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Dr. Harold Osterberg is the Father of Integrated Optics.' In experiments carried out together

with L. W. Smith in 1964 Osterberg used incoherent light to transmit a visible image along the

surface of a sheet of glass, through a gap and into another sheet, prism and focusing apparatus.

The surface effect was detectable in most glasses, but was enhanced in Pilkington float glass,

which had a graded increase in the index of refraction near the surface and thus served as an

excellent optical waveguide. Dr. Osterberg was Research Physicist and Head of Physical Optics

from 1937-1972 at the American Optical Co., Southbridge, Massachusetts. He is renown for his

work in the fields of Elasticity, Piezoelectricity, Diffraction, Interface, and Microscopy.
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Dr. Harold Osterberg is the 'Father of Integrated Optics.' In experiments carried out together 
with L. W. Smith in 1964 Osterberg used incoherent light to transmit a visible image along the 
surface of a sheet of glass, through a gap and into another sheet, prism and focusing apparatus. 
The surface effect was detectable in most glasses, but was enhanced in Pilkington float glass, 
which had a graded increase in the index of refraction near the surface and thus served as an 
excellent optical waveguide. Dr. Osterberg was Research Physicist and Head of Physical Optics 
from 1937- 1972 at the American Optical Co. , Southbridge, Massachusetts. He is renown for his 
work in the fields of Elasticity, Piezoelectricity, Diffraction, Interface, and Microscopy. 
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v.2ts> Organization of the

Electrooptics Project at the

Office of Naval Research

Robert G. Morris*

Office of Naval Research

A committee for discussing projects in electroopticst which cut

across disciplinary lines at the Office of Naval Research was set up

informally in the spring of 1972 mainly due to the efforts of CDR H. B.

Lyon, Jr., then a scientific officer in the Aeronautics Program. Several

programs at ONR had been supporting work in electrooptics, but interest

in the field was intensified by a special meeting of the Optical Society

of America on Integrated Optical Circuits in February and by a Defense

Department meeting on Fiber Optics Communications held at the Naval

Electronics Laboratory Center at San Diego in March. (An integrated

optical circuit is analogous to a microwave circuit but is much smaller

in size; in it light serves as the signal carrier. Optical fibers serve as

transmission lines for such carriers).

The Committee was called the Electrooptics Coordinating Committee

(EOCC) and after a few irregular sessions began meeting monthly in

July. The idea from the first was to make interested parties at ONR

aware of work related to their own supported projects in electrooptics

and to discuss both applications of importance to the Navy and the

research necessary for the development of components and systems

for such applications. The group had a strong commitment to research,

but research with a special significance and importance.

It was agreed that initial emphasis would be on integrated optical

circuits, which seem to offer such great advantages for military com-

munications, control and information systems in terms of reduced size

and weight, increased bandwidth and rejection of electromagnetic

interference.

The Committee seeks ways to take timely advantage of these circuits

and to show the Navy where they may be used effectively. The special

nature of the Committee and its charter seemed to be dictated by the

rapid development of the field and the long lead time between Naval

design and fleet use.

* Dr. Morris is Project Officer of Solid State Physics in the General Physics Program, Office of Naval

Research and Acting Director of Electronics Section.

t Electrooptics is denned as the study of systems or components which process radiant energy com-

bined with those which process electrical energy.
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v . 2 Co Organization of the 

Electrooptics Project at the 
Office of Naval Research 

Robert G. Morris* 
Office of Naval Research 

A committee for discus ing project in electrooptics t which cut 
across disciplinary lines at the Office of Naval Research was et up 
informally in the spring of 1972 mainly due to the efforts of CDR H. B. 
Lyon, Jr. , then a scientific officer in the Aeronautics Program. Several 
programs at ONR had been supporting work in electrooptics, but interest 
in the field wa intensified by a special meeting of the Optical Society 
of America on Integrated Optical Circuits in February and by a Defense 
Department meeting on Fiber Optics Communications held at the Na val 
Electronics Laboratory Center at San Diego in March. (An integrated 
optical circuit is analogous to a microwave circuit but is much smaller 
in ize • in it light serves a the signal carrier. Optical fiber serve as 
transmission lines for such carriers). 

The Committee was called the Electrooptics Coordinating Committee 
(EOCC) and after a few irregular sessions began meeting monthly in 
July. The idea from the first was to make interested partie at ONR 
aware of work related to their own supported projects in electrooptics 
and to discuss both applications of importance to the Navy and the 
research necessary for the development of components and systems 
for such applications. The group had a strong commitment to research, 
but research with a special ignificance and importance. 

It was agreed that initial emphasis would be on integrated optical 
circuits, which seem to offer such great advantages for military com­
munications, control and information system in terms of reduced size 
and weight, increased bandwidth and rejection of electromagnetic 
interference. 

The Committee seeks ways to take timely advantage of the e circuit 
and to how the Navy where they may be used effectively. The special 
nature of the Committee and its charter seemed to be dictated by the 
rapid development of the field and the long lead time between Naval 
design and fleet use. 

* Dr. Morris is Project Officer of Solid State Physic in the General Physic Program, Office of Naval 
Research and Acting Director of Electronics Section. 

tEJectrooptics is defined as the study of systems or component which process radiant energy com­
bined with those which process electrical energy. 

Digitized by gl 
1 

Origi al from 

UNIVERSITY OF ILLINOIS AT 
URBANA-CHAMPAIGN 



In September the Committee petitioned the Chief of Naval Research

to give it formal status as a project management body with its own

budget. Its membership included representatives from the physics,

electronics, mathematics, metallurgy and aeronautics programs at ONR

as well as from the Naval Research Laboratory and the Naval Elec-

tronics Laboratory Center.

Under the new formal arrangement the Committee will make recom-

mendations on funding specific proposals, identify problem research

areas, define application possibilities, and guide research from the basic

to the applied area.

The group will continue to serve as the clearinghouse and data ex-

change for electrooptics research in the Navy, and welcomes to its

meetings all Navy research managers who have something to give or to

gain.

In order to make its activities better known to the Naval and re-

search communities, the Committee suggested a special issue of Naval

Research Reviews. We here express our gratitude to the editors for

their assent and encouragement.

Navy Researchers Team With University Scientists to

Test Neutron Radiation for Cancer Treatment

The Naval Research Laboratory (NRL) has joined forces with a group of

university scientists in a new program for the treatment of cancer with fast

neutron beams generated by the NRL cyclotron.

Sponsored by the National Cancer Institute (NCI), the program marks the

first significant involvement of a Navy facility in a major cancer research effort,

and represents another DOD example of technology transfer to the civilian

community.

The NRL research group headed by Dr. R. O. Bondelid, will be collaborating

with a panel of therapeutic radiologists and radiobiologists from the middle

Atlantic states, headed by Dr. Charles C. Rogers, Associate Professor of Radi-

ology at the Virginia Commonwealth University's Medical College of Virginia.

This team of scientists believes that neutron therapy research may lead to signi-

ficant improvement in the treatment of localized malignancies.

For some time a similar neutron therapy program has been progressing at the

Medical Research Council cyclotron at the Hammersmith Hospital in London.

There have been exchanges of staff and information between that unit and mem-

bers of the present team.

(Continued on Pat>e 20)
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In September_ the Committee petitioned the Chief of Naval Research 
to give it formal status as a project management body with its own 
budget. Its membership included representatives from the physics, 
electronics, mathematics, metallurgy and aeronautics programs at ONR 
as well as from the Naval R1esearch Laboratory and the Naval Elec­
tronics Laboratory Center. 

Under the new ~ormal arrangement the Committee will make recom­
mendations on funding specific proposals, identify problem research 
areas, define application possilbilities, and guide research from the basic 
to the applied area. 

The group will continue to serve as the clearinghouse and data ex­
change for electrooptics research in the Navy, and welcomes to its 
meetings all Navy research managers who have something to give or to 
gam. 

In order to make its activities better known to the Naval and re­
search communities, the Committee suggested a special_ iss~e of Naval 
Research Reviews. We here express our gratitude to the editors for 
their assent and encouragement. 

Navy Researchers Team With University Scientists to 
Test Neutron Radiiation for Cancer Treatment 

The Naval Research Laboratory (NRL) has joined forces with a group of 
university scientists in a new pliOgram for the treatment of cancer with fast 
neutron beams generated by the NRL cyclotron. 

Sponsored by the National Cancer Institute (NCI), the program marks the 
first significant involvement of a Navy facility in a major cancer research effort, 
and represents another DOD example of technology transfer to the civilian 
community. 

The NRL research group headt:d by Dr. R. 0. Bondelid, will be collaborating 
with a panel of therapeutic radiologists and radiobiologists from the middle 
Atlantic states, headed by Dr. Cbarles C. Rogers, Associate Professor of Radi­
ology at the Virginia Commonwealth University's Medical College of Virginia. 
This team of scientists believes that neutron therapy research may lead to signi­
ficant improvement in the treatme:nt of localized malignancies. 

For some time a similar neutron therapy program has been progressing at the 
Medical Research Council cyclotron at the Hammersmith Hospital in London. 
There have been exchanges of staff and information between that unit and mem­
bers of the present team. 

(Continued on Paue 20) 
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Integrated Optics Technology*

R. A. Andrewst

Naval Research Laboratory

Background

In recent years, optics has come to play an ever-increasing role in

military and industrial systems due to the availability of high-brightness

coherent laser sources. Such items as radar, range finders, and target

designators are but a few of the optical systems that are commonplace

today. The number of applications continues to grow at an ever-in-

creasing rate.

In the past few years an optical waveguide and integrated optics

technology has begun to emerge. Optical waveguides are analogous

to microwave waveguides, but operate at shorter wavelengths. In the

optical region, electromagnetic radiation can be confined to waveguides

of dimensions on the order of 0.1 to 10.0/x. These waveguides can be

bent to guide the light and they can be made into passive and active

optical devices. Such elements as lenses, prisms, reflectors, gratings,

filters, lasers, amplifiers, modulators, deflectors, frequency mixers,

and detectors can be fabricated with and around these optical wave-

guides. This type of capability offers a tremendous potential for optical

systems and devices. Several optical elements can be combined to form

an integrated microoptical circuit. The advantages and potentials are

analogous to the integrated electronics technology. By employing

integrated optics a savings of size and weight by a factor of 104 can be

achieved. Once the technology is developed, the cost would become a

small fraction of the bulk devices. A small rigid microoptical circuit is

free of alignment problems and environmental effects. In many cases

integrated optical devices can be more efficient than the comparable

bulk device. This is especially true in the case of modulators.

The development of this technology has begun to accelerate. Many

principles, devices, and techniques have successfully been demonstrated.

The areas which need more effort are becoming well defined, along with

the important problems. The future of the optical waveguide and inte-

grated optics technology appears to be promising and rapidly expanding.

The optical waveguide can be thought of as a slab of dielectric which

confines light by multiple total internal reflections. This is illustrated in

Figure 1. The plane wave front is totally reflected alternately between

* Condensed from NRL Report 7291, "Optical Waveguides and Integrated Optics Technology,"

R. A. Andrews (Aug. 1971).

tDr. Andrews is the Branch Head of Interaction Physics at the Naval Research Laboratory. His

field of interest is non linear and intergrated optics.
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Integrated Optics Technology* 
R. A. Andrewst 

Naval Research Laboratory 

Background 

In recent years, optics has come to play an ever-increasing role in 
military and industrial systems due to the availability of high-brightne s 
coherent laser sources. Such items as radar range finder and target 
designators are but a few of the optical system that are commonplace 
today. The number of applications continues to grow at an ever-in­
creasing rate. 

In the past few years an optical waveguide and integrated optics 
technology has begun to emerge. Optical waveguides are analogous 
to microwave waveguides, but operate at shorter wavelengths. In the 
optical region, electromagnetic radiation can be confined to waveguides 
of dimensions on the order of 0.1 to 10.0µ,. These waveguides can be 
bent to guide the light and they can be made into passive and active 
optical devices. Such elements as lenses, prisms, reflectors gratings, 
filters, lasers, amplifiers, modulators, deflectors, frequency mixers, 
and detectors can be fabricated with and around these optical wave­
guides. This type of capability offers a tremendous potential for optical 
systems and devices. Several optical elements can be combined to form 
an integrated microoptical circuit. The advantages and potentials are 
analogous to the integrated electronics technology. By employing 
integrated optics a savings of size and weight by a factor of 104 can be 
achieved. Once the technology is developed, the cost would become a 
small fraction of the bulk devices. A small rigid microoptical circuit is 
free of alignment problems and environmental effects. In many cases 
integrated optical devices can be more efficient than the comparable 
bulk device. This is especially true in the case of modulators. 

The development of this technology has begun to accelerate. Many 
principles, devices, and techniques have successfully been demonstrated. 
The areas which need more effort are becoming well defined, along with 
the important problems. The future of the optical waveguide and inte­
grated optics technology appears to be promising and rapidly expanding. 

The optical waveguide can be thought of as a slab of dielectric which 
confines light by multiple total internal reflections. This is illustrated in 
Figure 1. The plane wave front is totally reflected alternately between 

*Condensed from NRL Report 7291, "Optical Waveguides and Integrated Optics Technology," 
R. A. Andrews (Aug. 1971 ). 

t Dr. Andrews is the Branch Head of Interaction Physics at the Naval Research Laboratory. His 
field of interest is non linear and intergrated optics. 
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Figure 1 — Optical wave guiding formed by a high-

index dielectric layer between two lower index

cladding layers. The waveguide boundaries are

Si and S2 and the refractive indices are n\ and no,

with «i > n0. A possible light path is indicated by

the rays B2, B\, and Bt, all of which are incident at

the same angle 0 (total internal reflection) with the

boundaries.

the interfaces Si and S2. The only requirement for this to happen is that

the index of refraction n\ of the guiding dielectric be greater than the

index n0 of the surrounding media, and the angle of incidence 6 be

greater than the critical angle. For a given waveguide thickness 2c? and

indices n\ and n0 light will propagate with an angle of incident 0 only if,

after two successive reflections, the wavefront is again in phase with

the original wavefront. If this were not the case, then down the wave-

guide, after many reflections, wavefronts with a range of phases between

0 and 2n would add to zero amplitude, or equivalently the wave would

not propagate. This requirement implies that at an arbitrary point x the

phase of one wavefront obtained from another by two successive reflec-

tions must equal the phase of the second wavefront at x, or differ by a

multiple of 2n. This requirement permits propagation for only discrete

values of 6. Each value of 6 is associated with a mode of propagation

and each mode has a characteristic velocity of propagation. As 0 in-

creases, the velocity of propagation to the right also increases. One can

associate a different effective index of refraction, which is a function

of d, nu and n0, for each waveguide mode.

A detailed analysis of light propagation in a waveguide can be made

using Maxwell's equation. There have been several analyses of this

type published in the literature on optical waveguides (1-9). The most

important results of such an analysis are that (a) light of wavelength

A. can be confined to a dielectric slab of thickness ~A . if the slab has a

higher index of refraction than the cladding material on either side of it,

(b) in general, several modes of propagation exist which have different

phase velocities, (c) the propagation factors for the different modes are

function of the material indices and the waveguide dimensions, (d) a

field exists in the cladding dielectric called the evanescent wave which

propagates in the waveguide direction with the same velocity as the field

in the waveguide, and (e) the magnitude of the evanescent wave and the
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Figure 1 - Optical waveguidin~ formed by a high­
index dielectric layer between two lower index 
cladding layers. The waveguide boundaries are 
S1 and S2 and the refractive indices are n1 and no, 

with n1 > no. A possible light path is indicated by 
the rays B2, B 1, and B2, all of which are incident at 
the same angle 6 (total internal reflection) with the 
boundaries. 

the interfaces S1 and S2. The only requirement for this to happen is that 
the index of refraction n 1 of the guiding dielectric be greater than the 
index no of the surrounding media, and the angle of incidence (J be 
greater than the critical angle. For a given waveguide thickness 2d aod 
indices n 1 and no light will propagate with an angle of incident (J only if, 
after two successive reflections, the wavefront is again in phase with 
the original wavefront. If this were not the case, then down the wave­
guide, after many reflections, wavefronts with a range of phases between 
0 and 21r would add to zero amplitude, or equivalently the wave would 
not propagate. This requirement implies that at an arbitrary point x the 
phase of one wavefront obtained from another by two successive reflec­
tions must equal the phase of the second wavefront at x, or differ by a 
multiple of 21r . This requirement permits propagation for only discrete 
values of 8. Each value of (J is associated with a mode of propagation 
and each mode has a characteristic velocity of propagation. As 8 in­
creases, the ·velocity of propagation to the right also increases. One can 
associate a different effective index of refraction, which is a function 
of d, n1, and no, for each waveguide mode. 

A detailed analysis of light propagation in a waveguide can be made 
using Maxwell's equation. There have been several analyses of this 
type published in the literature on optical waveguides ( 1-9). The most 
important results of such an analysis are that (a) light of wavelength 
A can be confined to a dielectric slab of thickness - A if the slab has a 
higher index of refraction than the cladding material on either side of it, 
(b) in general, several modes of propagation exist which have different 
phase velocities, (c) the propagation factors for the different modes are 
function of the material indices and the waveguide dimensions, (d) a 
field exists in the cladding dielectric called the evanescent wave which 
propagates in the waveguide direction with the same velocity as the field 
in the waveguide, and (e) the magnitude of the evanescent wave and the 
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depth of penetration depend on the indices and the waveguide dimen-

sions. These rather unique characteristics can be employed to make

optical waveguides and optical devices employing waveguides. These

topics are discussed in the following section.

Fundamental Optical Waveguide Devices

Optical Waveguides

The principal requirement for an optical waveguide is a thin slab of

dielectric clad with another dielectric (or dielectrics) of a lower index

of refraction. There is considerable discussion in the literature (10,11)

about various forms of optical waveguides and their characteristics.

Waveguides may be fiat slabs, rectangular, cylindrical, or any other

shape. The cylindrical waveguides are commonly referred to as optical

fibers and they are drawn into long lengths. Slabs and rectangular wave-

guides are particularly amenable to integrated optics. The possibility

of using a metal clad dielectric is not considered due to the high energy

losses. When light is reflected off a metal surface the energy losses

depend on the metal, the wavelength of the light, surface condition,

polarization, and angle of incidence, and the losses are typically on the

order of 1-2% per reflection. Hence, metal clad waveguides are extremely

lossy in the optical region. In the dielectric clad waveguide, losses are

due to absorption in the dielectrics and scattering losses. If the cladding

has no absorption at the optical wavelength being propagated, then no

energy is absorbed from the evanescent wave and the waveguide reflec-

tions are lossless.

