 
interested in developing new lasers. This technology feed
back provided the market for most of the early photonic 
companies. Large corporations were funding large in
house research efforts in the technology as well as captur
ing government R & D contracts. These government-spon
sored R & D programs were motivated toward determin
ing the feasibil i ty of numerous potential mil i tary 
applications during this early development cycle of the 
technology. 

During the photonic birth phase, there was strong par
ticipation by the physics and physical chemistry oriented 
societies and journals. Within academia, the curriculum 
focus on photonics was in the graduate courses. During 
this period, laser action was observed in solids (crystalline, 
glasses, and semiconductors), liquids, gases, and plasmas 
yielding thousands of discrete wavelengths varying from 
the near U V to the far infrared. 

Few developments in science have excited the imagina
tion of scientists and engineers as did the laser. The laser 
made it possible to transport into the optical region all the 
basic techniques developed for application in the radio 
and microwave region, such as amplification and coherent 
generation of light; harmonic generation; homodyne and 
heterodyne detection; parametric amplification; ampli
tude, frequency, and phase modulation; chirping and 
pulse compression; guiding of radiation; monolithic inte-

TABLE 1. Semiconductor Laser Progress* 

Parameters 1970 1988 

First cw operation X 
Units produced/year ~101 ~107 

Life (hour) ~10-1 >10 5 

Beam Quality Multimode Single mode 

Price ($) 
• Communication Very high ~ 1 0 3 

• Compact Disk Very high ~10 

Wavelength (microns) 0.8 (GaAs/AlGaAs) 0.6 (InGaP/AllnGaP) 
0.7 ~0.8 (GsAs/AlGaAs) 
1.3 ~1.5 (InGaAsp/InP) 

Coherent arrays None Developing fast 

*Ref. Optics News, pp. 7-12, Oct. 1988. 
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gration of photonic components; plasma generation, etc. 
Over this period the field grew at a rate rarely experi

enced in science. The availability of these intense, coherent 
optical radiation sources made it possible for scientists to 
experimentally investigate optically generated plasmas, 
optical harmonic generation, stimulated scattering effects, 
photon echoes, self induced optical transparency, pico and 
subpicosecond optical pulse generation/measurement/ 
propagation/chirping/pulse compression, holography, op
tical shocks, self-trapping of optical radiation, optical 
parametric amplification, ranging to the moon, extremely 
high resolution spectroscopy, refined measurements of 
many of the basic physical constants (i.e. length, light ve
locity, etc.), optically squeezed quantum states, etc. Re
search on nearly all of these optical phenomena was start
ed during the photonic birth phase decade of the 1960s. 

Engineering development phase of photonics 

During the 1970s and for a major part of the 1980s, 
photonics was in the "engineering development" phase. 
This phase was characterized by a very noticeable decrease 
in scientific breakthroughs and a perceived impatience 
with the progress the technology was making in finding 
applications that addressed large market opportunities. 
Early in this period, the comment that "The laser was a 
solution in search of a problem" was often heard. Many 
companies with marginal interest in photonics technolo
gies dropped out of the field, while entrepreneurs invested 
considerable effort in searching for markets with large 
growth potential. 

At this time, the realization began that photonics was 
not in competition with electronics and that these two 
fields complemented each other. Moreover, it was recog
nized that those photonics technologies that were the most 
compatible with microelectronics offered the largest mar
ket opportunities. In the later portion of this period, a 
transitioning from quantum electronic to photonic termi
nology began to take place once the numerous parallel
isms between the development of the two fields began to 
be widely appreciated. 

In addition, engineering oriented societies and journals 
became very active in photonics. Academia initiated 
strong undergraduate curriculums on subjects relating to 
photonics, particularly in electrical engineering depart
ments of major universities. This was also the time when 
numerous professional societies, associations, and insti
tutes began to address the needs of development and man
ufacturing engineers as well as technical managers work
ing in the photonics field. 

During the birth phase and for a large fraction of the 
engineering development phase, the military market was 
larger than the commercial/industrial markets. For the last 
five or more years, this trend has reversed.1 4 

Sizable markets have been found where 
photonics brings either significantly lower 
cost or higher performance leverage over 

older, more mature technologies. 

Manufacturing technology phase of photonics 

Photonics has now entered the manufacturing technolo
gy phase. There is now a strong system and subsystem 
emphasis rather than a component focus in bringing pho
tonics products to market. Sizable markets have been 
identified where photonics brings either significantly low
er cost or higher performance leverage over older, more 
mature technologies. Consequently, product development 
has now intensified and many new startup companies are 
being created to address emerging market niches. 

In addition, well established large corporations are mar
keting products aimed at markets that photonics technolo
gies can competitively address. Some of these markets are 
telecommunication, data processing and storage, enter
tainment (i.e., audio and video disks), printing, material 
working, home entry protection equipment, medical treat
ment applications, capital equipment for manufacturing, 
inspection, quality control, testing, etc. The home consum
er is also beginning to experience photonics technologies 
through some of these products. Consolidations of com
panies using photonics in their products has begun and 
will probably intensify as the field moves deeper into this 
phase. 

At present, nearly all engineering schools offer strong 
undergraduate courses in subjects relating to photonics. It 
is to be expected that undergraduate majors in photonics 
will be initiated when photonics is well into the manufac
turing and/or mature technology phases. Large photonics 
trade shows have begun to emerge where trade associa
tions and professional societies join to address the needs of 
market analysis, managers, technical and strategic plan
ners, researchers, as well as development and manufactur
ing engineers working in the field. O P T C O N '88, held in 
Santa Clara, Calif. last November, was probably one of 
the first such trade shows. 

As has happened in other fields, the needs of engineers 
working in photonics field are not best served by numer
ous professional societies with overlapping interests, com
peting for or serving their members with a number of un
coordinated overlapping conferences and technical meet
ings, as well as technical journals. Consequently, one 
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Instead of competing, these two fields 
complement one another. Photonics is 

heavily dependent on electronics. 

would expect that consolidation of the existing profession
al societies will begin during this phase of the photonics 
field. This consolidation will occur quickly only if a clearly 
dominant society emerges that best serves the needs of the 
largest number of personnel working in the photonic field. 

At this time, the term photonics is becoming more ex
tensively used to denote a field comparable in scope to 
electronics. Comparisons between the growth, develop
ment, competitive position, applications, markets, and rel
ative importance of these two broad fields are now dis
cussed and debated. It is important to note that these two 
fields do not compete with one another; rather, they com
plement one another. Photonics is heavily dependent on 
electronics. As photonics creates new segments of existing 
industries (or eventually even new industries), it will fur
ther expand the application of electronics. As electronics 
continues to grow, it also provides the same technology 
feedback and stimulant to photonics. Electronics and pho
tonics are closely coupled. The organization and/or appli
cation that best merges these two technologies wil l , in all 
probability, have the largest growth potential. 

Mature technology phase of photonics 
At some time in the future, photonics wil l enter the ma

ture technology phase, characterized by cost and volume 
(i.e., economy of scale) driven markets requiring capital 
intensive manufacturing plants. Components that play a 
key role in large volume photonic products will become 
commodity items such as transistors and integrated cir
cuits have become today. As noted above, the semicon
ductor laser has already entered this commodity phase for 
audio disk applications. Eventually, a few large companies 
will address the most important markets and chances are 
good that the surviving manufacturers will not be recog
nized as the photonics manufacturers known to us today. 

As the photonics field moves further into its mature 
phase, one can expect that photonics engineering depart
ments will be established in universities. The path taken in 
the establishment of computer engineering and/or com
puter science departments at most universities in the last 
two decades can provide some insight into how such de
partments will materialize. In some cases, departments of 
electrical and photonics engineering may be created; in 

other cases, stand-alone photonics engineering depart
ments can be expected. 

Before or during the very early portion of this mature 
technology phase, one (or perhaps two) large professional 
society (societies) can be forecasted to serve the needs of 
the major number of technical professionals working in 
photonics. 