From a practical consideration there are many ways to fabricate an

optical waveguide. Among these are vacuum deposition (12), sputtering

(12), epitaxy (13), polymerization (14), ion bombardment (15), and ion

exchange (10). The technique used depends on the material involved and

on whether an amorphous or crystalline film is desired. In all cases the

goal is to produce a thin film of material on a substrate. This film should

have low scattering and absorption losses and should have a uniform

thickness. Also, surface irregularities should be very small compared

to the wavelength of the propagating radiation. Epitaxy, either vapor

phase, liquid phase, or chemical transport, can be used to produce

single-crystal optical waveguides. As will be seen in a later discussion,

the single-crystal properties are important for many devices which use

such things as the electrooptic effect and nonlinear polarizability. The

technology associated with the various forms of epitaxy has developed

with efforts in the field of microelectronics. Many of the same techniques

may prove useful in the production of microoptics. As a general rule,

amorphous waveguides have less losses than crystalline waveguides

and are easier to produce; however, the crystalline waveguides offer
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depth of penetration depend on the indices and tke w!iveguide dimen­
sions. These rather unique characteristics can be employed to make 
optical waveguides and optical devices employing waveguides. These 
topics are discussed in the following section. 

Fundamental Optical Waveguide Devices 

Optical Waveguides 

The principal requirement for an optical waveguide is a thin slab of 
dielectric clad with another dielectric (or dielectrics) of a lower index 
of refraction. There is considerable discussion in the literature (10, 11) 
about various forms of optical waveguides and their characteristics. 
Waveguides may be flat slabs, rectangular, cylindrical, or any other 
shape. The cylindrical waveguides are commonly referred to as optical 
fibers and they are drawn into long lengths. Slabs and rectangular wave­
guides are particularly amenable to integrated optics. The possibility 
of using a metal clad dielectric is not considered due to the high energy 
losses. When light is reflected off a metal urface the energy lo ses 
depend on the metal, the wavelength of the light, surface condition, 
polarization, and angle of incidence, and the los es are typically on the 
order of 1-2% per reflection. Hence, metal clad waveguides are extremely 
lossy in the optical region. In the dielectric clad waveguide, los es are 
due to absorption in the dielectrics and scattering losses. If the cladding 
has no absorption at the optical wavelength being propagated, then no 
energy is absorbed from the evane cent wave and the waveguide reflec­
tions are lossless. 

From a practical consideration there are many ways to fabricate an 
optical waveguide. Among these are vacuum deposition ( 12), sputtering 
(12), epitaxy (13), polymerization (14), ion bombardment (15) , and ion 
exchange ( 10). The technique used depends on the material involved and 
on whether an amorphous or cry talline film i desired. In all ca es the 
goal is to produce a thin film of material on a ub trate. This film hould 
have low scattering and absorption losses and should have a uniform 
thickness. Also, smface irregularitie should be very small compared 
to the wavelength of the propagating radiation. Epitaxy, either vapor 
phase, liquid phase, or chemical transport, can be used to produce 
single-crystal optical waveguides. As will be seen in a later discussion, 
the single-crystal properties are important for many devices which use 
such things as the electrooptic effect and nonlinear polarizability. The 
technology associated with the various forms of epitaxy has developed 
with efforts in the field of microelectronics. Many of the same techniques 
may prove useful in the production of microoptics. As a general rule 
amorphous waveguides have less losses than crystalline waveguides 
and are easier to produce ; however, the crystalline waveguides offer 
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more potential use. An evaluation of a waveguide usually means measur-

ing the losses*in units of decibels per centimeter (dB/cm). One method

(17) is to use optical fibers in contact with the waveguide to measure the

scattered light as a function of transmission distance. Table 1 gives

some typical values for various materials. It is quite clear that the

amorphous glass or organic films are superior to the semiconductor

films. In practical applications, however, semiconductors are more

useful since they are transparent in the infrared (IR) and have large

nonlinear susceptibilities. Furthermore, because of the dimensions

involved, the IR offers the possibility of approaching the A./10 dimen-

sional uniformity required more easily. Also, the IR scattering losses

should be lower.

Table 1

Energy Losses at 6328 A in Dielectric Waveguides*

Material

Loss (dB/cm)

ZnO

60

ZnS

5

Ta205

1

Sputtered glass (Corning 7057)

-0.9

Polyester epoxy

~0.9

Polymers (Vinyltrimethylsilane

Dimethyls iloxane)

~0.9

Fiber waveguidet

2 x 10"4

* Data from Ref. 14

t Data from Ref. 18.

As mentioned previously, the dimensional requirements (A./10) are

formidable. The surface of the waveguide must be smooth over dimen-

sions on the order of several wavelengths. The waveguide can have a

wavy surface and have uniform thickness and still have low losses, as

shown in Figure 2. A discontinuity in the surface causes the light to be

scattered (19). If the light is initially propagating in a single mode, after

scattering the light will propagate in many modes and some may be lost

to radiation away from the waveguide. Besides surface irregularities,

strain (20) may perturb the waveguide modes. This is especially true

in anisotropic crystalline waveguides. Another problem encountered
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more potential u~e. An evaluation of a waveguide usually means measur­
ing the losses·in units of decibels per centimeter (dB/cm). One method 
( 17) is to use optical fibers in contact with the waveguide to measure the 
scattered light as a function of 1transmission distance. Table 1 gives 
some typical values for various materials. It is quite clear that the 
amorphous glass or organic films are superior to the semiconductor 
films. In practical applications, however, semiconductors are more 
useful since they are transparent in the infrared (IR) and have large 
nonlinear susceptibilities. Furthermore, because of the dimensions 
involved, the IR offers the possibility of approaching the A/10 dimen­
sional uniformity required more easily. Also, the IR scattering losses 
should be lower. 

TABLE 1 
Energy Losses at 6328 Jl in Dielectric Waveguides* 

Material 

ZnO 

ZnS 

Ta2 0 5 

Sputtered glass (Corning· 7057) 

Polyester epoxy 

Polymers (Vinyltrimethylsilane 
Dimethylsilmcane) 

Fiber waveguidet 

* Data from Ref. 14 
t Data from Ref. 18. 

Loss (dB/cm) 

60 

5 

1 

~0.9 

~0.9 

~0.9 

2 X 10- 4 

As mentioned previously, the dimensional requirements (A/ 10) are 
formidable. The surface of the waveguide must be smooth over dimen­
sions on the order of several wavelengths. The waveguide can have a 
wavy surface and have uniform thickness and still have low losses, as 
shown in Figure 2. A discontinuity in the surface causes the light to be 
scattered ( 19). If the light is initially propagating in a single mode after 
scattering the light will propagate in many modes and some may be lost 
to radiation away from the wav(!guide. Besides surface irregularities 
strain (20) may perturb the wav 1eguide modes. This is especially true 
in anisotropic crystalline waveguides. Another problem encountered 
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Figure 2 — Examples of high- and low-loss

irregular waveguides. Sketch (a) shows a

uniformly thick but "wavy" waveguide

with variations over distances large com-

pared to k. This waveguide has low loss.

Sketch (b) shows a waveguide with thickness

variations over distances small compared to

K. This waveguide has a high scattering loss.

■ ~1.x h

with epitaxial films are crystalline defects and inclusions of different

crystalline structure. These are scattering sites and must therefore be

eliminated by technological developments.

Optical Elements

Two-dimensional analogs of simple passive optical elements such as

lenses and prisms can be incorporated in optical waveguides. Radiation

propagating in a waveguide has a propagation factor /3, which is propor-

tional to the effective index of refraction for a particular mode of propaga-

tion and inversely proportional to the phase velocity. It is also a func-

tion of the parameters n0, »i, n >, and d. Thus, for example, an increase

in waveguide thickness increases /3 for a given mode. Hence, a section

of waveguide with a change in thickness as shown in Figure 3 represents

a change in effective index. Radiation in a given mode incident on this

boundary will be refracted, as shown. The thickness change is made

over a distance large compared to A. in order to avoid large scattering

losses. Figure 4 shows a prism and a lens constructed by the variation

in waveguide width technique. The same effect can be obtained by varia-

tions in no, nu and n2. Prisms (1) and lenses (21) have been experi-

mentally fabricated using sputtered glass. By using sharp discontinuities,

beam splitters and reflectors can also be fabricated.

Figure 3 — A guided wave which is refracted

due to a gradual change in waveguide

thickness
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Figure 2 - Examples of high- and low-los 
irregular ll'aveguides. Sketch ( a) shows a 
uniformly thick but '\1 avy" waveJ:uide 
with variations over distances large com­
pared to >... This waveguide has low loss. 
Sketch (b) shows a waveguide with thickness 
variations 01·er distances small compared to 
>... This waveguide has a high cattering loss. 

(a) 

with epitaxial films are crystalline defect and inclu ions of different 
crystalline structure. These are scattering ites and must therefore be 
eliminated by technological developments. 

Optical Elements 

Two-dimensional analogs of simple pa ive optical element such a 
lense and pri ms can be incorporated in optical waveguides. Radiation 
propagating in a waveguide has a propagation factor {3, which i propor­
tional to the effective index of refraction for a particular mode of propaga­
tion and inversely proportional to the phase velocity. It is al o a func­
tion of the parameters no ni, n 2 and d. Thu , for example an increa e 
in waveguide thicknes increases {3 for a given mode. Hence a section 
of waveguide with a change in thickness as shown in Figure 3 represents 
a change in effective index. Radiation in a given mode incident on thi 
boundary will be refracted, as shown. The thickne change is made 
over a distance large compared to >.. in order to avoid large cattering 
losses. Figure 4 shows a prism and a lens constructed by the variation 
in waveguide width technique. The ame effect can be obtained by varia­
tions in n 0, n1, and n 2. Pri ms (1) and lenses (21) have been experi­
mentally fabricated using puttered gla . By using sharp di continuitie , 
beam plitter and reflector can also be fabricated. 
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Figure 3 - A g11ided wave 111hich i refracted 
due to a gradual change in wm·e>:uide 
thickness 
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(a) (b)

Figure 4 — Examples of simple waveguide optics: (a) a thin-film

waveguide prism, and (b) a thin-film waveguide lens. In each case

the bending of the light ray is due to a change in waveguide thick-

ness.

With the use of absorbing material deposited on top of the waveguide,

gratings, Fresnel-zone lenses, and spatial filters can in principle be

fabricated. Some success in this area has been reported (21).

Couplers

Propagation in an optical waveguide is associated with an evanescent

field in the low-index cladding dielectric adjacent to the high-index

guiding dielectric. If a second waveguide is placed in close proximity

to the first the evanescent wave will interact with the modes of the

second waveguide. The two waveguides now form a coupled system

which must be analyzed (22,4) as a single unit. The result is that if

initially all the optical energy is in one waveguide, then the optical

energy transfers from one waveguide to the other and back due to inter-

ference effects. The energy is totally transferred in the distance 8, where

8 is a function of all the waveguide parameters (n0, iti, n2, X, d, e, and

W) as shown in Figure 5. Hence in principle, a waveguide coupler can

w

Figure 5 — An optical waveguide directional coupler.

Waveguides of thickness d and width W are coupled through

their evanescent fields by adjusting their separation t to a

distance comparable to k.
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(a) (b) 

Figure 4 - Examples of simple waveguide optics: ( a) a thin-film 
waveguide prism, and (b) a thin-film waveguide lens. In each case 
the bending of the light ray is due to a change in waveguide thick­
ness. 

With the use of absorbing material deposited on top of the waveguide, 
gratings, Fresnel-zone lenses, and spatial filters can in prindple be 
fabricated. Some success in this area has been reported (21). 

Couplers 

Propagation in an optical waveguide is associated with an evanescent 
field in the low-index cladding dielectric adjacent to the high-index 
guiding dielectric. If a second waveguide is placed in close proximity 
to the first the evanescent wave will interact with the modes of the 
second waveguide. The two waveguides now form a coupled system 
which must be analyzed (22,4) as a single unit. The result is that if 
initially all the optical energy is in one waveguide, then the optical 
energy transfers from one waveguide to the other and back due to inter­
ference effects. The energy is totally transferred in the distance 6, where 
S is a function of all the waveguide parameters (n0, n1, n2, A, d, e, and 
W) as shown in Figure 5. Hence in principle, a waveguide coupler can 

I '?? w 

(j) 

~ 
Digitized by Go gle 

Figure 5 - An optical waveguide directional coupler. 
Waveguides of thickness d and width W are coupled through 
their evanescent fields by adjusting their separation t to a 
distance comparable to A. 
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be designed to couple any desired fraction of the optical energy from

waveguide 1 to waveguide 2. Further, the amount of coupling can ac-

tively be varied using, for example, the electrooptic effect to vary n0,

ni, or n2. This idea is the basis for several patents in the fiber waveguide

field (23-25). These devices have logical analogs using dielectric film

waveguides. Figure 6 is an example of a shift register used in an optical

logic system. Light enters through waveguide A and exists via wave-

guide B\ C\ D\ or E', or a combination depending on whether an

appropriate voltage is applied to electrode pairs (bb'), (cc'), etc. The

medium between the waveguides is electrooptic. This device obviously

works in a pulsed regime when the light source is a pulsed source of

radiation.

Figure 6 — Shift register for an optical logic system,

incident at A appears at B', C, D', or E', dependi

the potential on electrode pairs <bb'), (cc'), etc

Light

ting on

Thin-Film Lasers and Amplifiers

The concept of thin-film lasers or amplifiers is very simple: make an

active dielectric waveguide and provide a pumping source, and possibly

a resonator. The most common example is the injection laser (26,27).

The p-n junction forms a dielectric waveguide which confines the radia-

tion in the active region of the junction. The junctions can be used as

lasers or amplifiers (26). Figure 7 illustrates a junction device. Because

of the high index of the semiconductor the cleaved faces have sufficient

reflections to form a laser cavity. When used as an amplifier these

faces are antireflection (AR) coated. Alternatively, the junction cur-

rent can be kept below the threshold value for lasing and still have gain

in the junction (28).

Another approach to a waveguide laser source is to deposit a film of

laser material and add reflectors and a pump source (29,30). The material

494-733 O - 73 - 2
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be designed to couple any desired fraction of the optical energy from 
waveguide l to waveguide 2. Further, the amount of coupling can ac­
tively be varied using, for examp,le, the electrooptic effect to vary no, 
n1, or n2. This idea is the basis for several patents in the fiber waveguide 
field (23-25). These devices have! logical analogs using dielectric film 
waveguides. Figure 6 is an example of a shift register used in an optical 
logic system. Light enters through waveguide A and exists ia wave­
guide B ', C ' , D ', or E ', or a combination depending on whether an 
appropriate voltage is applied to electrode pairs (bb'), (cc'), etc. The 
medium between the waveguides is electrooptic. This device obviously 
works in a pulsed regime when the light source is a pulsed source of 
radiation. 
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Figure 6 - Shift re1::ister for an optical logic system. Light 
incident at A appear at B '. C' , D ', or E'. depending on 
the potential on electrode pairs (bb ' ), (cc' ), etc. 

Thin-Film Lasers and Amplifiers 

The concept of thin-film la er or amplifiers is very simple: make an 
active dielectric waveguide and provide a pumping source and possibly 
a resonator. The most common example i the injection la er (26,27). 
The p-n junction forms a dielectric waveguide which confines the radia­
tion in the active region of the junction. The junctions can be used as 
lasers or amplifiers (26). Figure 7 illustrates a junction device. Because 
of the high index of the semiconductor the cleaved faces have sufficient 
reflections to form a laser cavi1ty. When used as an amplifier these 
faces are antireflection (AR) coated. Alternatively, the junction cur­
rent can be kept below the threshold value for lasing and still have gain 
in the junction (28). 

Another approach to a waveguide laser source i to deposit a film of 
laser material and add reflectors and a pump source (29,30). The material 
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V/////////////77777,

JUNCTION

Figure 7 — A semiconductor junction

laser an an example of an optical wave-

guide source of radiation

might be any of the usual solid-state laser materials, or even dye mole-

clues suspended in organic waveguides. One possibility is sputtering

neodymium-doped glass. The real problem is forming a resonator. A

series of "scratch'Mike discontinuities spaced at intervals of A./4 is one

approach, as shown in Figure 8. Each discontinuity produces a partial

reflection as discussed earlier. The reflections from successive discon-

tinuities can be made to reinforce each other by proper design analogous

to a multilayer dielectric mirror. Another alternative is to use a ring

cavity configuration which eliminates the need for mirrors. This is shown

in Figure 8(b). A three-dimensional waveguide is deposited in the form

ACTIVE MATERIAL

Figure 8 — Optical waveguide laser resonators:

(a) a linear resonator with reflections produced

by \\4-spaced thickness variations, and (b) a ring

resonator with a closely spaced waveguide for an

output coupler

(a)

(b)
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Figure 7 - A semiconductor junction 
laser an an example of an optical wave­
guide source of radiation 

might be any of the usual solid-state laser materials, or even dye mole­
clues suspended in organic waveguides. One possibility is sputtering 
neodymium-doped glass. The real problem is forming a resonator. A 
series of "scratch"-like discontinuities spaced at intervals of A/4 is one 
approach, as shown in Figure 8. Each discontinuity produces a partial 
reflection as discussed earlier. The reflections from successive discon­
tinuities can be made to reinforce each other by proper design analogous 
to a multilayer dielectric mirror. Another alternative is to use a ring 
cavity configuration which eliminates the need for mirrors. This is shown 
in Figure 8(b). A three-dimensional waveguide is deposited in the form 

Digitized by 

Figure 8 - Optical waveguide laser resonators: 
( a) a linear resonator with reflections produced 
by >../4-spaced thickness variations, and ( b) a ring 
resonator with a closely spaced waveguide for an 
output coupler 
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of a ring and another waveguide is positioned close by to couple out a

fraction of the resonator radiation.

The pumping source for a waveguide laser should be part of the thin-

film device. There is no problem with an injection laser type device

since the pumping is done electrically and only electrodes are required

on the waveguide. Other semiconductor devices may require optical

pumping. In this case such things as an electroluminescent film (29)

or another injection laser may be required.

Lasers have been fabricated of thin (-1/00 platelets of CdSe (31,32).

These platelet lasers are optically pumped and can be coupled to a dielec-

tric waveguide using the evanescent field, as with two coupled wave-

guides discussed previously (31). More importantly, an injection laser

can be mounted in contact with the platelet to pump it transverse to

laser action. A possible situation is shown in Figure 9.

Figure 9 — A semiconductor platelet laser

source coupled to an optical waveguide.

The platelet laser is pumped by an injec-

tion laser and radiation is coupled into the

waveguide by evanescent field coupling

through a low-index gap region (or coupler).

Modulators

Modulation of light in a waveguide can be accomplished by modulating

the source or by operating on the light external to the source. Consider-

able work has been done on the direct modulation of semiconductor

lasers (33). Information rates as high as 1 billion bits per second (Gbit/

sec) have been demonstrated using these techniques (33). Analogous

techniques could presumably be used with the other thin-film laser

devices described previously.