Photonics vs. electronics Olympic games 

Individual events 
One way of dramatizing the respective capabilities of 

the photonics and electronics fields is to let them compete 
in a set of events such as those listed in Table 2. The rules 
for such photonics vs. electronics Olympic games are that 
the winner gets the gold medal and the loser wins the silver 
medal if it comes in a close second or the bronze if it 
comes in a distant second. This tongue-in-cheek competi
tion is an expansion of an earlier discussion presented by 
Anthony E. Siegman. 1 5 

It is commonly accepted that laser devices hold the re
cord for the highest operative frequency. In this event, 
photonics (P) wins a gold and electronics (E) wins a 
bronze as indicated in Table 2. If one is concerned with the 

TABLE 2. Photonics vs Electronics Olympic Games 

Medals 

Events Gold Silver Bronze 
• Highest frequency P E 

• Frequency range 
— Fractional E P 
— Absolute bandwidth P E 

• Peak power P E 

• C W power ? ? 

• Noise properties 
— Amplifier P E 
— Detection (Tie?) 

• Diversity of excitation P E 

• Efficiency P E 

• Minimum pulse widths P E 

• Frequency stability P E 

• Antenna beamwidth P E 

• Miniaturization E P 

P = Photonics E = Electronics 
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fraction frequency range, electronics wins the gold and 
photonics wins the bronze because electronic devices oper
ate down to zero frequency. If one is concerned with abso
lute bandwidth, then photonics comes in first and elec
tronics a distant second (assuming, of course, that photon
ics claims the semiconductor lasers and the free electron 
lasers). 

Where peak power is concerned, photonics wins the 
gold and electronics the bronze because of the ability of 
laser devices to generate very short pulses. Rather modest 
mode-locked lasers of tabletop size can easily produce op
tical pulses with instantaneous peak powers in excess of 
10 1 3 watts. This value is several times the total installed 
electrical generating capacity of the United States. 

The reason for the indecision regarding the highest cw 
power event arises since it is not clear to this author 
whether vacuum tubes or laser devices have achieved the 
highest power output to-date because much of the results 
of the high power generation effort has not been published 
in the open literature. 

When maser devices are included within the field of 
photonics (as this author believes they should be), then 
photonics wins the gold and electronics comes in a close 
second m the amplifier noise property event, not a distant 
second because of the low noise performance capabilities 
of electronic parametric amplifiers. If for some reason ma
ser devices are not included in photonics, then photonics 
would come in a distance second in this event because it is 
well known that laser amplifiers are inherently noisy. 

Photonics and electronics tie in the minimum signal de
tection event because both technologies are capable of de
tecting a single quantum of energy, either an electron or a 
photon. Optical heterodyning techniques are well known 
to have a single photon detection capability. 

Laser devices have now been energized with a large 
number of pumping techniques. Some examples of laser 
excitations are: electrical, coherent and incoherent optical 
pumping, nuclear, chemical, e-beam, gas-dynamically, x-
ray, etc. Consequently, in this event, photonics wins a gold 
and electronics a bronze. Especially striking is the fact that 
laser and maser action has been detected to occur both in 
interstellar spaces and in planetary and solar atmospheres. 

In general, transistors are considerably more efficient 
than laser devices. Semiconductor laser devices come close 
to matching the efficiency of transistors. Chemical and gas 
dynamic lasers, on the other hand, require no electrical 
excitation, so from an electrical efficiency standpoint, one 
can argue that photonics wins the efficiency event and 
electronics comes in a close second. The rule of thumb for 
chemical lasers is that the combustion of 1 kg of fuel can 
typically produce several hundred kilojoules of laser out
put energy. 

The minimum pulse width obtainable is approximately 

TABLE 3. 

Photonics vs Electronics Olympic Games Results 

Medals 

13 Events Gold Silver Bronze 

P E P E P E 

• Won 9 2 0 4 P E 

• Debatable 1 1 1 1 0 0 

• Tie 1 1 0 0 0 0 

T O T A L 11 4 1 5 2 5 

P = Photonics E = Electronics 

inversely proportional to the bandwidth. Consequently, 
the results of the minimum pulse width event is equivalent 
to the absolute bandwidth event discussed earlier. 

At present, the frequency stability of lasers is such that 
the length and time standards are measured with the out
put wavelength of a laser device. Now that the basic stan
dards of time and length are one and the same laser transi
tion, the velocity of light is reduced to a defined quantity: 
the numerical relationship between one wavelength and 
one period of the elected laser frequency. 

Since an antenna's beam width is directly proportional 
to the wavelength divided by the aperture dimension ratio, 
photonics places first in the beam divergence event and 
electronics places a distant second. 

In the miniaturization event, electronics places first be
cause of the density accomplishments of microelectronics 
technology in digital integrated circuits, while photonics 
would rate only a bronze. Again, it is important to note 
that a more appropriate comparison would be between 
the accomplished miniaturization of microwave/millime
ter electronic integrated circuits and integrated optical cir
cuits. Under such a comparison, photonics would rate a 
silver medal instead of a bronze medal. 

Final Olympic tally 
A tabulation of the results of the hypothetical game 

shown in Table II indicates that photonics places first al
most three times more often than electronics (see Table 3). 
The important question to ask at this point is: "Can pho
tonics win the decathlon event?" More directly, the key 
question is: "Can the photonics field exceed the electronic 
field in size (i.e., annual gross sales)?" This author's opin
ion is that photonics will not grow larger than electronics 
for a very long time, if ever. 

This conclusion is based on the maturity of electronics 
when compared to photonics. If the operation of the first 
electronic oscillator by Armstrong in 1912 is accepted as 
the practical beginning of electronics and the operation of 
the first laser by Maiman in 1960 is accepted as the practi-
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FIGURE 8. Annual growth rate of U.S. manufacturer's 
shipments of selected telecommunications equipment 
from 1984-1988 (Ref. 17). 

cal beginning of photonics field, then electronics has al
most a one-half century head start. There is a very large 
infrastructure, capital, and knowledge base in existence 
for electronics which is difficult to abandon or to over
come with a new technology within this author's lifetime. 

As one example of the entrenchment of electronics, one 
can consider the memberships within electronics and pho
tonics oriented professional societies. The Institute of Elec
trical and Electronic Engineers (IEEE) has approximately 
300,000 members. The total membership of the Optical 
Society of America (OSA), the Society of Photo-optical 
and Instrumentation Engineers (SPIE), the IEEE Lasers 
and Electro-optics Society (LEOS), the Laser Association 
of America (LAA), and the Laser Institute of America 
(LIA) representing the photonics field is only about 
30,000 members at this time and many of these members 
have joint membership among these five societies. 

Some major markets for photonics 
The following portion of this paper will present a short 

summary of some of the major markets envisioned to have 
high potential for photonics. The markets selected for dis
cussion are telecommunications, information processing, 
information storage, avionics, and defense. These markets 
were selected because they all have worldwide hardware 
sales of approximately $100 billion or more per year. 

Telecommunications 
The worldwide hardware market for telecommunica

tion exceeds $100 billion per year. 1 0 It is one of the largest 
present markets for photonics due to the performance ad
vantages of fiber optics technology coupled with the ease 
with which opto-electronics (i.e., semiconductor laser and 
detection) as well as integrated optics interface with mi
croelectronics technology. 

Photonics has a small percentage of the market. The 

biggest role photonics is presently contributing to the tele
communication industry is in the replacement of copper 
wire in long and moderate distance point-to-point com
munication applications. It has been predicted that the end 
of conventional copper wire in the telecommunication in
dustry could come as early as the turn of the century.1 6 

This same source also notes that semiconductor lasers and 
semiconductor optical detectors coupled with fiber optics 
technology will make ground and undersea cable commu
nications so inexpensive that few commercial telecommu
nication satellites will be launched in the late 1990s. 