External modulators may be caused as electrooptic, acoustooptic,

and magnetooptic. The electrooptic modulators make use of phase

changes in the waveguide modes due to the electric field. For example,

in a waveguide of electrooptic material, or in a waveguide on an electro-

optic substrate, the propagation factors for TE and TM modes vary

differently with an applied electric field. If initially the optical radiation

is linearly polarized with equal TE and TM components, then after

passing through the modulator an appropriate relative phase shift can

cause the light to be linearly polarized orthogonal to the original polariza-

tion. This is shown in Figure 10. The analyzer blocks the light if its

plane of polarization is rotated 90°. The output is an amplitude-modulated
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of a ring and another waveguide i positioned close by to couple out a 
fraction of the resonator radiation. 

The pumping source for a waveguide laser hould be part of the thin­
film device. There is no problem with an injection la er type device 
since the pumping is done electrically and only electrodes are required 
on the waveguide. Other semiconductor devices may require optical 
pumping. In this case such thing a an electroluminescent film (29) 
or another injection la er may be required. 

Lasers have been fabricated of thin ( -1 µ, ) platelets of CdSe (3 J ,32). 
These platelet lasers are optically pu-mped and can be coupled to a dielec­
tric waveguide using the evanescent field, as with two coupled wave­
guides discussed previously (31 ). More importantly, an injection la er 
can be mounted in contact with the platelet to pump it tran verse to 
laser action. A pos ible situation i:s hown in Figure 9. 

Figure 9 - A semiconductor platelet laser 
source coupled to an optical waveguide. 
The platelet la er i pumped by an injec­
tion laser and radiation is coupled into the 
waveguide by evane cent field coupling 
through a low-index gap region ( or coupler). 

Modulators 

INJECTION LASER PUMP 

Modulation of light in a waveguide can be accomplished by modulating 
the source or by operating on the light external to the source. Consider­
able work has been done on the direct modulation of semiconductor 
lasers (33). Information rates as high as I billion bits per second (Gbit/ 
sec) have been demonstrated using these techniques (33). Analogous 
techniques could presumably be used with the other thin-film laser 
devices described previously. 

External modulators may be caused a electrooptic, acoustooptic, 
and magnetooptic. The electrooptic modulators make use of phase 
changes in the waveguide modes due to the electric field. For example, 
in a waveguide of electrooptic material or in a waveguide on an electro­
optic substrate, the propagation :factors for TE and TM modes vary 
differently with an applied electric: field. If initially the optical radiation 
is linearly polarized with equal TE and TM components, then after 
passing through the modulator an appropriate relative phase shift can 
cause the light to be linearly polarized orthogonal to the original polariza­
tion. This is shown in Figure I 0. The analyzer blocks the light if its 
plane of polarization is rotated 90°. The output is an amplitude-modulated 
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Figure 10 — An optical waveguide light modulator.

The electrooptic effect is used to vary the phase

velocities of TE and TM waves, and thereby rotate

the plane of polarization of the incident radiation.

Addition of a polarizer-analyzer pair produces a

modulator.

signal in response to the electrical signal driving the electrooptic wave-

guide. This principle is the basis for the modulators described in Refer-

ences 34 and 35. This type of modulator has been demonstrated in GaP

p-n junction (9,36) and in GaAs epitaxial layer waveguide (37). In the

latter case a half-wave voltage of 84 volts at 1.15/x using a sample 2.4

mm long was demonstrated. This is a reduction of voltage by almost a

factor of 100 as compared to a comparable bulk material device. This

reduction is possible because the light is confined to a waveguide with

an aperture on the order of the wavelength of the light used, and diffrac-

tion spreading is eliminated (38).

Acoustooptic modulators are basically light deflectors and they will

be discussed in the next section.

Magnetooptic modulators (38) make use of induced optical activity

instead of induced birefringence, and they require current-modulated

signals instead of voltage-modulated signals as will electro-optic devices.

A device of this type has not been demonstrated in optical radiation in

terms of smaller magnetic fields. Also, the problem of producing a mag-

netic field confined to an area comparable to the device dimensions

may be difficult.

Deflectors

Deflectors can operate either via the electrooptic (39) or acousto-

optic effect (40). In the case of electrooptic deflectors, these devices

are usually digital deflectors as opposed to providing a continuous scan.

The digital devices work on the principle that the electro-optic effect

rotates the plane of polarization of linearly polarized light in a suitable

medium, and a polarizing prism such as a Rochan, Wollastan, or Thomp-

son deflects the beam into one of two channels. The same effect is
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WAVEGUIDE 

ELECTRO-OPTIC MATERIAL 

Figure 10 - An optical waveguide light modulator. 
The electrooptic effect is used to vary the phase 
velocities of TE and TM waves, and thereby rotate 
the plane of polarization of the incident radiation. 
Addition of a polarizer-analyzer pair produces a 
modulator. 

signal in response to the electrical signal driving the electrooptic wave­
guide. This principle is the basis for the modulators described in Refer­
ences 34 and 3 5. This type of modulator has been demonstrated in GaP 
p-n junction (9,36) and in GaAs epitaxial layer waveguide (37). In the 
latter case a half-wave voltage of 84 volts at 1.15 µ using a sample 2.4 
mm long was demonstrated. This is a reduction of voltage by almost a 
factor of 100 as compared to a comparable bulk material device. This 
reduction is possible because the light is confined to a waveguide with 
an aperture on the order of the wavelength of the light used, and diffrac­
tion spreading is eliminated (38). 

Acoustooptic modulators are basically light deflectors and they will 
be discussed in the next section. 

Magnetooptic modulators (3 8) make use of induced optical activity 
instead of induced birefringence, and they require current-modulated 
signals instead of voltage-modulated signals as will electro-optic devices. 
A device of this type _has not been demonstrated in optical radiation in 
terms of smaller magnetic fields. Also, the problem of producing a mag­
netic field confined to an area comparable to the device dimensions 
may be difficult. 

Deflectors 

Deflectors can operate either via the electrooptic (39) or acousto­
optic effect ( 40). In the case of electrooptic deflectors, these devices 
are usually digital deflectors as opposed to providing a continuous scan. 
The digital devices work on the principle that the electro-optic effect 
rotates the plane of polarization of linearly polarized light in a suitable 
medium, and a polarizing prism such as a Rochan, Wollastan, or Thomp­
son deflects the beam into one of two channels. The same effect is 

Digitized by o gle 
12 

Origi11al from 

UNIVERSITY Of ILLINOIS AT 
URBANA-CHAMPAIGN 



accomplished in optical waveguides using coupled waveguides. No

exact analog of the digital deflector has been demonstrated in optical

waveguides.

The acoustooptic deflector has the advantage of continuous deflec-

tion by electronic tuning of the acoustic frequency. The acoustic wave

produces periodic index variations, which in turn deflect a portion of

the optical radiation by Bragg diffraction. This process is particularly

adaptable to dielectric film waveguides on a substrate. In this case, the

acoustic wave is a surface wave, and the optical radiation is also on the

surface of the substrate. The interaction can therefore be achieved with

much less acoustic power than in the bulk case, and efficiency is im-

proved. Waveguide devices of this sort have been analyzed (41,42) and

a particular configuration (41) is shown in Figure 11. This device had a

maximum observed deflection efficiency of 66% with an electrical

input of 2.5 W, or an acoustic power of 0.18 W. There is no reason to

believe that improvements cannot be made on this device.

Detectors

There is a vast technology built up in the area of semiconductor

photodetectors (48). No attempt will be made here to review this area.

It is sufficient to point out that most of these photodetectors are semi-

conductor junctions in some form. They have been fabricated with re-

sponse times on the order of 10-9 sec in the IR out to beyond \0/x.

Since they are basically junctions, they can conceivably be incorporated

into an optical waveguide circuit. The major operational difference

would be that the incident light would be in the plane of the junction

and not normal to the junction. Actual incorporation of one of these

devices into a waveguide circuit has not been achieved, but there does

not seem to be any insurmountable problems.

Input and Output Couplers

If one has an optical waveguide device and a laser source that is not

built into the waveguide, then the laser radiation must be coupled into

SURFACE ACOUSTIC

WAVE

DIFFRACTED WAVE

TRANSMITTED

WAVE

TRANSDUCER

Figure 11 — Acoustooptic deflector. The optical guided

wave is Bragg scattered by the surface acoustic wave.

13

G
e
n
e
ra

te
d
 f

o
r 

m
e
m

b
e
r 

(U
n
iv

e
rs

it
y
 o

f 
M

a
ry

la
n
d

, 
C

o
lle

g
e
 P

a
rk

) 
o
n
 2

0
1

4
-1

0
-0

1
 1

9
:3

0
 G

M
T
  
/ 

 h
tt

p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/u
iu

g
.3

0
1

1
2

0
4

7
0

8
6

1
6

7
P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le

accomplished in optical waveguides using coupled waveguides. No 
exact analog of the digital deflector has been demonstrated in optical 
waveguides. 

The acoustooptic deflector has the advantage of continuous deflec­
tion by electronic tuning of the acoustic frequency. The acoustic wave 
produces periodic index variations, which in turn deflect a portion of 
the optical radiation by Bragg diffraction. This process is particularly 
adaptable to dielectric film waveguides on a substrate. In this case, the 
acoustic wave is a surface wave, and the optical radiation is also on the 
surface of the substrate. The interaction can therefore be achieved with 
rr1uch less acoustic power than in the bulk case, and efficiency is im­
proved. Waveguide devices of this sort have been analyzed (41,42) and 
a particular configuration ( 41) is shown in Figure 1 1. This device had a 
maximum observed deflection efficiency of 66% with an electrical 
input of 2.5 W, or an acoustic power of 0.18 W. There is no reason to 
believe that improvements cannot be made on this device. 

Detectors 

There is a vast technology built up in the area of semiconductor 
photodetectors (48). No attempt will be made here to review this area. 
It is sufficient to point out that most of these photodetectors are semi­
conductor junctions in some form. They have been fabricated with re­
sponse times on the order of 10- 9 sec in the IR out to beyond 10µ,. 
Since they are basically junction , they can conceivably be incorporated 
into an optical waveguide circuit. The major operational difference 
would be that the incident light would be in the plane of the junction 
and not normal to the junction. Actual incorporation of one of these 
devices into a waveguide circuit has not been achieved, but there does 
not seem to be any insurmountable problems. 

Input and Output Couplers 

If one has an optical waveguide device and a 1!1ser source that is not 
built into the waveguide, then the laser radiation must be coupled into 

INCIDENT 
WAVE ~ 

DIELECTRIC 
WAVEGUIDE ---H--------1 

SURFACE ACOUSTIC 
WAVE 

DIFFRACTED WAVE 

TRANSMITTED 
WAVE 

TRANSDUCER 

Figure I J - Acoustooptic deflector. The optical guided 
wave is Bragg scartered by the su,face acoustic II a1 e. 
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the waveguide device. After a function is performed the radiation must

be coupled out of the waveguide. This coupling must be done efficiently

if the waveguide device is to have any advantage over a similar bulk

device. Several schemes have been proposed and tried.

The most obvious way to couple light into a waveguide is to focus

it down on to the end of the waveguide. This is illustrated in Figure

12(a) and it has been used by many people (3,13,15,51). Ideally one

can couple greater than 90% of the optical radiation into the waveguide

in this manner if the end surface A of the waveguide is flat (to — A./100).

The clear advantage of focusing as a coupling scheme is the resultant

high maximum efficiency. The disadvantage is the difficulty of alignment

which requires micromanipulation of the waveguide under a microscope

objective. Also, the bulkiness of the coupler tends to defeat the advan-

tages of the microoptics. A variation of this approach, which may help

in some cases, is to terminate the waveguide before the edge of the

substrate, as shown in Figure 12(b). This method is also capable of

greater than 90% efficiency (43). In this technique the light is incident

from below the substrate. The waveguide must be prepared so that it

penetrates the substrate. Waveguides of this type have not been fabri-

cated and evaluated, and hence no data is available on an application

of this coupling scheme. A third coupling scheme is to use the evanescent

wave from a totally reflecting interface, as shown in Figure 12(c). Here

the total internal reflection takes place in a prism and the evanescent

field penetrates into the waveguide through the gap. Depending on the

angle of incidence of the incoming light, the propagation factor of the

evanescent wave along the waveguide direction will vary. If it happens to

coincide with the propagation factor for a waveguide mode at that fre-

quency, then light will be coupled into the waveguide. The reverse can

also happen; if light is propagating in the waveguide it can couple out

via a prism in close proximity. Hence for efficient coupling from the

prism to the waveguide, the prism is truncated (equivalently, the focal

spot is moved to the edge of the prism as shown) after the maximum

possibility optical radiation is coupled into the waveguide. Hence, the

right-angle prism is used. The geometry is simply reversed for an output

coupler.

A fourth type of coupling makes use of a phase grating (44) and is

shown in Figure 12(d). In this technique a phase grating is produced

directly on the waveguide surface by developing a photoresist which

has been exposed to an appropriate interference pattern. The light

transmitted through the grating establishes a polarization wave on the

waveguide surface. This wave has a propagation factor along the wave-

guide which is dependent on the angle of incidence of the incoming

radiation, the periodicity of the grating, and the depth of modulation

of the grating. For a fixed grating, variation of the angle of incidence
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the waveguide device. After a function is performed the radiation must 
be coupled out of the waveguiide. This coupling must be done efficiently 
if the waveguide device is to have any advantage over a similar bulk 
device. Several schemes have been proposed and tried. 

The most obvious way to couple light into a waveguide is to focus· 
it down on to the end of th«~ waveguide. This is illustrated in Figure 
12(a) and it has been used by many people (3,13,15,51). Ideally one 
can couple greater than 90% of the optical radiation into the waveguide 
in this manner if the end surface A of the waveguide is flat (to ->../100). 
The clear advantage of focusing as a coupling scheme is the resultant 
high maximum efficiency. The: disadvantage is the difficulty of alignment 
which requires micromanipula.tion of the waveguide under a microscope 
objective. Also, the bulkiness of the coupler tends to defeat the advan­
tages of the microoptics. A variation of this approach, which may help 
in some cases, is to terminate the waveguide before the edge of the 
substrate, as shown in Figure 12(b). This method is also capable of 
greater than 90% efficiency (43). In this technique the light is incident 
from below the substrate. The waveguide must be prepared so that it 
penetrates the substrate. Waveguides of this type have not been fabri­
cated and evaluated, and hence no data is available on an application 
of this coupling scheme. A third coupling scheme is to use the evanescent 
wave from a totally reflecting interface, as shown in Figure 12(c). Here 
the total internal reflection takes place in a prism and the evanescent 
field penetrates into the waveguide through the gap. Depending on the 
angle of incidence of the incoming light, the propagation factor of the 
evanescent wave along the waveguide direction will vary. If it happens to 
coincide with the propagation factor for a waveguide mode at that fre­
quency, then light will be coupled into the waveguide. The reverse can 
also happen; if light is propa,gating in the waveguide it can couple out 
via a prism in close proximity. Hence for efficient coupling from the 
prism to the waveguide, the prism is truncated (equivalently, the focal 
spot is moved to the edge of the prism as shown) after the maximum 
possibility optical radiation is coupled into the waveguide. Hence, the 
right-angle prism is used. The geometry is simply reversed for an output 
coupler. 

A fourth type of coupling makes use of a phase grating ( 44) and is 
shown in Figure l 2(d). In this technique a phase grating is produced 
directly on the waveguide surface by developing a photoresist which 
has been exposed to an appropriate interference pattern. The light 
transmitted through the grating establishes a polarization wave on the 
waveguide surface. This wave has a propagation factor along the wave­
guide which is dependent on the angle of incidence of the incoming 
radiation the periodicity of the grating, and the depth of modulation 
of the grating. For a fixed grating, variation of the angle of incidence 
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(c)

Figure 12 — Input and output couplers: (a) direct coupling into the end of the waveguide,

(b) coupling into a terminated waveguide, (c) prism coupler which uses evanescent wave

coupling, (d) grating coupler, (e) grating coupler using an acoustic surface wave to pro-

duce the grating, and if) grating coupler which uses a holographically produced phase

grating.

allows the propagation factor of the above polarization wave to match

that of a waveguide mode, and light is coupled into the waveguide.

Similarly, light propagating in the waveguide is coupled out by the

grating. The acoustic wave coupler (42) and the holographic coupler

(45) are based on the same idea as the grating coupler, but offer different

techniques of producing the grating.

Applications

Any of the individual elements discussed in the previous section-

modulator, deflector, etc. can be used in a large conventional optical

system. The only requirement would be suitable couplers to couple

light into the waveguide device and then to couple it out again. This

sort of approach may be practical if the optical waveguide device with

its associated waveguide couplers is more efficient than the equivalent

bulk optical device, or if an appropriate bulk optical device does not

exist. However, most practical applications of this technology will
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INPUT 

INPUT ~ 
WAVEGUIDE 

(a) 

(d) 

(e) 

'--.,. ""- LENS 
131/\ /YPRISM 

~.,----GAP 
WAVEGUOE 

(cl (f) 

Figure 12 - Input and olifput coup lers: ( a) direct coup ling into the end of the waveguide, 

( b) coupling into a terminated waveguide, ( c) prism coup ler which uses e, anescent wave 

coupling, ( d) grating coup ler , ( e) grating coup ler usinx an acoustic sw face wave to pro­

duce the grating, and (j) grating coupler 11 ·hich uses a holographica lly produced phase 

grating. 

allows the propagation factor of the above polarization wave to match 
that of a waveguide mode, and light is coupled into the waveguide. 
Similarly, light propagating in the waveguide is coupled out by the 
grating. The acoustic wave coupler (42) and the holographic coupler 
( 45) are based on the same idea as the grating coupler but offer different 
techniques of producing the grating. 

Applications 

Any of the individual elements discussed in the previous section­
modulator, deflector, etc . can be used in a large conventional optical 
system. The only requirement would be suitable couplers to couple 
light into the waveguide device and then to couple it out again. This 
sort of approach may be practical if the optical waveguide device with 
its associated waveguide couplers is more efficient than the equivalent 
bulk optical device, or if an appropriate bulk optical device does not 
exist. However, mo t practical applications of this technology will 
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probably involve the integration of several of these devices or elements

into a microoptical system. What these systems might consist of and what

applications they might have are discussed below. First, however, it

is appropriate to list several characteristics of integrated optics in gen-

eral that might mean a distinct advantage over conventional bulk optics

for specific applications:

• Size. Optical waveguides have cross-sectional dimensions on the

order of the wavelength of the light being guided. An integrated optical

circuit can be fabricated as a thin dielectric film or films on a dielectric

substrate in a manner very analogous to microelectronic circuits.

• Weight. With the reduction in size, weight is reduced propor-

tionately.

• Cost. Once the technology is developed, the cost of a microoptical

circuit would be a small fraction of the cost of conventional optics

with the required polishing, coating, and mounting.

• Alignment. A microoptical integrated circuit has fixed alignment

and is easily isolated from the effects of vibration, acceleration, and

temperature.

• Service. Repair of microoptics is reduced to a simple replacement

process.

• Efficiency. In many cases confinement of the optical energy to a

very thin layer with resultant high intensities permits a more efficient

optical interaction. This is the case with acoustooptic and nonlinear

parametric interactions. Also, the size of microoptics is appropriate

for ultrahigh-frequency modulators and optical data processors.

For a discussion of particular applications it is convenient to consider

three separate areas: communications, display, and computers. In each

of these areas there are arguments for and against the use of optics in

general. Optics offer something new or better in many cases, but a really

practical application would depend on one or more of the characteristics

of microoptics listed above.

Communications

At the present time there is no practical optical communications

systems of any type in existence (46). The answers to the question "Why

optics?" are essentially (a) extremely large bandwidth, and therefore

high data rates, (b) an ultralarge spectral range, (c) narrow optical beams

with essentially no side lobes, (d) energy confinement for secret com-

munication links and the elimination of clutter, (e) small terminals,

antennas, and equipment in general, and (f) transmitters, receivers, and

transmission line are free from the problems of electromagnetic inter-

ference.

16

G
e
n
e
ra

te
d
 f

o
r 

m
e
m

b
e
r 

(U
n
iv

e
rs

it
y
 o

f 
M

a
ry

la
n
d

, 
C

o
lle

g
e
 P

a
rk

) 
o
n
 2

0
1

4
-1

0
-0

1
 1

9
:3

0
 G

M
T
  
/ 

 h
tt

p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/u
iu

g
.3

0
1

1
2

0
4

7
0

8
6

1
6

7
P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le

probably involve the integration of several of these devices or elements 
into a microoptical system. What these systems might consist of and what 
applications they might have are discussed below. First, however, it 
is appropriate to list several characteristics of integrated optics in gen­
eral that might mean a distinct advantage over conventional bulk optics 
for specific applications: 

• Size. Optical waveguides have cross-sectional dimensions on the 
order of the wavelength of the light being guided. An integrated optical 
circuit can be fabricated as a thin dielectric film or films on a dielectric 
substrate in a manner very analogous to microelectronic circuits. 

• Weight. With the reduction in size, weight is reduced propor­
tionately. 

• Cost. Once the technology is developed, the cost of a microoptical 
circuit would be a small fraction of the cost of conventional optics 
with the required polishing, coating, and mounting. 

• Alignment. A microoptic:al integrated circuit has fixed alignment 
and is easily isolated from the effects of vibration, acceleration, and 
temperature. 

• Service. Repair of microoptics is reduced to a simple·replacement 
process. 

• Efficiency. In many case:s confinement of the optical energy to a 
very thin layer with resultant high intensities permits a more efficient 
optical interaction. This is the case with acoustooptic and nonlinear 
parametric interactions. Also, the size of microoptics is appropriate 
for ultrahigh-frequency modulators and optical data processors. 

For a discussion of particular applications it is convenient to consider 
three separate areas: communications, display, and computers. In each 
of these areas there are arguments for and against the use of optics in 
general. Optics offer something new or better in many cases, but a really 
practical application would depend on one or more of the characteristics 
of microoptics listed above. 

Communications 

At the present time there is no practical optical communications 
systems of any type in existernce ( 46). The answers to the question "Why 
optics?" are essentially (a) e~xtremely large bandwidth, and therefore 
high data rates, (b) an ultralarige spectral range, (c) narrow optical beams 
with essentially no side lobes, (d) energy confinement for secret com­
munication links and the elimination of clutter, (e) small terminals, 
antennas, and equipment in g1eneral, and (f) transmitters, receivers, and 
transmission line are free from the problems of electromagnetic inter­
ference. 
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There are counter arguments against optics which are based on the

major problem areas. They are (a) atmospheric transmission losses,

(b) economics, (c) pointing problems, (d) detector bandwidth at 10/x,

and (e) absence of existing ultrahigh-data-rate modulators. Integrated

optics offers potential solutions to many of these arguments. Atmospheric

transmission losses can be reduced by using a short transmission path,

or by using optical waveguide data links. The economics of integrated

optics has already been pointed out. The pointing problem requires

sophisticated optics to scan the field of view, lock on to the signal, and

point the transmitter. The size and weight limitation of the extra complex

system can be overcome with an integrated optical system. The detec-

tor technology is constantly improving and high-frequency modulation

is easier to obtain in a waveguide device, as has already been discussed.

Hence, some possible practical applications of integrated optical systems

might be as follows:

• Ship-to-ship, ship-to-shore, and man-to-man secure short-range

atmospheric path communication.

• Satellite-to-satellite communication.

• Onboard ship and aircraft communications.

• Repeater.

Display

There is an obvious and ever-present need for displays, plotting boards,

etc. These display panels can be effectively linked to a computer to

provide real-time plots and information. Color displays are possible

using laser sources at different wavelengths. Systems of this type that

exist today are bulky, heavy, and environment sensitive. A display

system including laser sources, modulators, and scanners could be

packaged as an integrated optical system.

Computers

Optical computers with complete optical logic systems do not seem

to offer any real advantage over conventional integrated circuit systems

at the present time (47). The real future of optics in relation to com-

puters lies in optical memories, computer interconnections, and input

and output areas. Optical memories need an interface between them and

the conventional integrated circuits. This can be provided by integrated

optics in order to maintain compactness, light weight, and small size.

Communications between computers, or between parts of a computer,

require high data capability. Again this can be effectively provided by

optical waveguides and the integrated optic interface to the electronics

494-733 O - 73 - 3
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There are counter arguments against optics which are based on the 
major problem areas. They are (a) atmospheric transmission losses, 
(b) economics, (c) pointing problems, (d) detector bandwidth at 10µ,, 
and (e) absence of existing ultrahigh-data-rate modulators. Integrated 
optics offers potential solutions to many of these arguments. Atmospheric 
transmission losses can be reduced by using a short transmission path, 
or by using optical waveguide data links. The economics of integrated 
optics has already been pointed out. The pointing problem requires 
sophisticated optics to scan the field of view, lock on to the signal, and 
point the transmitter. The size and weight limitation of the extra complex 
system can be overcome with an integrated optical system. The detec­
tor technology is constantly improving and high-frequency modulation 
is easier to obtain in a waveguide device, as has already been discussed. 
Hence, some possible practical applications of integrated optical systems 
might be as follows: 

• Ship-to-ship, ship-to-shore, and man-to-man secure short-range 
atmospheric path communication. 

• Satellite-to-satellite communication. 
• Onboard ship and aircraft communications. 
• Repeater. 

Display 

There is an obvious and ever-present need for displays, plotting boards, 
etc. These display panels can be effectively linked to a computer to 
provide real-time plots and information. Color displays are possible 
using laser sources at different wavelengths. Systems of this type that 
exist today are bulky, heavy, and environment sensitive. A display 
system including laser sources, modulators, and scanners could be 
packaged as an integrated optical system. 

Computers 

Optical computers with complete optical logic systems do not eem 
to offer any real advantage over conventional integrated circuit systems 
at the present time (47). The real future of optics in relation to com­
puters lies in optical memories, computer interconnections, and input 
and output areas. Optical memories need an interface between them and 
the conventional integrated circuits. This can be provided by integrated 
optics in order to maintain compactness, light weight, and small size. 
Communications between computers, or between parts of a computer, 
require high data capability. Again this can be effectively provided by 
optical waveguides and the integrated optic interface to the electronics. 
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Computer input eventually will require optical scanning of printed

pages and/or pictures. The basic principal of operation is character or

scene recognition via Fourier optics and optical data processing. The

Fourier transform of the image of a character or a scene is sequentially

compared with a collection of Fourier-transformed images of known

characters and/or scenes. Practically, this can mean very complex sys-

tems. Fourier optics can be implemented in optical waveguides (3),

and conceivably the entire system can be made into an integrated optical

system.

Conclusions

Optical waveguides and integrated optics technology is in its infancy

(no more than about 3 years old). Some theoretical work has been done,

and preliminary experimental work has successfully demonstrated the

feasibility of several simple optical waveguide devices. More and more

interest is developing in the field, and many laboratories are beginning

programs. There is no doubt that the problems that must be solved are

quite formidable; however, they do not seem impossible. The real impetus

behind the growing interest in microoptics is the great potential in-

volved with successful applications — small size, light weight, increased

efficiency, elimination of EMI, etc. In the area of nonlinear optics many

new semiconductor materials can be used with this technology. A real

problem is the fabrication of waveguides of dimensions on the order of

A . and smooth to the order of at least A./10. This limitation in all proba-

bility means that the first really successful devices will be in the IR.

Semiconductors are readily available, and there is a large semiconductor

technology from which to build.

The problems to be solved are such that a realistic timetable probably

puts useful devices 5 years away, and integrated optical circuits and

systems 10 years away. Incorporation into military systems is probably

7 years for simple devices, and 12 years for. integrated optics. There

is the possibility that some devices may arrive sooner, notably modula-

tors since they promise to be more efficient and faster than bulk devices

and there is a real need for them in many areas.
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Computer input eventually will require optical scanning of printed 
pages and/or pictures. The basic principal of operation is character or 
scene recognition via Fourier optics and optical data processing. The 
Fourier transform of the image of a character or a scene is sequentially 
compared with a collection of Fourier-transformed images of known 
characters and/or scenes. Practically, this can mean very complex sys­
tems. Fourier optics can be implemented in optical waveguides (3), 
and conceivably the entire system can be made into an integrated optical 
system. 

Conclusions 

Optical waveguides and integrated optics technology is in its infancy 
(no more than about 3 years old). Some theoretical work has been done, 
and preliminary experimental work has successfully demonstrated the 
feasibility of several simple optical waveguide devices. More and more 
interest is developing in the field,, and many laboratories are beginning 
programs. There is no doubt that the problems that must be solved are 
quite formidable· however, they do not seem impossible. The real impetus 
behind the growing interest in rnicrooptics is the great potential in­
volved with successful applications - small size, light weight, increased 
efficiency, elimination of EMI, etc. In the area of nonlinear optics many 
new semiconductor materials can be used with this technology. A real 
problem is the fabrication of wav,eguides of dimensions on the order of 
'A. and smooth to the order of at l,east 'A./ 10. This limitation in all proba­
bility means that the first really successful devices will be in the IR. 
Semiconductors are readily available, and there is a large semiconductor 
technology from which to build. 

The problems to be solved are such that a realistic timetable probably 
puts useful devices 5 years away, and integrated optical circuits and 
systems 10 years away. Incorporation into military systems is probably 
7 years for simple devices, and 12 years for. integrated optics. There 
is the possibility that some devices may arrive sooner,. notably modula­
tors since they promise to be mone efficient and faster than bulk devices 
and there is a real need for them in many areas. 
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(Continued from Patje 2)

The number of cancer deaths in the U.S. during 1971 has been estimated at

335,000. Although it is not expected that this treatment alone will solve this

enormous problem, neutron radiotherapy and other improvements in cancer

treatment may significantly reduce the death toll. According to Dr. Rogers,

present treatment methods including surgery, x rays, gamma rays, and chemo-

therapy have been increasing successful in controlling certain malignant tumors.

However, many cannot be removed surgically, even though they are localized,

without excessive damage to the patients, and many such tumors are also resis-

tant to treatment by medicine or conventional radiations like x or gamma rays.
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The number of cancer deaths in the U.S. during 1971 has been estimated at 
335,000. Although it is not expected that this treatment alone will solve this 
enormous problem, neutron radiotherapy and other improvements in cancer 
treatment may significantly reduce the death toll. According to Dr. Rogers, 
present treatment methods including surgery, x rays, gamma rays, and chemo­
therapy have been increasing successful in controlling certain malignant tumors. 
However, many cannot be removed surgically, even though they are localized, 
without excessive damage to the patients, and many such tumors are also resis­
tant to treatment by medicine or conventional radiations like x or gamma rays. 
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Fiber Optics Communications

Henry F. Taylor*

Naval Electronics Laboratory Center

Introduction

Fiber optics communications is a new, rapidly evolving area of tech-

nology which may soon find widespread civilian and military applica-

tion. Improvements during the past ten years in optical transmission

lines, sources, and detectors —the basic elements of fiber optics com-

munications link —now make this technology worthy of consideration

for a wide variety of information transfer uses.

Advantages of Fiber Optics

Perhaps the most impressive aspect of fiber optics for communica-

tions is the almost infinite bandwidth potential. A 15/xm diameter,

single mode fiber has a bandwidth of the order of 10 GHz per kilometer

of length. A 1-cm cable composed of closely-packed fibers has a capacity

of over 100,000,000 TV channels! However, sources, modulators, and

detectors needed for full utilization of the transmission line bandwidth

have yet to be developed.

Even in systems using presently available emitters and detectors, the

fiber optics transmission line is much smaller in size and lighter in

weight than an electrical line of equivalent bandwidth —attributes that

can translate into cost and performance improvements in military sys-

tems. A properly jacketed optical cable will neither emit nor pick up

electromagnetic radiation, insuring security of communication and

immunity from interference and crosstalk to a degree not possible with

electrical cables. Ground loop and ground shift problems are eliminated

by the use of an insulating transmission medium. Suitable design of fiber

optics terminations should reduce reflections and ringing, which can

cause problems in electrical lines. Finally, the glasses used in some of the

new, low-loss fibers should resist fire damage to temperatures approach-

ing 1000°C, as compared with the 300°C rating for high-temperature

electrical cable.

*Dr. Taylor is Research Physist for the Naval Electronics Laboratory Center where he specialized

in optical communication and integrated optics.
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Fiber Optics Communications 

Henry F. Taylor* 
Naval Electronics Laboratory Center 

Introduction 

Fiber optics communications is a new, rapidly evolving area of tech­
nology which may soon find widespread civilian and military applica-
tion. Improvements during the past ten years in optical transmission 
lines, sources, and detectors - the basic elements of fiber optics com­
munications link - now make this technology worthy of consideration 
for a wide variety of information transfer uses. 

Advantages of Fiber Optics 

Perhaps the most impressive aspect of fiber optics for communica­
tions is the almost infinite bandwidth potential. A 15 µ,m diameter, 
single mode fiber has a bandwidth of the order of 10 GHz per kilometer 
of length. A I-cm cable composed of closely-packed fibers has a capacity 
of over 100,000,000 TV channels! However, sources, modulators, and 
detectors needed for full utilization of the transmission line bandwidth 
have yet to be developed. 

Even in systems using presently available emitters and detectors, the 
fiber optics transmission line is much smaller in size and lighter in 
weight than an electrical line of equivalent bandwidth - attributes that 
can translate into cost and performance improvements in military sys­
tems. A properly jacketed optical cable will neither emit nor pick up 
electromagnetic radiation, insuring security of communication and 
immunity from interference and crosstalk to a degree not possible with 
electrical cables. Ground loop and ground shift problems are eliminated 
by the use of an insulating transmission medium. Suitable design of fiber 
optics terminations should reduce reflections and ringing, which can 
cause problems in electrical lines. Finally, the glasses used in some of the 
new, low-loss fibers should resist fire damage to temperatures approach­
ing 1000°C, as compared with the 300°C rating for high-temperature 
electrical cable. 

* Dr. Taylor is Research Physist for the Naval Electronics Laboratory Center where he specialized 
in optical communication and integrated optics. 
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Components

Fiber Optics Transmission Lines

A light beam propagating in a glass cylinder will be confined to its

interior by total internal reflection if

nasin0 V/i!2 — na2

where na and n\ are, respectively, the refractive indices of the sur-

rounding air and the glass (n(, = 1.00) and 6 is the angle between the

propagation vector of the incident beam and the axis of the cylinder.

However, in practice, minute irregularities at the glass-air interface

cause much of the light to be lost by scattering at each encounter with

the surface. The surface-scattering problem can be elininated if the

cylinder consists of a core of high-index material surrounded by a clad-

ding of lower index. The condition for confinement becomes

n„sin0 ^ Vrci2 — n22

where n\ and n2 are the core and cladding refractive indices, respec-

tively. If the cladding is several wavelengths thick, the light will propagate

in the core and cladding and not contact the surface of the cylinder.

Flexible glass optical fibers with radii from a few micrometers to several

hundred micrometers have been produced.

Three methods are commonly used to make glass fibers. The double-

crucible method employs an inner crucible containing higher-index

glass and an outer crucible with glass of a lower index. The contents

of both crucibles are heated to melting, and the fiber material is drawn

simultaneously from the two crucibles. A second technique, the preform

method, employs a rod of higher-index core material inserted in a hollow

cylinder of lower-index material. One end of the rod and cylinder is

heated to softening and is drawn into a fiber. The ratio of rod and cyl-

inder diameters is maintained in the fiber as the ratio of core and cladding

diameters. The third method is ion exchange. A glass cylinder is placed

in a hot salt solution, and ions in the glass are exchanged with ions in

solution by diffusion. The cylinder is then drawn into a fiber which has

a parabolic refractive index profile.

Optical fibers are also fabricated of plastic, but the attenuation of

present fibers is too great for these to be of much interest for optical

communications. Low-loss fibers consisting of glass cladding surround-

ing a liquid core have recently been produced in the laboratory. However,

the core refractive index of these fibers is sensitive to ambient tempera-

ture, the repairability of breaks is questionable, and they may be difficult
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Components 

Fiber Optics Transmission Lin•~s 

A light beam propagating in a glass cylinder will be confined to its 
interior by total internal reflection if 

where na and n1 are, respectively, the refractive indices of the sur­
rounding air and the glass (n ,a = 1.00) and (} is the angle between the 
propagation vector of the inddent beam and the axis of the cylinder. 
However, in practice, minutie irregularities at the glass-air interface 
cause much of the light to be lost by scattering at each encounter with 
the surface. The surface-scattering problem can be elininated if the 
cylinder consists of a core of high-index material surrounded by a clad­
ding of lower index. The condition for confinement becomes 

where n 1 and n 2 are the cone and cladding refractive indices, respec­
tively. If the cladding is several wavelengths thick, the light will propagate 
in the core and cladding and not contact the surface of the cylinder. 
Flexible glass optical fibers wilth radii from a few micrometers to several 
hundred micrometers have be◄en produced. 