Figure 8 illustrates data on the annual percentage in
crease/decrease of the U.S. manufacturers' shipments of se
lected telecommunication equipment from 1984 to 1988 
Note that fiber optics equipment had the highest growth 
rate at 22 .4%. 1 7 

There were 250,000 miles of optical communication fi
bers installed within the U.S. as early as 1983. The first 
fiber optics transatlantic telecommunication cable (TAT-8) 
underwent initial trial tests in December 1988. It will be
gin telecommunication services between the U.S. and Can
ada in the West to France and the United Kingdom in the 
East in 1989. In 1989, work will begin to connect Califor
nia to Hawaii (HAW-4) and also from Hawaii to Japan 
and Guam (JPC-3) with fiber optics undersea cable. It is 
estimated that 18,000 km per year of optical undersea ca
ble will be installed from 1989 to 1994. 

Greater growth is anticipated, first with local area net
works, then with metropolitan area networks, and later 
with broadband integrated networks. 1 0 A schematic of a 
broadband integrated service digital network is illustrated 
by Fig. 9. (An excellent overview of photonics application 
in communication and informance processing is found in 
Ref. 18.) 

Photonics will remain a supportive technology to elec
tronics in the telecommunication market. How much of 

FIGURE 9. Schematic of a broad band and integrated ser
vice digital network (Ref. 10). 

32 OPTICS NEWS • APRIL 1989 



FIGURE 10. Decreasing electronic size vs. increasing elec
trical cables/connectors size trends. 

an inroad photonics makes into the electronic portions of 
the telecommunication field will be determined by the pro
gress of integrated optics and integrated optoelectronic 
technologies. Consequently, these technologies will proba
bly be the major differentiating technology discriminator 
in expanding the contributions of photonics in telecom
munication beyond the optical to electronics and vice 
versa interfacing and transmission media. 

Information processing 

The worldwide hardware market for information pro
cessing equipment is approximately $100 billion per year. 
The market is, of course, predominantly served by elec
tronics. Photonics is presently firmly established in input/ 
output interconnections between computer-to-computer 
and computer-to-storage units, in laser printers, in bar 
code readers and scanners, and in some military analog 
processing systems.10 

The major future growth for photonics in the informa
tion processing market is foreseen to be related to its abili
ty to assist in solving the problem associated with decreas
ing electronics package size trend versus the trend of in
creasing connector size used to couple the electronics 
package to the outside world (Fig. 10). Fiber optics tech
nology offers small size, large bandwidth, electromagnetic 
interference immunity, no cross-talk from close adjacent 
fibers, minimum electrical grounding problems, no signal 
leakage, no electrical short circuit problems, and good me
chanical flexibility. 

It is no surprise then that the largest future growth for 
photonics in the information processing market is envi
sioned to occur in the interconnections between electronic 
box to electronic box area. As the electronics to optics (E/ 

O) and optics to electronics (O/E) interfacing technology 
matures, the cost, size, and performance parameters of 
photonics will improve. In addition, product standardiza
tion modules will become available. Consequently, the ap
plication of photonics interconnections is envisioned to 
make inroads into connecting printed circuit board (PCB) 
to PCB and eventually even connecting chip-to-chip as 
well as interconnections within a chip. A schematic illus
tration of this potential photonics progression is shown by 
Fig. 11. 

Figure 12 presents the growth of the U.S. laser printer 
industry from 1983 to 1988. Note that from almost zero 
unit sales in 1983, the industry grew to a million units 
sales in 1988. Office automation is producing more paper, 
not less as predicted earlier by forecasters. Semiconductor 
laser printer technology has become the major competitor 
to the ink jet printers in the computer printer market. 

It is important to note that photonics is envisioned to 
remain a supportive technology to electronics in the infor
mation processing markets. For sheer power in general 

FIGURE 11. Optical interconnections within electronic 
subsystems evolution scenario (Ref. 10). 