Three methods are commonly used to make glass fibers. The double­
crucible method employs an inner crucible containing higher-index 
glass and an outer crucible with glass of a lower index. The contents 
of both crucibles are heated to melting, and the fiber material is drawn 
simultaneously from the two crucibles. A second technique, the preform · 
method, employs a rod of higher-index core material inserted in a hollow 
cylinder of lower-index material. One end of_ the rod and cylinder is 
heated to softening and is drawn into a fiber. The ratio of rod and cyl­
inder diameters is maintained iln the fiber as the ratio of core and cladding 
diameters. The third method i ion exchange. A glass cylinder is placed 
in a hot salt solution, and ions in the glass are exchanged with ions in 
solution by diffusion. The cylinder is then drawn into a fiber which has 
a parabolic refractive index profile. 

Optical fibers are also fabricated of plastic, but the attenuation of 
present fibers is too great for these to be of much interest for optical 
communications. Low-loss fibers consisting of glass cladding surround­
ing a liquid core have recently been produced in the laboratory. However, 
the core refractive index of these fibers is sensitive to ambient tempera­
ture , the repairability of break is questionable, and they may be difficult 
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to manufacture in large quantity. Glass fibers seem to offer the most

promise for optical communications.

There are two distinct types of fiber for communications purposes —

the single mode and the multimode. The single-mode fiber has a very

large information transfer bandwith, of the order of 10 GHz per kilo-

meter of length. However, coupling of light from incoherent sources,

such as light-emitting diodes, into single-mode fibers is very inefficient.

The multimode fiber has a bandwidth roughly two orders of magnitude

lower than the single mode fiber, but will couple efficiently to incoherent

sources. Coupling considerations dictate the use of bundles containing

tens or hundreds of multimode fibers with presently available semicon-

ductor sources. Single-mode fibers will be required for very wide band

intercity links of the future.

The development of low-loss fibers has been the main factor respon-

sible for the recent interest in fiber optics communications. The attenua-

tion factor of commercially available fiber optics is about 1000 dB/km.

Absorption by impurities and scattering due to refractive index nonuni-

formities are the two mechanisms responsible for the loss. Recently

developed techniques for glass purification and process control have

enabled researchers in several laboratories to produce fibers with

losses substantially below 1000 dB/km. The loss factor of 4 dB/km

recently reported by Corning Glass Works is close to the theoretical

limit from Rayleigh scattering by frozen-in refractive index inhomo-

genieties. At the present time, low-loss fibers are still a developmental

item and are not sold commercially.

Sources

A source capable of cw, room-temperature operation is required for

fiber optics systems with communications bandwidths much above the

audio range. Considerations of cost, reliability, power requirements,

size, and necessity for external modulation rule out gas lasers, such as

HeNe, and solid-state lasers, such as Nd:YAG, as sources for most

fiber optics communications applications. The semiconductor laser is

anticipated to be the coherent source for use with single-mode fibers in

very wide-band systems of the future. However, cw, room-temperature

devices will remain in the developmental stage until operating life is

improved. The light-emitting diode (LED), incoherent counterpart of

the semiconductor laser, is left as the choice for present-day systems.

The LED is simply a semiconductor chip, which contains a PN junc-

tion, mounted on a header and encapsulated beneath a transparent

window. Light is emitted when the forward bias on the junction (in volts)

is approximately equal to the energy gap (in electron volts). Optical
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to manufacture in large quantity. Glass fibers seem to offer the most 
promise for optical communications. 

There are two distinct types of fiber for communications purposes~ 
the single mode and the multimode. The single-mode fiber has a very 
large information transfer band with, of the order of IO GHz per kilo­
meter of length. However, coupling of light from incoherent sources, 
such as light-emitting diodes, into single-mode fibers is very inefficient. 
The multimode fiber has a bandwidth roughly two orders of magnitude 
lower than the single mode fiber, but will couple efficiently to incoherent 
sources. Coupling considerations dictate the use of bundles containing 
tens or hundreds of multimode fibers with presently available semicon­
ductor sources. Single-mode fibers will be required for very wide band 
intercity links of the future. 

The development of low-loss fibers has been the main factor respon­
sible for the recent interest in fiber optics communications. The attenua­
tion factor of commercially available fiber optics is about I 000 dB/km. 
Absorption by impurities and scattering due to refractive index nonuni­
formities are the two mechanisms responsible for the loss. Recently 
developed techniques for glass purification and process control have 
enabled researchers in several laboratories to produce fibers with 
losses substantially below 1000 dB/km. The loss factor of 4 dB/km 
recently reported by Corning Glass Works is close to the theoretical 
limit from Rayleigh scattering by frozen-in refractive index inhomo­
genieties. At the present time, low-loss fibers are still a developmental 
item and are not sold commercially. 

Sources 

A source capable of cw room-temperature operation is required for 
fiber optics systems with communications bandwidth much above the 
audio range. Considerations of cost, reliability, power requirement 
size, and necessity for external modulation rule out gas lasers, such a 
HeNe, and olid-state lasers uch as Nd:Y AG, as sources for mo t 
fiber optic communications application . The emiconductor laser i 
anticipated to be the coherent source for use with ingle-mode fibers in 
very wide-band systems of the future. However, cw, room-temperature 
devices will remain in the developmental stage until operating life is 
improved. The light-emitting diode (LED), incoherent counterpart of 
the semiconductor laser, is left as the choice for present-day systems. 

The LED is simply a emiconductor chip, which contains a PN junc­
tion, mounted on a header and encapsulated beneath a transparent 
window. Light is emitted when the forward bias on the junction (in volt ) 
is approximately equal to the energy gap (in electron volts). Optical 
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output power is close to a linear function of the current passing through

the device. It can be modulated at high rates by varying the driving cur-

rent. The maximum frequency is limited by carrier lifetime; cutoff fre-

quencies in the neighborhood of 50 MHz are observed in the fastest

commercial devices. The most efficient LED's are made of GaAs, which

emits in a 400 A-wide band centered near 9000 A. External power-

conversion efficiencies are typically in the 2-10% range. The spectral

emission peak can be shifted to shorter wavelengths by doping at a

sacrifice of power and efficiency.

Detectors

The three types of detector which can be useful in fiber optics com-

munications are the silicon PIN photodiode, the silicon avalanche

photodiode, and the photomultiplier. Photodiodes are semiconductor

junction devices in which the current or voltage depends on the intensity

of light falling on the junction region. When a reverse bias of a few volts

is applied, the current in the device is close to a linear function of light

intensity. PIN photodiodes include an intrinsic layer between the P-

and N-doped regions to increase the volume of the active region, and,

as a consequence, the quantum efficiency of the device. The avalanche

photodiode has internal gain. The device is biased so strongly (>100

volts dc) that the internal electric field is capable of accelerating photo-

generated carriers to an energy such that they can create new electron-

hole pairs by collision with valence-band electrons. For each electron-

hole pair originally created, a large number of carriers are collected by

the electrodes. Spectral response of silicon PIN and avalanche photo-

diodes peaks near 9000 A, which is well-matched to the GaAs sources.

Photomultipliers are vacuum tubes containing a light sensitive cathode

and several internal stages of amplification. A bias in the 1000-2000

volt range is required for most tubes. Best response is in the visible

spectral range (4000-7000 A), but new cathode materials have fair

efficiency into the near infrared.

Bandwidths are above 100 MHz for silicon PIN photodiodes and

photomultipliers and approach 1 GHz for some silicone avalanche photo-

diodes.

A comparison of the three types of detector as fiber optics com-

munications receivers shows that the photomultiplier has the best

signal-to-noise ratio for visible light, and the photomultiplier and silicon

avalanche detector are about equal at 9000 A. Although the silicon

PIN photodiode has the least favorable signal to noise ratio, factors

such as low cost, high reliability, and low bias requirements combine

to make it the choice in many applications.
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output power i close to a linear function of the current passing through 
the device. It can be modulated at high rates by varying the driving cur­
rent. The maximum frequency is limited by carrier lifetime; cutoff fre­
quencies in the neighborhood of 50 MHz are observed in the fastest 
commercial devices. The most efficient LED's are made of GaAs, which 
emits in a 400 A-wide band centered near 9000 A. External power­
conversion efficiencies are typically in the 2-10% range. The spectral 
emission peak can be shifted to shorter wavelengths by doping at a 
sacrifice of power and efficiency. 

Detectors 

The three types of detector which can be useful in fiber optics com­
munications are the silicon PIN photodiode, the silicon avalanche 
photodiode, and the photomultiplier. Photodiodes are semiconductor 
junction devices in which the current or voltage depends on the intensity 
of light falling on the junction region. When a reverse bias of a few volts 
is applied, the current in the device is close to a linear function of light 
intensity. PIN photodiodes include an intrinsic layer between the P­
and N-doped regions to increase the volume of the active region, and, 
as a consequence, the quantum efficiency of the device. The avalanche 
photodiode has internal gain. The device is biased so strongly (> 100 
volts de) that the internal electric field is capable of accelerating photo­
generated carriers to an energy such that they can create new electron­
hole pairs by collision with valence-band electrons. For each electron­
hole pair originally created, a large number of carriers are collected by 
the electrodes. Spectral response of silicon PIN and avalanche photo­
diodes peaks near 9000 A, which is well-matched to the GaAs sources. 
Photomultipliers are vacuum tubes containing a light sensitive cathode 
and several internal stages of amplification. A bias in the 1000-2000 
volt range is required for most tubes. Best response is in the visible 
spectral range (4000-7000 A), but new cathode materials have fair 
efficiency into the near infrared. 

Bandwidths are above 100 MHz for silicon PIN photodiodes and 
photomultipliers and approach 1 GHz for some silicone avalanche photo-
diodes. ' 

A comparison of the three types of detector as fiber optics com­
munications receivers shows that the photomultiplier has the best 
signal-to-noise ratio for visible light, and the photomul.tiplier and silicon 
avalanche detector are about equal at 9000 A. Although the silicon 
PIN photodiode has the least favorable signal to noise ratio, factors 
such as low cost, high reliability and low bias requirements combine 
to make it the choice in many applications. 
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Integrated Optical Circuits

The electronics industry has demonstrated that order-of-magnitude

improvements in size, weight, power requirements, reliability, speed of

operation, and cost can be achieved by fabricating many components on

a single substrate. It is suggested that similar advantages can be achieved

in fiber optics communications systems by replacing discrete components

with integrated optical circuits (IOC's). An IOC is a transparent sub-

strate upon which different types of optical components and waveguide

interconnections are fabricated. Some components which might be

contained in IOC's include optical sources, detectors, modulators,

amplifiers, switches, filters, directional couplers, and fan in and fan

out elements. An increasing number of laboratories are engaged in re-

search directed towards developing IOC's, primarily for use in fiber

optics communications.

Fiber Optics Systems

Based on considerations of size, cost, power requirements, and reli-

ability, gallium arsenide LED sources and silicon PIN detectors are the

choice for use in many fiber optics communications applications. After

the choice of source and detector has been made, the main tradeoffs

involve signal bandwidth, transmission line length, and fiber optics

attenuation factor. Results of a calculation of the maximum fiber optics

attenuation factor (in dB/km at 9000 A) consistent with a particular

length-bandwidth requirement are given below:

Length (m)

50

300

1000

4 kHz analog

1100 dB/km

180 dB/km

50 dB/km

5 MHz analog

550

90

25

Bandwidth

2 Mb/sec PCM

800

130

40

Requirement

10 Mb/sec PCM

600

100

30

50 Mb/sec PCM

500

80

20

A signal-to-noise ratio of 30 dB for the analog signals and an error rate

of 10-7 for the digital signals was assumed. According to the table,

attenuation factors in the 500-1100 dB/km range will be required for

aircraft applications (maximum distance —50 m) and in the 80-180
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Integrated Optical Circuits 

The electronics industry ha demonstrated that order-of-magnitude 
improvements in size, weight, power requirements, reliability , speed of 
operation, and cost can be achieved by fabricating many components on 
a single substrate. It is suggested that similar advantages can be achieved 
in fiber optics communications systems by replacing discrete components 
with integrated optical circuits (IOC's). An IOC is a transparent sub­
strate upon which different types of optical components and waveguide 
interconnections are fabricated. Some components which might be 
contained in IOC's include optical sources, detectors, modulators, 
amplifiers, switches, filters , directional couplers, and fan in and fan 
out elements. An increasing number of laboratories are engaged in re­
search directed towards developing IOC's, primarily for use in fiber 
optics communications. 

Fiber Optics Systems 

Based on considerations of size, cost, power requirements, and reli­
ability , gallium arsenide LED sources and silicon PIN detectors are the 
choice for use in many fiber optics communications applications. After 
the choice of source and detector has been made, the main tradeoffs 
invoLve signal bandwidth, transmission line length, and fiber optics 
attenuation factor. Results of a calculation of the maximum fiber optics 
attenuation factor (in dB/km at 9000 A) consistent with a particular 
length-bandwidth requirement are given below: 

Length (m) 

50 300 1000 

4 kHz analog 1100 dB/km 180 dB/km 50 dB/km 

5 MHz analog 550 90 25 
Bandwidth 

2 Mb/ ec PCM 800 130 40 
Requirement 

IO Mb/sec PCM 600 100 30 

50 Mb/sec PCM 500 80 20 

A signal-to-noise ratio of 30 dB for the analog signals and an error rate 
of 10- 1 for the digital signals was assumed. According to the table, 
attenuation factors in the 500-1100 dB/km range will be required for 
aircraft applications (maximum distance - 50 m) and in the 80-180 
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dB/km range will be needed for naval vessels (maximum distance ~300

m). Recalling that commercial (high-loss) fiber optics have attenuation

in the neighborhood of 1000 dB/km, we see that low-loss fibers will be

needed for wide-bandwidth communications on aircraft and for even

low-bandwidth signals on ships.

Applications

Long Land Lines

At the present time, optical links are not economically viable in

comparison with the competing technologies —land-based or satellite

microwave relay, millimeter waveguide, and coaxial cable —for long

land-line applications. This will change, however, if efforts to develop

very-wide-band optical modulators and detectors, reliable cw, room-

temperature lasers, and, eventually, integrated optical circuits, are

successful. In fact, fiber optics may ultimately provide the only solu-

tion to the distribution of Picturephone(R)and other wideband services

to the home at a price most people can afford.

Submersible Tow Cables

Long submersible tow cables for sensor arrays must be strong, have

low weight in water, and have telemetry capability. Such cables gen-

erally contain a copper transmission line for the telemetry, a layer of

neutrally buoyant material, and a strength member. A fiber optics trans-

mission line is much smaller and more neutrally buoyant than a copper

line of equivalent bandwidth. Thus, use of fiber optics for the telemetry

could lead to substantial savings in cable size and cost.

Secure Voice and Television Links

Many of the electrical lines on naval vessels and military land stations

are used to transmit classified information. In an effort to prevent these

lines from emitting radiation, a number of precautions are taken. These

include using heavy cables with extra shielding, running cables through

steel conduits, physically separating secure lines by large distances

from other lines, and reducing signal voltages. These precautions, which

generally increase costs without completely eliminating the problem, are

not needed with fiber optics lines.

Data Links

The use of fiber optics for lines carrying digital signals to or from

computers will eliminate system malfunction due to ground shifts and
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dB/km range will be needed for naval vessels (maximum distance -- 300 
m). Recalling that commercial (high-loss) fiber optics have attenuation 
in the neighborhood of 1000 dB/km, we see that low-loss fibers will be 
needed for wide-bandwidth communications on aircraft and for even 
low-bandwidth signals on ships. 

, Applications 

Long Land Lines 

At the present time, optical links are not economically viable in 
comparison with the competing technologies - land-based or satellite 
microwave relay, millimeter waveguide, and coaxial cable-for long 
land-line applications. This will change, however, if efforts to develop 
very-wide-band optical modulators and detectors, reliable cw, room­
temperature lasers, and, eventually, integrated optical circuits, are 
successful. In fact, fiber optics may ultimately provide the only solu­
tion to the distribution of Picturephone@and other wideband services 
to the home at a price most people can afford. 

Submersible Tow Cables 

Long ubmersible tow cable for en or array mu t be trong, have 
low weight in water, and have telemetry capability. Such cables gen­
erally contain a copper transmission line for the telemetry, a layer of 
neutrally buoyant material, and a strength member. A fiber optics trans­
mission line is much smaller and more neutrally buoyant than a copper 
line of equivalent bandwidth. Thus, use of fiber optics for the telemetry 
could lead to substantial savings in cable size and cost. 

Secure Voice and Television Links 

Many of the electrical lines on naval vessels and military land stations 
are used to transmit classified information. In an effort to prevent these 
lines from emitting radiation, a number of precautions are taken. These 
include using heavy cables with extra shielding, running cables through 
steel conduits, physically separating secure lines by large distances 
from other lines, and reducing signal voltages. These precautions, which 
generally increase costs without completely eliminating the problem, are 
not needed with fiber optics lines. 

Data Links 

The use of fiber optics for lines carrying digital signals to or from 
computers will eliminate system malfunction due to ground shifts and 
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errors caused by electromagnetic pickup. Savings in size and weight and

increased bandwidth potential will also be realized.

Data Bus

The multiterminal multiplex system, or data bus, is evident in the

design of new civilian and military aircraft and is planned for future

ships and submarines. The properties of a data bus transmission line,

which handles much of the information flow for an entire platform,

become increasingly crucial. The use of fiber optics could lead to im-

provements in bandwidth, reliability, error immunity, damage suscepti-

bility, and security.

Conclusions

Fiber optics offers a number of advantages in comparison with com-

peting technologies for communications applications. Sources and

detectors for fiber optics communications are commercially available,

but low-loss fibers, required for most applications, are still in the develop-

mental stage. With continued improvements in components, fiber optics

may eventually handle a substantial portion of the information transfer

requirements for military and civilian sectors.

(Continuedfrom Puge 20)

It is now thought that fast neutron beams have several characteristics which

may contribute to their effectiveness in the treatment of local tumors where the

other radiations have failed. The most important such characteristic depends on

the fact that many tumors are deficient to oxygen due to insufficient blood supply.

Tumor cells under these conditions are much more resistant to damage by x

or gamma rays than are well-oxygenated healthy cells. Thus, it is difficult to

kill the tumor cells without excessive damage to nearby healthy tissue. Cell

damage from neutron beams, on the other hand, is less dependent upon oxygen

content, allowing the tumor to be destroyed without increasing the damage to

healthy tissue.

The NRL cyclotron is considered an excellent facility for this project, not

only because of the favorable characteristics of its neutron beam, but also be-

cause of the broad relevant experience of its staff, and the central location of

NRL which will allow close collaboration with numerous cancer treatment

centers.

Present plans call for modification of the NRL facility to accommodate a

limited number of cancer patients in the program. This would be completed in

about a year, at which time the pilot study of patient treatment will begin. Until

then, present investigations of the physical characteristics of this neutron beam

and its effect on a variety of biological subjects, including human cells, will be

continued.
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errors caused by electromagnetic pickup. Savings in size and weight and 
increased bandwidth potential will also be realized. 

Data Bus 

The multiterminal multiplex system, or data bus, is evident in the 
design of new civilian and military aircraft and is planned for future 
ships and submarines. The properties of a data bus transmission line, 
which handles much of the information flow for an entire platform, 
become increasingly crucial. The use of fiber optics could lead to im­
provements in bandwidth, reliability, error immunity, damage suscepti­
bility, and security. 

Conclusions 

Fiber optics offers a number of advantages in comparison with com­
peting technologies for communications applications. Sources and 
detectors for fiber optic communications are commercially available, 
but low-loss fibers, required for most applications, are still in the develop­
mental stage. With continued improvements in components, fiber optics 
may eventually handle a substantial portion of the information transfer 
requirements for military and civilian sector . 

(Conlinuedfrom Page 20) 

It is now thought that fast neutron beams have several characteristics which 
may contribute to their effectiveness in the treatment of local tumors where the 
other radiations have failed. The most important such characteristic depends on 
the fact that many tumors are deficient to oxygen due to insufficient blood supply. 

Tumor cells under these conditions are much more resistant to damage by x 
or gamma rays than are well-oxygenated healthy cells. Thus, it is difficult to 
kill the tumor cells without excessive damage to nearby healthy tissue. Cell 
damage from neutron beams, on the other hand, is less dependent upon oxygen 
content, allowing the tumor to be destroyed without increasing the damage to 
healthy tissue. 

The NRL cyclotron i considered an excellent facility for this project, not 
only because of the favorable characteristics of its neutron beam, but also be­
cause of the broad relevant experience of its staff and the central location of 
NRL which will allow close collaboration with numerous cancer treatment 
centers. 

Present plans call for modification of the NRL facility to accommodate a 
limited number of cancer patients in the program. This would be completed in 
about a year, at which time the pilot tudy of patient treatment will begin. Until 
then, pre ent investigations of the physical characteristics of this neutron beam 
and its effect on a variety of biological subjects, including human cells, will be 
continued. 
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Glass Fiber Optical Waveguides

for Laser Communications Systems

C. J. Montrose and P. B. Macedo*

Vitreous State Laboratory

The Catholic University of America

The development of a low-loss reliable inexpensive optical

transmission line is crucial to the implementation of any laser

communication or data transmission system. The most promising

candidate for such a transmission line is the glass fiber optical

waveguide. The major obstacle to the use of such fibers are the

relatively high losses due to scattering and absorption in the glass

material. Recently, by careful purification of the starting materials,

fibers have been fabricated in which absorption losses amount to

only 20 percent of an overall loss of 5 dB/km. The reduction of the

scattering losses is now imperative. Our research indicates that a

reduction by a factor of six and perhaps more in the scattering

attenuation coefficient can be realized.

Introduction

Of the many applications that have been prophesied for the laser

since it was first developed, perhaps the most promising (and at present

one of the least exploited) lies in its use in the field of communication.

The great potential in this area derives from the capability of a laser

beam for carrying information in much the same way as radio waves can

be modulated and used for signal transmission. The advantage of using

a laser beam as the carrier is the enormous information carrying capacity

accompanying the use of optical frequencies. Because the frequency of a

light wave is a factor of 105 to 108 higher than radio frequencies, the

information carrying capacity is increased by roughly the same factor.

A. D. Pearson of Bell Telephone Laboratories has illustrated the enor-

mous magnitude of this increase by the following example. Imagine that

half the population of the United States simultaneously place telephone

calls to the other half of the population; these hundred million (or so)

conversations could be carried on one laser beam and use only 20 per-

cent of its capacity.

In an optical communication system a laser beam on which the infor-

mation is carried must be transmitted between two points perhaps

*Dr. Montrose and Dr. Macedo are at the Vitreous State Laboratory of the Catholic University of

America. Dr. Montrose is Associate Professor Physics specializing in glasses; Dr. Macedo is Pro-

fessor of Chemical Engineering and Material Science specializing in liquids.
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Glass Fiber Optical Waveguides 
for Laser Communications Systems 

C. J. Montrose and P. B. Macedo* 
Vitreous State Laboratory 

The Catholic University of America 

The development of a low-loss reliable inexpensive optical 
transmission line is crucial to the implementation of any laser 
communication or data transmission system. The most promising 
candidate for such a transmission line is the glass fiber optical 
waveguide. The major obstacle to the use of such fibers are the 
relatively high losses due to scattering and absorption in the glass 
material. Recently, by careful purification of the starting materials, 
fibers have been fabricated in which absorption losses amount to 
only 20 percent of an overall loss of 5 dB/km. The reduction of the 
scattering losses is now imperative. Our research indicates that a 
reduction by a factor of six and perhaps more in the scattering 
attenuation coefficient can be realized. 

Introduction 

Of the many applications that have been prophesied for the laser 
since it was first developed, perhaps the most promising (and at present 
one of the least exploited) lies in its use in the field of communication. 
The great potential in this area derives from the capability of a laser 
beam for carrying information in much the same way as radio waves can 
be modulated and used for signal transmission. The advantage of using 
a laser beam as the carrier is the enormous information carrying capacity 
accompanying the use of optical frequencies. Because the frequency of a 
light wave is a factor of 105 to 108 higher than radio frequencies, the 
information carrying capacity is increased by roughly the same factor. 
A. D. Pearson of Bell Telephone Laboratories has illustrated the enor­
mous magnitude of this increase by the following example. Imagine that 
half the population of the United States simultaneously place telephone 
calls to the other half of the population; these hundred million (or so) 
conversations could be carried on one laser beam and use only 20 per­
cent of its capacity. 

In an optical communication system a laser beam on which the infor­
mation is carried must be transmitted between two points perhaps 

*Dr. Montrose and Dr. Macedo are at the Vitreous State Laboratory of the Catholic University of 
America. Dr. Montrose is Associate Professor Physics specializing in glasses ; Dr. Macedo is Pro­
fessor of Chemical Engineering and Material Science specializing in liquids. 
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many kilometers apart. To transmit such a beam through the atmosphere

(as is done with radio and micro-waves) is impossible because clouds,

rain, snow, dust and other airborne contaminants quickly dissipate the

beam. Some form of transmission line is needed to transmit the optical

signal faithfully with a minimum of loss. What is needed is the optical

analog of a coaxial cable to guide the beam from source to receiver. One

such transmission line could consist of a series of glass lenses mounted

within an evacuated pipe. The lenses would be anti-reflection coated to

minimize losses at the vacuum-glass interfaces and the whole assembly

would be encased within some protective armoring and perhaps buried

in the earth. The operation of such a light guide is straight-forward and

is illustrated in Figure 1. There are a number of disadvantages to such a

system, not the least of which would simply be the cost. Other severe

limitations would involve the reliability of the system when subjected

to vibration and temperature changes; the precise alignment of the lenses

would probably have to be maintained through some complicated (and

therefore undesirable) servomechanism.

Figure I — A sketch illustrating the guiding of an optical beam

by a series of lenses

Another possibility is the so-called gas lens in which a flow of gas

is maintained in a small diameter metal tube which is heated from out-

side. As a result of the heating the gas near the surface of the tube has

a lower density, and therefore a lower refractive index, than that near

the axis of the tube. Thus, a radial gradient in the refractive index is

established causing the light beam to be continuously focused or guided

along the tube. The general idea of the gas lens is sketched in Figure 2.

As with the arrangement of glass lenses this system presents alignment

difficulties and is relatively expensive. The chief advantage of these

transmission lines is their low loss.

The third type of guide is the glass fiber optical waveguide. Here

the light beam is confined within and guided along a solid glass fiber of

cylindrical cross-section. The major advantages of this type of line are

its relatively low cost and lack of alignment problems. The fibers are

very small in diameter (less than a millimeter) and can be arranged into

bundles, protected with some sort of flexible sheathing and then handled,
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many kilometers apart. To transmit such a beam through the atmosphere 
(as is done with radio and micro-waves) is impossible because clouds, 
rain, snow, dust and other airborne contaminants quickly dissipate the 
beam. Some form of transmission line is needed to transmit the optical 
signal faithfully with a minimum of loss. What is needed is the optical 
analog of a coaxial cable to guide the beam from source to receiver. ,One 
such transmission line could consist of a series of glass lenses mounted 
within an evacuated pipe. The lenses would be anti-reflection coated to 
minimize losses at the vacuum-glass interfaces and the whole assembly 
would be encased within some protective armoring and perhaps buried 
in the earth. The operation of such a light guide is straight-forward and 
is illustrated in Figure 1. There are a number of disadvantages to such a 
system, not the least of which would simply be the cost. Other severe 
limitations would involve the reliability of the system when subjected 
to vibration and temperature changes; the precise alignment of the lenses 
would probably have to be maintained through some complicated (and 
therefore undesirable) servomechanism. 

I I I // I I 

Figure I - A sketch illustraring the guiding of an optical beam 
by a series of lenses 

I I 

I I l I 

Another possibility is the so-called gas lens in which a flow of gas 
is maintained in a small diameter metal tube which is heated from out­
side. As a result of the heating the gas near the surface of the tube has 
a lower density, and therefore a lower refractive index, than that near 
the axis of the tube. Thus, a radial gradient in the refractive index is 
established causing the light beam to be continuously focused or guided 
along the tube. The general idea of the ga len is sketched in Figure 2. 
As with the arrangement of glass lenses this system presents alignment 
difficulties and is relatively expensive. The chief advantage of these 
transmission lines is their low loss. 

The third type of guide is the glass fiber optical waveguide. Here 
the light beam is confined within and guided along a solid glass fiber of 
cylindrical cross-section. The major advantage of this type of line are 
its relatively low cost and lack of alignment problems. The fibers are 
very small in diameter (less than a millimeter) and can be arranged into 
bundles, protected with some sort of flexible sheathing and then handled, 
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Figure 2 — A rough sketch of a gas lens showing the radial density

and refractive index profiles

i.e. either buried or strung above ground, much like cables. The principal

problem associated with the glass fiber guide is its comparatively high

loss. The principal thrust of this paper is to enumerate the sources of

this loss and to discuss some of the more promising avenues of research

leading to the development of materials for which the loss is acceptably

small.

Glass Fiber Optical Waveguides

Glass fiber optical waveguides generally are formed of a central glass

core surrounded by a glass clad (see Figure 3). The cladding glass has a

lower refractive index than the core material so that a light beam injected

into one end of the compound fiber is confined to and guided along the

line by total internal reflection. The fiber cores range in diameter from

roughly 1 to 100 fxm and typical clad-core diameter ratios are on the order

of ten to one.

An alternate type of glass fiber guide has been developed (see Figure

4). In this type of self-focusing fiber a radially parabolic refractive

index profile is created within a glass filament; light is guided along

such a fiber in just the same fashion as in the gas lens system described

above. The desired refractive index profile can be achieved by ion-

exchange techniques in which, for example, thallium ions in the glass

fiber near the surface are replaced by sodium or potassium ions.

To operate a glass fiber optical waveguide as a transmission line in a

long distance communications system, it is essential that signal losses

within the line be kept at an acceptably low level. For economical

operation the distance between amplifiers or repeaters in the line cannot

be smaller than a few kilometers or so. Since the allowable signal loss

between repeaters is about 40 dB, attenuation coefficients less than 20

dB/km are an absolute necessity; realistically, it does not appear to be

impossible to reduce the losses to 5 dB/km or perhaps even lower.

Developing such low loss optical fibers represents the major need in

the deployment of an optical fiber communications system. Since a
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DENSITY 

Figure 2 - A rough sketch of a gas lens showing the radial density 
and refractive index profiles 

i.e. either buried or strung above ground, much like cables. The principal 
problem associated with the glass fiber guide is its comparatively high 
loss. The principal thrust of this paper is to enumerate the sources of 
this loss and to discuss some of the more promising avenues of research 
leading to the development of materials for which the loss is acceptably 
small. 

Glass Fiber Optical Waveguides 

Glass fiber optical waveguides generally are formed of a central glass 
core surrounded by a glass clad (see Figure 3). The cladding glass has a 
lower refractive index than the core material so that a light beam injected 
into one end of the compound fiber is confined to and guided along the 
line by total internal reflection. The fiber cores range in diameter from 
roughly 1 to 100 µ,m and typical clad-core diameter ratios are on the order 
of ten to one. 

An alternate type of glass fiber guide has been developed (see Figure 
4). In this type of self-focusing fiber a radially parabolic refractive 
index profile is created within a glass filament; light is guided along 
such a fiber in just the same fashion as in the gas lens system described 
above. The desired refractive index profile can be achieved by ion­
exchange techniques in which, for example, thallium ions in the glass 
fiber near the surface are replaced by sodium or potassium ions. 

To operate a glass fiber optical waveguide as a transmiss~on line in a 
long distance communications system, it is essential that signal losses 
within the line be kept at an acceptably low level. For economical 
operation the distance between amplifiers or repeaters in the line cannot 
be smaller than a few kilometers or so. Since the allowable signal loss 
between repeaters is about 40 dB, attenuation coefficients less than 20 
dB/km are an absolute necessity; realistically, it does not appear to be 
impossible to reduce the losses to 5 dB/km or perhaps even lower. 

Developing such low loss optical fibers represents the major need in 
the deployment of an optical fiber communications system. Since a 
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CLAD LOW

Figure 3 — A rough sketch showing the construction of a compound

core-clad glass optical fiber waveguide

REFRACTIVE

K+ CONCENTRATION

Figure 4 — An illustration of an ion-exchange optical fiber waveguide showing the

radial ion (e.g.K +) concentration and refractive index profiles

loss level of 10 dB/km corresponds to an optical attenuation coefficient

of a = 2.5 x 10~5cm_1 the optical quality of the material to be used in

the glass fibers must be very high indeed. Simply stated, the problem is

to develop such a low loss bulk material capable of being drawn into

fibers and then to maintain the low loss levels during the fiber drawing

and cladding process. To analyze the problem it is convenient to consider

separately the bulk material losses and the fiber waveguide losses. The

bulk losses arise from optical absorption and scattering processes in the

glass while the fiber waveguide losses are principally due to irregularities

and imperfections at the core-clad interface in the compound fiber.

Bulk Scattering Losses: The largest of these losses arises from the

presence of inhomogeneities such as small bubbles, metallic inclusions

or crystals in the bulk glass. With careful preparation and homogeniza-

tion procedures, it is possible to essentially eliminate these sources of

scattering. The only remaining scattering losses then are those inherent

in and characteristic of the bulk material. These inherent scattering

mechanisms are the thermodynamic fluctuations in such quantities as

density and composition that are in equilibrium in the molten glass and

are "frozen" into it as the melt is cooled through the glass transforma-

tion region. One need only consider the Rayleigh scattering (when

considering the origin of optical attenuation) since this is usually many

times more intense than Ramon scattering. Since the intensity of the
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CORE 

CLAD LOW 
REFRACTIVE INDEX 

HIGH 
REFRACTIVE INDEX 

Figure 3 - A rough sketch showing the construction of a compound 
core-clad glass optical fib er waveguide 

K+ CONCENTRATION 

Figure 4 - An illustration of an ion-exchange optical fiber waveguide showing the 
radial ion ( e.g .K+) concentrmion and refractive index profiles 

loss level of 10 dB/km corresponds to an optical attenuation coefficient 
of a= 2.5 x 10- scm- 1 the optical quality of the material to be used in 
the glass fibers must be very high indeed. Simply stated, the problem is 
to develop such a low loss bulk material capable of being drawn into 
fibers and then to maintain the low loss levels during the fiber drawing 
and cladding process. To analyze the problem it is convenient to consider 
separately the bulk material losses and the fiber waveguide losses. The 
bulk losses arise from optical absorption and scattering processes in the 
glass while the fiber waveguide losses are principally due to irregularities 
and imperfections at the core-clad interface in the compound fiber. 
Bulk Scattering Losses: The largest of these losses arises from the 
presence of inhomogeneities such as small bubbles, metallic inclusions 
or crystals in the bulk glass. With careful preparation and homogeniza­
tion procedures, it is possible to essentially eliminate these sources of 
scattering. The only remaining scattering losses then are those inherent 
in and characteristic of the bulk material. These inherent scattering 
mechanisms are the thermodynamic fluctuations in such quantities as 
density and composition that are in equilibrium in the molten glass and 
are "frozen" into it as the melt is cooled through the glass transforma­
tion region. One need only consider the Rayleigh scattering (when 
considering the origin of optical attenuation) since this is usually many 
times more intense than Ramon scattering. Since the inten ity of the 
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Rayleigh scattering, and therefore, the magnitude of the optical attenua-

tion coefficient, decreases as one increased the optical wavelength as

1/A.4, i.e. a varies as the fourth power of the optical frequency, v it is,

in principle, possible to render the bulk scattering losses as low as

desired by operating at low optical frequencies (long wave-lengths) —

for example, in the infrared region of the electromagnetic spectrum.

However, because of the high infrared absorptions present in optical

glasses, practically speaking, one is limited to the red and near infrared

portion of the spectrum, say from about 6000 to 12,000 Angstroms.

This is illustrated in Figure 5.

Optical Absorption Losses: At wavelengths longer than about 12,000

A (1.2/>tm) fundamental vibrational processes in optical glasses lead to

intolerably high infrared absorption coefficients. (Below about 6000A,

the Rayleigh scattering losses are intolerably large.) Consequently,

one must look to minimize the optical absorption in the 6000-12,000 A

region. In state-of-the-art optical materials, the losses at these wave-

lengths may be governed principally by the presence of impurities rather

than by fundamental absorption mechanisms or processes. Trace

amounts—from 0.01 to 1 part per million —of water and of transition

metal ions (chiefly chromium, manganese, iron, cobalt, nickel and copper)

can lead to absorptions in the range 20 to 200 dB/km. It seems that the

major problem is one of chemical purification: one must start the fabri-

cation process with ultra-pure materials and maintain the product glass
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Rayleigh scattering, and therefore, the magnitude of the optical attenua­
tion coefficient, decreases as one increased the optical wavelength as 
1 / 'A. 4, i.e. a varies as the fourth power of the optical frequency, v it is, 
in principle, possible to render the bulk scattering losses as low as 
desired by operating at low optical frequencies (long wave-lengths)­
for example, in the infrared region of the electromagnetic spectrum. 
However, because of the high infrared absorptions present in optical 
glasses, practically speaking, one is limited to the red and near infrared 
portion of the spectrum, say from about 6000 to 12,000 Angstroms. 
This is illustrated in Figure 5. 
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Figure 5 - A typical plot of the bulk attenuation mechanisms -scattering and 
absorption-versus wavelen~th. The graph is intended only to be illustrative. 