FIGURE 12. Growth trend in the U.S. laser printer indus
try (Ref. Dataquest). 
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digital computing, the silicon chip and its derivatives will 
continue to be the dominant technology in the informa
tion processing hardware market for a long time to come. 
Photonics can offer unique capabilities in some specialized 
applications, such as image processing, holography, 
acousto-optics spectrum analyzers, etc. The differentiating 
long term technology discriminator in the E/O and O/E 
will again be integrated optics and integrated optoelec
tronic chips, such as illustrated by Fig. 3. 

Information storage 
The worldwide information storage market exceeds 

$100 billion per year. The market is predominantly served 
by magnetic technology for long term storage and by 
semiconductor storage devices for short term storage. 
There appears to be a reasonable probability that photon
ics can capture a large fraction of the market away from 
magnetic storage with optical storage disk technology.1 9 

Today, photonics is firmly established in write-once, read
only archival storage optical disks, as well as in video and 
audio compact disks. The latter two are probably the larg
est market at present, serving mainly the video and audio 
entertainment markets, as well as the " H o w to do it" in
struction markets. 

Optical storage media offer higher density storage by a 
factor of 500 times more data than a floppy disk of com
parable size and thus offer potentially lower cost. For high 
speed data access, an optical disk can store 50 times more 
data then the competing magnetic disk. Optical storage 
for archives, where the information is written once by the 
user and can then be read many times, and for read-only 
storage, where replicas of a master disk are distributed to 
users, have been in existence for a number of years. A 
particularly promising application of optical storage is for 
an "interactive encyclopedia," in which a stored subject 
consists of words, pictures, and video movies to fully de
scribe the subject.10 

An optical storage system consists of a number of key 
photonics technology elements. These are the storage me
dia, the reading and writing head, and the electronic inter
faces. Good progress has been made in all of these ele
ments so that cost effective systems are available today. 1 9 

The one area that still requires an invention is a cost effec
tive, nonmechanical, electronically addressable laser beam 
scanner or positioner. Such an invention has been needed 
since the advent of laser devices. 

One new approach now being researched is the use of 
metal-organic chemical vapor deposition (MOCVD) tech
niques to grow alternating layers of compound semicon
ductors such as GaAs and GaAlAs to serve as thin electro-
optically active optical waveguides sandwiched between 
thicker electrically conducting buffer layers that are also 
optically transparent. Electrical connections to the buffer 

layers allow the variation of the time delay of the optical 
radiation propagating through the electro-optical guide 
layers. By computer controlling a large number of these 
time variable optical guides, an optical phase array device 
can be obtained for electrically scanning or positioning a 
laser beam. Such a device has been call a L E O P A R D — 
laser electro-optical phased array device. 2 0 A preliminary 
five- element by five-element LEOPARD device capable of 
addressing 25 resolvable spots has been operated at a 
wavelength of 0.85 µ (Fig. 13). The parametric relation
ships for LEOPARD type devices having N numbers of 
active guides with guide widths, g; buffer widths, b; and 
guide spacing, s; is shown in Fig. 14. 

Avionics 

The worldwide hardware market for electronics sys-

FIGURE 13. Schematic of the first 5 x 5 elements LEOP
ARD experiment and the corresponding scanner results 
(Ref. 20). 

FIGURE 14. The relationships between the LEOPARD pa
rameters and scanning pattern (Ref. 20). 
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tems placed on aircraft (i.e. avionics) exceeds $100 billion 
per year. At this time, photonics has a very small percent
age of this market. Photonics is firmly established in low 
light level and IR sensors and navigational systems (i.e., 
the laser gyro and the fiber optics gyro). 

Future growth is forecasted in fly-by-light systems, fiber 
optics data buses, air-to-ground laser radars, obstacle 
avoidance systems for helicopters, fiber optics sensors em
bedded in composite structures to monitor the structural 
health of high value mechanical airborne structures, and 
in air data and recording systems for aircraft flight con
trols. It is forecasted that photonics will remain a support
ive technology to electronics in avionic markets for the 
foreseeable future. 

An example of the role photonics can perform in fly-by-
light systems is shown in Fig. 15. Most of the aircraft fly
ing today still use hydromechanical techniques to control 
the aerodynamic control surfaces of an aircraft. During 
the last decade, there has been increasing interest in fly-by-
wire systems (i.e., electrical-mechanical systems) because 
of lighter weight, faster speed of response ,and commonal
ity between such electrical flight control systems and the 
electrical data base system on board an aircraft (Fig. 15a). 
In addition, the newer aircraft turbine engines flying today 
use digital electronic controls mounted directly on the en
gines. The wire harness of present fly-by-wire systems 
have more than 30 km of copper wire weighing approxi
mately 7,000 lbs. 

An aircraft has an adverse electrical environment arising 
from switching electrical transients ( V ~ 1 0 0 V , Τ ~ 1 µS), 
lightning strokes (V~200V, f~1 M H z to 1 GHz), ground 
radio and radar (E~1 V / M , f~1 M H z to 1 GHz), 400 Hz 
power stray radiation (V~100 mV), and increasing elec
trical grounding problems as increasing amounts of com
posite materials are used in the aircraft structure. These 
problems, coupled with the advantage of lower weight, 
have caused aircraft manufacturers to start developing fly-
by-light systems that use glass fiber signal transmission 
systems in place of the electrical wires shown in Fig. 15(b). 
To be compatible with fly-by-light systems, fiber optic 
transducers and optical actuators are being developed for 
such applications. 

Photonics technology is also being developed for use in 
turbine engines to be compatible with other portions of 
the aircraft fly-by-light system. In 1980, approximately 
one million instructions per second were needed in a mili
tary aircraft turbine engine processor's throughput to han
dle approximately 25 input signals. At the end of the first 
decade of the next century, approximately 100 million in
structions per second are forecasted to be required in pro
cessor throughput for turbine engine electronic controllers 
to handle approximately 125 input signals. The added 
data processing requirements are expected to arise from 

FIGURE 15. Aircraft evolution from fly-by-wire (a) to fly-
by-Iight (b) systems. 

FIGURE 16. Historical expenditure trends for the U.S. de
fense budget and comparison with some other industries. 

the added control functions required for two dimensional 
nozzle control, health monitoring systems, magnetic bear
ing controls, stall control, etc. 

Present wire, harness for commercial aircraft turbine en
gines having electronic fuel controls fall in the 45 to 50 lb. 
range, whereas for engines presently under development, 
the wire harness is expected to be in the 70 lb. range to 
handle the increased signal processing requirements. To 
meet new electro-magnetic interference levels, approxi
mately 20 lbs. is expected to be added to this harness 
weight due to the required additional electrical shielding 
for a total weight of approximately 90 lbs. It is estimated 
that over one-third of the 90 lbs. of electrical harness 
weight can be saved by the use of a fiber optics multi
plexed system and that this weight saving can be doubled 
if an all fiber optics harness having fiber optic sensors and 
actuators is used. Such an all-optical harness is presently 
being researched by N A S A to see if such weight savings 
can be practically realized. 2 1 
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FIGURE 17. Some historical trends for some high energy 
lasers. 

Defense 

The worldwide defense hardware market exceeds $200 
billion per year. Fig. 16(a) shows the historical peak ex
penditures by the U.S. in fiscal years 1953, 1968, and 
1986 in terms of 1986 dollars. Approximately one-half of 
the indicated expenditure goes to hardware purchase 
while the remaining half goes for salaries, supplies, etc. 
Figure 16(b) shows the comparative expenditures in fiscal 
year 1984 for groceries, automotive, electrical goods, and 
beer, wine, and spirits as revealed by Department of Com
merce data, as well as the 1985 fiscal year prime conract 
awards by the U.S. Department of Defense. Figure 16 il
lustrates the obvious fact that defense is a very large mar
ket. 