Optical Absorption Losses: At wavelengths longer than about 12,000 
A ( 1.2µ,m) fundamental vibrational processes in optical glasses lead to 
intolerably high infrared absorption coefficients. (Below about 6000A, 
the Rayleigh scattering losses are intolerably large.) Consequently, 
one must look to minimize the optical absorption in the 6000-12,000 A 
region. In state-of-the-art optical materials, the losses at these wave­
lengths may be governed principally by the presence of impurities rather 
than by fundamental absorption mechanisms or processes. Trace 
amounts -from 0.01 to 1 part per million - of water and of transition 
metal ions ( chiefly chromium, manganese, iron, cobalt, nickel and copper) 
can lead to absorptions in the range 20 to 200 dB/km. It seems that the 
major problem is one of chemical purification: one must start the fabri­
cation process with ultra-pure materials and maintain the product glass 
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free from contamination throughout the glass melting, fiber pulling and

cladding processes. This does not appear to be an unreasonably opti-

mistic hope. Recent work at Bell Laboratories indicates that in very

pure fused silica (SiO2 glass — "Suprasil Wl" manufactured by Amersil,

Inc.) the optical absorption at the 1.06/um wavelength of a YA£G:Nd

laser is approximately 2 dB/km. Moreover, researchers at Corning

have recently announced the development of a material from which they

were able to make relatively short fibers having a total loss of 5 dB/km.

They attribute most of this loss to scattering, rather than absorption,

mechanisms. It seems that within certain rather wide limits, the choice

of a glass material from which the fibers are to be formed is not limited

by any fundamental absorption processes, but rather by the purity that

can be achieved in the starting materials out of which the glass is made.

lnterfacial (Waveguide) Losses: These arise principally from the

presence of imperfections at the interface of the core and clad and from

variations in the size and shape of the fiber core. In both of the commonly

used techniques for'producing clad fibers —the so-called preform and

double-crucible techniques —there are serious problems with obtaining

a uniform, high quality interface. With the announcement by Corning

of a 5 dB/km total loss clad fiber, it appears that these difficulties are

not insurmountable. For the self-focusing fibers, there are no interfacial

problems per se; however, it may be impossible to maintain the desired

refractive index profile over sufficiently long lengths of fiber to make

their use feasible in long distance applications.

Scattering Losses in Glass

When a beam of optical radiation passes through a transparent ma-

terial medium, a small but not insignificant portion of the radiation is

scattered away from the direction of the beam. Apart from gross inhomo-

geneities such as bubbles, metallic inclusions and small crystallites,

the scattering in a glass medium arises because, on a molecular level,

the material is not uniform because of vibrational motions of the atoms

or molecules and thermodynamic fluctuations present in the material.

(In a perfect crystal in which the atoms are completely stationary, there

would be no scattering.) These vocal variations away from a uniform

structure in the material result in the material having a local refractive

index that varies from point to point in the material.

Now in a glass the effects of density and concentration variations

must be modified; the system is not one in thermal equilibrium. A

reasonable generalization can be obtained by recognizing that as a glass

is formed by cooling the melt through its glass transformation region,

the time required for the fluctuations to reach their equilibrium values

becomes very long indeed. (The visocity becomes large and the diffu-

sion coefficient becomes small so that within a few degrees of temperature
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free from contamination throughout the glass melting, fiber pulling and 
cladding processes. This does not appear to be an unreasonably opti­
mistic hope. Recent work at Bell Laboratories indicates that in very 
pure fused silica (SiO2 glass - "Suprasil WI" manufactured by Amersil, 
Inc.) the optical absorption at the 1.06µ.m wavelength of a Y A£G:Nd 
laser is approximately 2 dB/km. Moreover, researchers at Corning 
have recently announced the development of a material from which they 
were able to make relatively short fibers having a total loss of 5 dB/km. 
They attribute most of this loss to scattering, rather than absorption, 
mechanisms. It seems that within certain rather wide limits, the choice 
of a glass material from which the fibers are to be formed is not limited 
by any fundamental absorption processes, but rather by the purity that 
can be achieved in the starting materials out of which the glass is made. 
Jnterfacia/ (Waveguide) Losses: These arise principally from the 
presence of imperfections at the interface of the core and clad and from 
variations in the size and shape of the fiber core. In both of the commonly 
used techniques for ' producing clad fibers - the so-called preform and 
double-crucible techniques - there are serious problems with obtaining 
a uniform, high quality interface. With the announcement by Corning 
of a 5 dB/km total loss clad fiber, it appears that these difficulties are 
not insurmountable. For the self-focusing fibers, there are no interfacial 
problems per se; however, it may be impossible to maintain the desired 
cefractive index profile over sufficiently long lengths of fiber to make 
their use feasible in long distance applications. 

Scattering Losses in Glass 

When a beam of optical radiation passes through a transparent ma­
terial medium, a small but not insignificant portion of the radiation is 
scattered away from the direction of the beam. Apart from gross inhomo­
geneities such as bubbles, metallic inclusions and small crystallites, 
the scattering in a glass medium arises because, on a molecular level, 
the material is not uniform because of vibrational motions of the atoms 
or molecules and thermodynamic fluctuations present in the material. 
(In a perfect crystal in which the atoms are completely stationary there 
would be no scattering.) These vocal variations away from a uniform 
structure in the material result in the material having a local refractive 
index that varies from point to point in the material. 

Now in a glass the effects of density and concentration variations 
must be modified; the system is not one in thermal equilibrium. A 
reasonable generalization can be obtained by recognizing that as a glass 
is formed by cooling the melt through its glass transformation region, 
the time required for the fluctuations to reach their equilibrium values 
becomes very long indeed. ( The visocity becomes large and the diffu­
sion coefficient becomes small so that within a few degrees of temperature 
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change the characteristic relaxation times for equilibration of the fluctua-

tions become of the order of magnitude of many centuries.) The fluctua-

tions are thermally arrested—frozen into the glass. Consequently, the

magnitude of the density and concentration variations (and hence the

scattering loss) for a piece of glass or a glass fiber is not determined by

the actual temperature of the material but rather by some higher fictive

temperature Tj at which the fluctuations were arrested. These need not

necessarily be equal for both the density and concentration variations

but one expects that both are on the order of T,,—the glass transition

temperature.

In order to minimize the scattering losses; it is essential that both

the density and composition be made as homogeneous as possible. An

obvious possibility is to utilize a single component glass such as fused

silica (SiO2) or boron trioxide (B2O3) thereby eliminating concentration

fluctuations. In such cases one deals only with density fluctuations which

are essentially governed by the product of the fictive temperature and

the isothermal compressibility of the melt at this temperature. In fused

silica the compressibility is small but the fictive temperature is quite

high being approximately 1600°K; the scattering attenuation coefficient

(for A = 6328A) is 3.9 dB/km. InB2O:5the situation is reversed; i.e. the

fictive temperature is lower (7/ ~ 550°K) but the compressibility is much

larger. The net effect is a larger attenuation coefficient.

Since it is desirable to reduce the losses below those of SiO2, a basic

study of the fictive temperature and compressibility of glass melts was

undertaken. In order to develop materials for which the glass transition

region occurs at relatively low temperatures with small compressibilities,

it is necessary to modify the covalent character of the bonding in the

random glass network. This can be done by dissolving ions within the

network, and consequently our investigation first concentrated on the

alkali silicate glass systems Li2O-SiO2, Na2O-SiO2 and K2O-SiO2.

Ultrasonic measurements of the sound speed in these melts were

performed to determine the compressibilities. One finds in the K2O-

SiO2 system, for example, that the compressibility remains relatively

constant up to about 30 mole percent K2O; on the other hand the fictive

temperature falls precipitously with the addition of alkali. This is shown

in Figure 6. The result is that one expects (in the K2O-SiO2 system) a

minimum in the scattering losses due to density fluctuations in the com-

position range of 20 to 30 percent K2O content. The question remains,

of course, as to whether the reduced value of these losses will be offset

by an increase in the attenuation associated with scattering from con-

centration fluctuations.

The composition fluctuations are inversely proportional to the depen-

dence of the chemical potential on the concentration at Tf, this means

that desirable compositions are then those rather far removed from
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change the characteristic relaxation times for equilibration of the fluctua­
tions become of the order of magnitude of many centuries.) The fluctua­
tions are thermally arrested-frozen into the glass. Consequently, the 
magnitude of the density and concentration variations (and hence the 
scattering loss) for a piece of glass or a glass fiber is not determined by 
the actual temperature of the material but rather by some higher fictive 
temperature T1 at which the fluctuations were arrested. These need not 
necessarily be equal for both the density and concentration variations 
but one expects that both are on the order of Ty- the glass transition 
temperature. 

In order to minimize the scattering losses; it is essential that both 
the density and composition be made as homogeneous as possible. An 
obvious possibility is to utilize a single component glass such as fused 
silica (SiO2) or boron trioxide (B2O3) thereby eliminating concentration 
fluctuations. In such cases one deals only with density fluctuations which 
are essentially governed by the product of the fictive temperature and 
the isothermal compressibility of the melt at this temperature. In fused 
silica the compressibility is small but the fictive temperature is quite 
high being approximately 1600°K; the scattering attenuation coefficient 
(for A = 6328A) is 3.9 dB/km. In B2O3 the situation is reversed; i.e. the 
fictive temperature is lower (T1 = 550°K) but the compressibility is much 
larger. The net effect is a larger attenuation coefficient. 

Since it is desirable to reduce the losses below those of SiO2 a basic 
study of the fictive temperature and compressibility of glass melts was 
undertaken. In order to develop materials for which the glass transition 
region occurs at relatively low temperatures with small compressibilities, 
it is necessary to modify the covalent character of the bonding in the 
random glass network. This can be done by dissolving ions within the 
network, and consequently our investigation first concentrated on the 
alkali silicate glass systems LhO-SiO2 Na2O-SiO2 and K2O-SiO2. 

Ultrasonic measurements of the sound speed in these melts were 
performed to determine the compressibilities. One finds in the K2O­
SiO2 system, for example, that the compressibility remains relatively 
constant up to about 30 mole percent K2O; on the other hand the fictive 
temperature falls precipitously with the addition of alkali. This is shown 
in Figure 6. The result is that one expects (in the K2O-SiO2 system) a 
minimum in the scattering losses due to density fluctuations in the com­
position range of 20 to 30 percent K2O content. The question remains, 
of course, as to whether the reduced value of these losses will be offset 
by an increase in the attenuation associated with scattering from con­
centration fluctuations. 

The composition fluctuations are inversely proportional to the depen­
dence of the chemical potential on the concentration at T1, this means 
that de irable compositions are then those rather far removed from 
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MOLE PERCENT K20

Figure 6 — The compressibility and glass transition temperature of K20-K20

glasses as a function of mole percent KtO

miscibility gaps in the phase diagram of the material and possibly at

concentrations for which the liquidus exhibits a maximum corresponding

to the existence of crystalline compounds. To avoid problems with

immiscibilities it was decided to investigate the K2O-SiO2 system first,

since here any regions of immiscibility are confined to temperatures

below the glass transformation range.

The results of the light scattering study in the potassium silicate sys-

tem are shown in Figure 7. These data indicate a sharp minimum at

25 mole percent K2O content at which composition the total scattering

loss is only slightly larger than that associated with density fluctuations

alone. For this glass —sodium trisilicate (Na2O-SiO2) —the total scat-

tering attenuation is

as = 2.6 dB/km,

one-third less than that in fused silica.
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Figure 6 - Th e compressibility and glass transition temperature of K zO-K 20 
glasses as a Junction of mole percent K20 

miscibility gaps in the phase diagram of the material and possibly at 
concentrations for which the liquidus exhibits a maximum corresponding 
to the existence of crystalline compounds. To avoid problems with 
immiscibilities it was decided to investigate the K20-Si02 system first, 
since here any regions of immiscibility are confined to temperatures 
below the glass transformation range. 

The results of the light scattering study in the potassium silicate sys­
tem are shown in Figure 7. These data indicate a sharp minimum at 
25 mole percent K20 content at which composition the total scattering 
loss is only slightly larger than that associated with density fluctuations 
alone. For this glass-sodium trisilicate (Na20-Si02)-the total scat­
tering attenuation is 

a s = 2.6 dB/km, 

one-third less than that in fused silica. 
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Figure 7 — The scattering attenuation coefficient for KtO-SiOt glasses

as a function of mole percent KtO content

Comparable behavior was observed in other alkali silicate glasses.

Both the compressibility and the glass transition temperature were

found to decrease with decreasing ionic radius. This would imply that

the lithium silicate system offers great potential as an optical fiber

material since the losses from density fluctuation scattering are expected

to be quite small. However, in the binary Li2O-SiO2 system, the forma-

tion of homogeneous glasses is confined to the concentration range 30

to 36 mole percent Li2O. At Li2O contents less than 30 percent the melts

undergo liquid-liquid phase separation while above 36 percent the melts

crystallize rather than supercooling to form a glass. For the 30-36

percent Li2O glasses, the overall scattering losses are in the neighbor-

hood of 10 dB/km, considerably larger than in SiO2 or K2O-3SiO2

glasses.

In the sodium silicate system, the light scattering measurements

(Figure 8) show that two domains of low scattering losses exist —one

between about 25-33 percent Na2O and the other above about 44 per-

cent. In the 44 percent Na2O glass the scattering attenuation is the

smallest thus far reported. For this glass

as= 1.6 dB/km.

What other glass systems are available as potential candidates for an

optical fiber material? A brief consideration of the periodic table (Figure

9) indicates that the list is rather limited. The transition elements are

36
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Comparable behavior was observed in other alkali silicate glasses. 
Both the compressibility and the glass transition temperature were 
found to decrease with decreasing ionic radius. This would imply that 
the lithium silicate system offers great potential as an optical fiber 
material since the losses from density fluctuation scattering are expected 
to be quite small. However, in the binary Li2O-SiO2 system, the forma­
tion of homogeneous glasses is confined to the concentration range 30 
to 36 mole percent LbO. At Li2O contents less than 30 percent the melts 
undergo liquid-liquid phase separation while above 36 percent the melts 
crystallize rather than supercooling to form a glass. For the 30-36 
percent LbO glasses, the overall scattering losses are in the neighbor­
hood of 10 dB/km, considerably larger than in SiO2 or K2O-3SiO2 
glasses. 

In the sodium silicate system, the light scattering measurements 
(Figure 8) show that two domains of low scattering losses exist-one 
between about 25-33 percent Na2O and the other above about 44 per­
cent. In the 44 percent Na2O glass the scattering attenuation is the 
smallest thus far reported. For this glass 

as = 1.6 dB/km. 

What other glass systems are available as potential candidates for an 
optical fiber material? A brief consideration of the periodic table (Figure 
9) indicates that the list is rather limited. The transition elements are 
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Figure 8 — The scattering attenuation coefficient for Na2O-SiOz glasses

as a function of mole percent NaiO content
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ruled out because they absorb radiation in the 6000-12,000 Angstrom

region. Hydrogen, nitrogen and the noble gases are obviously ruled out.

The heavier elements (those in the fifth and higher periods) must be

discarded because of their high compressibilities. One expects similar

behavior from boron and the halogens although these remain a possibility

because these elements greatly lower the glass transition temperature

of silicate base glasses. The heavier chalcogen elements, s, Se and Te

generally lead to immiscibilities as do phosphates and arsenates. Basi-

cally, there are six elements that remain to be studied: beryllium, mag-

nesium, calcium, aluminum, gallium and germanium. The oxides of the

first five are currently being investigated in mixtures with SiC>2 and as

third components in alkali silicate glasses. Germania (GeO2) based

glasses remain as a whole family of glasses to be studied.

Summary and Conclusion

The implementation of a long range optical communication system

requires the development of low loss materials for use in glass fiber

optical transmission lines. Of the three major sources of loss —absorp-

tion, scattering, and waveguide losses —it is only within the past two

years that the latter two have become significant. Until recently, the

absorption losses have been three to ten times greater than those attribut-

able to scattering and waveguide defects. The recent announcement by

Corning of a fiber with overall attenuation of 5 dB/km at 8500 Angstroms

of which 1 dB/km arises from absorption, 1 dB/km from waveguide

imperfections and 3 dB/km from bulk scattering, greatly changes this

picture. The "leverage" loss mechanism is now the scattering. Our

development of a material with 1.6 dB/km scattering loss at 6328A

( = 0.5 dB/km at 8500A) means that we have a reduced scattering loss

of from 3 dB/km to 0.5 dB/km at 8500A. Assuming that the 1 dB/km

figure can be maintained for the absorption and waveguide losses, this

would result in a 2.5 dB/km overall loss fiber —a factor of two improve-

ment over the best existing fiber.
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ruled out because they absorb radiation in the 6000-12,000 Angstrom 
region. Hydrogen, nitrogen and the noble gases are obviously ruled out. 
The heavier elements (those in the fifth and higher periods) must be 
discarded because of their high compressibilities. One expects similar 
behavior from boron and the halogens although these remain a possibility 
because these elements greatly lower the glass transition temperature 
of silicate base glasses. The heavier chalcogen elements, s, Se and Te 
generally lead to immiscibilities as do phosphates and arsenates. Basi­
cally, there are six elements that remain to be studied: beryllium, mag­
nesium, calcium, aluminum, gallium and germanium. The oxides of the 
first five are currently being investigated in mixtures with SiO2 and as 
third components in alkali silicate glasses. Germania (GeO2) based 
glasses remain as a whole family of glasses to be studied. 

Summary and Conclusion 

The implementation of a long range optical communication system 
requires the development of low loss materials for use in glass fiber 
optical transmission lines. Of the three major sources of loss - absorp­
tion, scattering, and waveguide losses - it is only within the past two 
years that the latter two have become significant. Until recently, the 
absorption losses have been three to ten times greater than those attribut­
able to scattering and waveguide defects. The recent announcement by 
Corning of a fiber with overall attenuation of 5 dB/km at 8500 Angstroms 
of which 1 dB/km arises from absorption 1 dB/km from waveguide 
imperfections and 3 dB/km from bulk scattering, greatly changes this 
picture. The "leverage" loss mechanism is now the scattering. Our 
development of a material with 1.6 dB/km scattering loss at 6328A 
( = 0.5 dB/km at 8500A) means that we have a reduced scattering loss 
of from 3 dB/km to 0.5 dB/km at 8500A. Assuming that the 1 dB/km 
figure can be maintained for the absorption and waveguide losses, this 
would result in a 2.5 dB/km overall loss fiber-a factor of two improve­
ment over the best existing fiber. 
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J. Schroeder, R. Mohr, C. J. Montrose and P. B. Macedo, "Light Scattering in Glass,"

J. Am. Ceram. Soc. (to be published)

Ability of Animals to Withstand Pressures in Ocean Depths*

A hypothesis that has been carried in the textbooks since it was first advanced

some eightly years ago now needs revision as the result of research by a Florida

State University oceanographer.