It is estimated that approximately 20% to 25% of 
spending for defense hardware is on electronics. Photonics 
has a very small percentage of hardware defense expendi
tures. At present, photonics is firmly established in range-
finders, target illuminators, ground and ship communica
tions, guidance, low light level, and forward looking infra
red (FLIR) sensors. In addition, the inroads that photonics 
has made into telecommunications, information process
ing, information storage, and avionics discussed earlier 
have or are expected to be carried over into the defense 
market. The growth areas for photonics discussed earlier 
for these four markets are also expected to carry over into 
the defense market. A special issue of Physics Today pre
sents an historical review of how the military responded to 
the invention of the laser. 2 2 

The one military application for photonics with no par
allel application in electronics is the application of directed 
energy weapons (i.e., laser weapons). 2 3 The military inter
est in quantum electronic devices began with the first op
eration of the maser and intensified greatly after the first 
laser was operated. 2 2 The driving force was the expecta
tion that high power lasers could someday deliver a rela
tively large amount of energy at a distant target at the 
speed of light. For example, a megajoule of energy is 
roughly equivalent to the energy content of a stick of dy
namite. It is understandable why the potential of deliver
ing the energy equivalent of a stick of dynamite at the 
speed of light is of interest to the world's military organi
zations. Consequently, every new laser having high energy 
potential has and is receiving scrutiny by many of the na
tions of the world to evaluate its laser weapons applica
tion potential. Figure 17 lists some lasers that have some 
high energy capabilities as they historically appeared. 

It is recalled that the Stefan-Boltzmann relationship for 
the total energy radiation per unit area by a perfect ther
mal source is equal to the fourth power of the temperature 
times the Stefan-Boltzmann radiation constant. For refer
ence, a power density of one million watts/cm2 corre
sponds to a thermal source operating at 20,500 K. By 
means of optical focusing, the laser devices listed in Fig. 17 
can easily achieve such temperatures and can, therefore, 
provide sufficient high energy concentrations that their fo
cused radiation can melt or vaporize any known material. 
For example, Fig. 18 illustrates a CO2 laser beam burning 
through a sizable block of granite. Consequently, lasers 
have found early applications in the material working in
dustry for cutting, drilling, welding, heat treating, melting, 
e tc . 1 3 , 2 4 Commercial CO2 lasers in the several tens of kilo
watt range are available for sale for material working ap
plications. 1 3 

A recent study by the American Physical Society 2 3 pre
sents detailed discussions of the required technology to be 
developed and the potential of lasers for weapon applica
tions. Needless to say, the question concerning whether 
lasers will ever have a role as directed energy weapons is 
controversial, but national security considerations compel 
the developed nations of the world to conduct R & D pro
grams directed toward determining the potential of laser 
weapons. 

What the future holds for photonics 
Photonics is still in a state of infancy. It is young and 

robust with a highly promising and exciting future. It is 
now spawning new products and opening major new seg
ments of basic industries that will ensure its growth well 
into the next century. The fields of fiber optic telecommu
nications, optical data buses, optical audio and video 
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FIGURE 18. Photograph of a CO2 laser beam cutting 
through granite. 

disks, optical data storage, opto-electronics, lasers for ma
terial working, optical interconnects between electronic 
subsystems, laser applications in medicine, laser instru
mentation, avionics, and military applications are in a 
state of infancy, so considerable growth is yet to come. 
Photonics has already had an enormous impact on sci
ence. Its impact on industry is just beginning. 

Photonics and electronics are complementary and not 
competitive. Photonics is heavily dependent on electronics. 
Consequently, the most success in the near term will be in 
applications where photonics interfaces easily with elec
tronics and advantages can be taken from the large infra
structure and growth momentum that the electronic revo
lution still enjoys. By its growth, photonics will further 
expand the growth of electronics and vice versa. 

The most serious challenge facing photonics is the con
tinuing shortage of photonic engineers required to develop 
the numerous new and rapidly evolving products the field 
is generating. A large supply of photonic engineers will be 
needed to continually advance the state of the art required 
to meet new product needs and to work at the interface 
between electronics and photonics. The offering of a for
mal undergraduate engineering curriculum in photonic en
gineering would be a big boost to this important emerging 
field and ensure that the photonics revolution will succeed 
the electronics revolution as the electronics revolution suc
ceeded the old industrial revolution. 

By its growth, photonics will further 
expand the growth of electronics and vice 

versa. 
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