As phrased by the French scientist Paul Regnard in 1891, "pressure sensitivity

increases with the organic complexity of animals" —in other words, the simpler

the makeup of an animal, the deeper he will be able to dive and survive the intense

hydrostatic pressure, sometimes several tons per square inch, under the ocean.

It is true, said Professor Robert J. Menzies of Florida State University's

Oceanography Department, that some very complex animals, such as man, have

the most pronounced sensitivity to pressure. Ears begin to feel the pressure

in dives of less than twenty feet below the surface. How far man can go down

and survive pressure alone is unknown, because other physiological problems

limit diving, but some scientists think that pressure per se will eventually fix

the limits of diving several hundred feet down.

It is obvious to students of deep sea biology, Menzies pointed out in a paper

read to the 17th International Congress of Zoology at Monaco in September,

1972, that the 1891 hypothesis is in direct contrast with the known facts re-

garding the depth distribution of marine life, because all levels of aquatic organic

complexity from bacteria to fishes are known to exist in depths as great as 8000

meters, or at a hydrostatic pressure equivalent to 800 atmospheres. From this

simple observation it follows that factors other than organic complexity are

more important determinants in deep sea colonization and hydrostatic pressure

acclimitization.

Menzies and his associates in the Oceanography Department under Office

of Naval Research sponsorship have conducted a series of laboratory tests

of the ability of various organisms to withstand different degrees of pressure.

If the complexity of animals is measured simply by the number of organs,

it is immediately apparent that the Flagellata show about the same pressure

resistance as the sponge, Coelenterata, flatworms and Crustacea even though

the number of organs is different. It is apparent that the tunicate shows a higher

resistance than the protozoan, coelenterate and sponges.

The postulated trend from highest pressure resistance to the lowest is shown

as a stippled band and it seems evident that the measured values of pressure

resistance do not follow this trend until one reaches an organ number in excess

of twenty-three.

From the annelids to the vertebrates there does seem to be a decline in pressure

resistance as the number of organs increases. Similarly there seems to be a decline

in the opposite direction from annelids to the sponge.

Some of the other factors associated with ability to withstand the many at-

mospheres of pressure deep in the oceans have been under study by Menzies,

his colleagues, and his students. Phylum by phylum they have been testing

* Reprinted from Research in Review, Florida State University, Vol. IV, No. 1.

(Continued on Page 48)
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J. Schroeder, R. Mohr, C. J. Montrose and P. 8. Macedo, "Light Scattering in Glass," 
J. Am. Ceram. Soc. (to be published) 

Ability of Animals to Withstand Pressures in Ocean Depths* 
A hypothesis that has been carried in the textbooks since it was first advanced 

some eightly years ago now needs revision as the result of research by a Florida 
State University oceanographer. 

As phrased by the French scientist Paul Regnard in 1891, "pressure sensitivity 
increases with the organic complexity of animals" -in other words, the simpler 
the makeup of an animal, the deeper he will be able to dive and survive the intense 
hydrostatic pressure, sometimes several tons per square inch, under the ocean. 

It is true, said Professor Robert J. Menzies of Florida State University's 
Oceanography Department, that some very complex animals, such as man, have 
the most pronounced sensitivity to pressure. Ears begin to feel the pressure 
in dives of less than twenty feet below the surface. How far man can go down 
and survive pressure alone is unknown, because other physiological problems 
limit diving, but some scientists think that pressure per se will eventually fix 
the limits of diving several hundred feet down. 

It is obvious to students of deep sea biology, Menzies pointed out in a paper 
read to the 17th International Congress of Zoology at Monaco in September, 
1972, that the 1891 hypothesis is in direct contrast with the known facts re­
garding the depth distribution of marine life, because all levels of aquatic organic 
complexity from bacteria to fishes are known to exist in depths as great as 8000 
meters, or at a hydrostatic pressure equivalent to 800 atmospheres. From this 
simple observation it follows that factors other than organic complexity are 
more important determinants in deep sea colonization and hydrostatic pressure 
acclimitization. 

Menzies and his associates in the Oceanography Department under Office 
of Naval Research sponsorship have conducted a series of laboratory tests 
of the ability of various organisms to withstand different degrees of pressure. 

If the complexity of animals is measured simply by the number of organs, 
it is immediately apparent that the Flagellata show about the same pressure 
resistance as the sponge, Coelenterata, flatworms and Crustacea even though 
the number of organs is different. It is apparent that the tunicate shows a higher 
resistance than the protozoan, coelenterate and sponges. 

The postulated trend from highest pressure resistance to the lowest is shown 
as a stippled band and it seems evident that the measured values of pressure 
resistance do not follow this trend until one reaches an organ number in excess 
of twenty-three. 

From the annelids to the vertebrates there does seem to be a decline in pressure 
resistance as the number of organs increases. Similarly there seems to be a decline 
in the opposite direction from annelids to the sponge. 

Some of the other factors associated with ability to withstand the many at­
mospheres of pressure deep in the oceans have been under study by Menzies, 
his colleagues, and his students. Phylum by phylum they have been testing 

* Reprinted from Research in Review, Florida State University, Vol. IV, No. I. 

(Continued on Page 48) 
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Generalized Optical Data Processors

F. Paul Carlson*

University of Washington

Since the advent of the laser, optical data processing is beginning to

experience a renaissance in its application to large and complicated

data reduction and processing problems. Its primary strength has come

primarily through its parallel processing capability. The digital computer,

being a serial device, is at present running into a data rate limit on the

order of something less than one hundred megabits per second. At

this data rate the optical computer is just coming into its own.

It is, however, not simply a matter of going from one type to another.

Rather, the optical computer is at present limited in its ability to have

data put in and taken out at rates that correspond to its processing rate.

These input-output problems are presently being worked on and recent

work by the Naval Research Laboratory and the University of Illinois

and others in photodichroics appears to be resolving this problem.

It now appears that we will be able to write-in and read-out at rates

that correspond to microseconds, and if one considers that data arrays

on the order of 106 to 108 elements can be read at this rate, then the

data rate limit described earlier can certainly be surpassed.

Since the input-output problem seems resolvable, attention is again

directed at what can be done between the input and output planes.

Traditionally, most of the emphasis on formulating the data processing

problem and identification of the appropriate filters to do a given task

has been done through Fourier transform theory.

It is rather interesting to note that the Fourier transforms are a natural

by-product of electromagnetic propagation between two apertures and

quadratically varying phase correcting elements. In addition, the fact

that spherical and parabolic shaped dielectric media can be obtained so

easily has made it even easier to go the route of the Fourier transform

processor.

There is, however, no a priori reason why one should restrict himself

to building only Fourier transformers. The general integral equation that

describes the process of propagation between two apertures can just as

easily be modified by appropriate complex filters to other kinds of

transforms. One could suppose that we would call the basic elements

"lenses" just as we refer to the spherically shaped dielectric structures

used now, but for the sake of less confusion these will be referred to as

system elements.

* Dr. Carlson is Associate Professor of Electrical Engineering at the University of Washington.

His field of interest is optics and data processing. Dr. Carlson is Commanding Officer of Naval Re-

search Reserve Company 13-1.
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Generalized Optical Data Processors 
F. Paul Carlson* 

University of Washington 

Since the advent of the laser, .optical data processing is beginning to 
experience a renaissance in its application to large and complicated 
data reduction and processing problems. Its primary strength has come 
primarily through its parallel processing capability. The digital computer, 
being a serial device, is at present running into a data rate limit on the 
order of something less than one hundred megabits per second. At 
this data rate the optical computer is just coming into its own. 

It is, however, not simply a matter of going from one type to another. 
Rather, the optical computer is at present limited in its ability to have. 
data put in and taken out at rates that correspond to its processing rate. 
These input-output problems are presently being worked on and recent 
work by the Naval Research Laboratory and the University of Illinois 
and others in photodichroics appears to be resolving this problem. 
It now appears that we will be able to write-in and read-out at rates 
that correspond to microseconds, and if one considers that data arrays 
on the order of 106 to 108 elements can be read at this rate, then the 
data rate limit described earlier can certainly be surpassed. 

Since the input-output problem seems resolvable, attention is again 
directed at what can be done between the input and output planes. 
Traditionally, most of the emphasis on formulating the data processing 
problem and identification of the appropriate filters to do a given task 
has been done through Fourier transform theory. 

It is rather interesting to note that the Fourier transforms are a natural 
by-product of electromagnetic propagation between two apertures and 
quadratically varying phase correcting elements. In addition, the fact 
that spherical and parabolic shaped dielectric media can be obtained so 
easily has made it even easier to go the route of the Fourier transform 
processor. 

There is, however, no a priori reason why one should restrict himself 
to building only Fourier transformers. The general integral equation that 
describes the process of propagation between two apertures can just as 
easily be modified by appropriate complex filters t9 other kinds of 
transforms. One could suppose that we would call the basic elements 
"lenses" just as we refer to the spherically shaped dielectric structures 
used now, but for the sake of less confusion these will be referred to as 
system elements. 

* Dr. Carlson is Associate Professor of Electrical Engineering at the University of Washington. 
His field of interest is optics and data processing. Dr. Carlson is Com.maoding Officer of Naval Re­
search Reserve Company 13-1 . 
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To describe what we mean more explicitly, consider the two apertures

shown in Figure 1. Aperture s i is the radiating or transmitting aperture

and aperture 52 is the observation or receiving aperture. The distance

R is the point-to-point separation of the points (x,y,z) and (x',y\z').

In general, it is assumed that (z' — z) > > (x' — x), (y' — y).

In the free-space case, we can represent the process of propagation

from 51 to 52 as a convolution of the exciting field and the spatial impulse

response h(x' — x, y' — y, z' — z) where h() has the form e\p(jkR)/R. In

the case of the Fourier transform processor, we modify this impulse

response function by multiplicatively adding a quadratic phase element

e\p[—jk(x2 + y2)/2/] appropriately between the apertures, adjust their

separation to twice the focal length /, and we have the Fourier trans-

form at 52 of the field distribution in 5i.

The question then naturally follows as to what else can we do to the

impulse response to generate either other mathematical operators or

other transforms. There are several examples that illustrate this ques-

tion. If we were to illuminate the input aperture with a field distribution

f(x) and then fill the aperture with an amplitude mask that varied like

exp[—a(y)x], then the output aperture 52 would contain the Laplace

transform if a lens were placed as described above.

A second example requires that we add another aperture 53 in se-

quence, place a lens as above; then place a filter whose response varies

like jx' in 52; add a lens appropriately between 52 and 53; and the output

aperture 53 will then contain a field distribution proportional to the x

derivative of the input field distribution.

These elementary examples are only suggestive of what can be done

in general. In fact, if one examines the form of the convolution described

above, it is an integral equation of a type that encompasses a broad

class of transforms, namely Hankel, Laplace, Mellin, Abel, and others.

These transforms are also similar to something called a fractional

integral representation, which can be broadly represented by a set of

operators called the Rodrigues operators.
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To describe what we mean more explicitly, consider the two apertures 
shown in Figure 1. Aperture s 1 is the radiating or transmitting aperture 
and aperture s2 is the observation or receiving aperture. The distance 
R is the point-to-point separation of the points (x,y,z) and (x' ,y' ,z'). 
In general, it is assumed that (z' - z) > > (x' - x), (y' - y). 

In the free-space case, we can represent the process of propagation 
from s I to s2 as a convolution of the exciting field and the spatial impulse 
response h(x' - x, y' - y, z' - z) where h() has the form exp(jkR)/R. In 
the case of the Fourier transform processor, we modify this impulse 
response function by multiplicatively adding a quadratic phase element 
exp [ -jk(x2 + y2)/2f] appropriately between the apertures, adjust their 
separation to twice the focal length f, and we have the Fourier trans­
form at s2 of the field distribution in s 1-

The question then naturally follows as to what else can we do to .the 
impulse response to generate ellher other mathematical operators or 
other transforms. There are several examples that illustrate this ques­
tion. If we were to illuminate the input aperture with a field distribution 
f(x) and then fill the aperture with an amplitude mask that varied like 
exp [-a(y)x], then the output apertur.e s2 would contain the Laplace 
transform if a lens were placed as described .above. 

A second example requires that we add another aperture sa in se­
quence, place a lens as above; then place a filter whose response varies 
like jx' in s2; add a lens appropriately between s2 and sa; and the output 
aperture s3 will then contain a field distribution proportional to the x 
derivative of the input field distribution. 

These elementary examples are only suggestive of what can be done 
in general. In fact, if one examines the form of the convolution described 
above, it is an integral equation of a type that encompasses a broad 
class of transforms, namely Hankel, Laplace, Mellin, Abel, and others. 
These transforms are also similar to something called a fractional 
integral representation, which can be broadly represented by a set of 
operators called the Rodrigues operators. 
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It is important to make this last association, since almost all the

functions found in the Bateman Manuscript Project Tables can be repre-

sented by the Rodrigues operators. Thus it seems implicit that, with

appropriate modification of the impulse response of an optical system,

we can generate almost any desirable output function. If this is the

case, and we are by no means suggesting that this is an elementary task,

then we can generate, by appropriate cascading of systems, optical

systems that yield functional forms of any specific type desired. Since

almost all functions of the type described above have integral representa-

tions, then through these equivalent representations we can describe

processors of almost any desired type.

One might at this point wonder why anyone would desire such gen-

eralized processors. The answer really rests in examining the needs of

the information processing system designer. From the point of view of

the Navy, the sonar people would gladly welcome a processor that

generated the ambiguity function of an incoming signal. The ambiguity

function of a signal is an integral relationship over the signal involving

the time delay and the doppler shift of signal where both the delay and

doppler shift are incorporated in an exponential type representation

very similar to our elementary processor described above.

An additional motivation for more generalized processors is that the

Fourier spectrum of many signals, such as square or triangular shaped

objects, is far too broad. If one considers the simple example of trans-

mitting a simple truncated distribution of light such as a spatially limited

plane-wave, we find that the far-field distribution of energy (proportional

to the Fourier transform) is like a (sinx')/x' function or a broad antenna

pattern with high sidelobes. In many cases, this is very undesirable, such

as in laser range-finders. Thus one would like to know the optical pro-

cessor that would reshape the beam to give the minimum distribution on

target. In this case it is simple, we should transmit a (sin x)/x pattern,

which has a far-field distribution of a spatially truncated plane-wave.

More fundamental is the question of pattern recognition. If one is

searching spectra for specific patterns that represent known objects,

such as targets, then one would like to optimize this process. This

optimization would not only include signal-to-noise ratio questions,

but questions of boundedness on spatial signal spectrum. It would be

desirable for certain spectra not to use a Fourier spectral representa-

tion since it is so broad for sharp, square, triangular or rectangular

objects. It is more appropriate to examine other representations for

optimal distributions.

Although much of the discussion above remains in the abstract and

needs considerable analysis, there is still sufficient reason to examine

what happens between the input-output planes of optical processors. In

posing this question we are enabling, potentially, more efficient use of a

processor that is basically operating at the speed of light.
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It is important to make this last assoc1ahon, since almost all the 
functions found in the Bateman Manuscript Project Tables can be repre-

• sented by the Rodrigues opierators. Thus it seems implicit that, with 
appropriate modification of the impulse response of an optical system, 
we can generate almost any desirable output function. If this is the 
case, and we are by no means suggesting that this is an elementary task, 
then we can generate, by appropriate cascading of systems, optical 
systems that yield functional forms of any specific type desired. Since 
almost all functions of the type described above have integral representa­
tions, then through these equivalent representations we can describe 
processors of almost any desilred type. 

One might at this point wonder why anyone would desire such gen­
eralized processors. The answer really rests in examining the needs of 
the information processing system designer. From the point of view of 
the Navy, the sonar people would gladly welcome a processor that 
generated the ambiguity function of an incoming signal. The ambiguity 
function of a signal is an integral relationship over the signal involving 
the time delay and the dopplier shift of signal where both the delay and 
doppler shift are incorporated in an exponential type representation 
very similar to our elementary processor described above. 

An additional motivation for more generalized processors is that the 
Fourier spectrum of many signals, such as square or triangular shaped 
objects, is far too broad. If one considers the simple example of trans­
mitting a simple truncated distribution of light such as a spatially limited 
plane-wave, we find that the far-field distribution of energy (proportional 
to the Fourier transform) is liike a (sinx ')Ix' function or a broad antenna 
pattern with high sidelobes. In many cases, this is very undesirable, such 
as in laser range-finders. Thrns one would like to know the optical pro­
cessor that would reshape the beam to give the minimum distribution on 
target. In this case it is simple, we should transmit a (sin x)/x pattern, 
which has a far-field distribution of a spatially truncated plane-wave. 

More fundamental is the question of pattern . recognition. If one is 
searching spectra for specific patterns that represent known objects, 
such as targets , then one would like to optimize this process. This 
optimization would not only include signal-to-noise ratio questions, 
but questions of boundedness on spatial signal spectrum. It would be 
desirable for certain spectra not to use a Fourier spectral representa­
tion since it is so broad for sharp, square, triangular or rectangular 
objects. It is more appropriate to examine other representations for 
optimal distributions. 

Although much of the discussion above remains in the abstract and 
needs considerable analysis, there is still sufficient reason to examine 
what happens between the iruput-output planes of optical processors. In 
posing this question we are enabling, potentially, more efficient use of a 
processor that is basically op,erating at the speed of light. 
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The Future of Integrated

Optical Technology

LCDR Ralph Hudson*

Office of Naval Research

In order to introduce the concept of optical integrated circuits, the

relationship between this technology and the electronics and microwave

technologies will be discussed. Following this the generic military func-

tions of communication, sensors, and signal processing will be developed.

Representative systems are cited to identify the potential scope of

optical integrated circuits technology. In summary, then, to broaden

the horizons and challenge the imagination, certain speculations will be

offered about where this technology may have led us by the year 2000.

Signal Technologies

To address the question of what are optical integrated circuits, it

is useful to first identify the power/signal dichotomy. The power (energy)

transformation technology involves weapons, engines, motors, mechani-

cal linkages, etc. The signal technology involves computers, displays,

telephone lines, cameras, books, etc. Optical integrated circuits are in

the signal domain. They are concerned with reception, transformation

and transmission of data, signal and/or information. While it does take

energy to manipulate signals, it is not the same order of magnitude as

the manipulation of things (masses). This technology is categorized as

classically "signal" vice "power" to foreclose any misunderstanding

that we may be talking about faster aircraft or bigger bombs. The kind

of impact we are talking about is exemplified in the "smart" bomb, an

ECM-equipped aircraft or an NTDS ship.

In addition to optics, there are two other technologies which are

fundamentally signal technologies: electronics and microwaves. To

illustrate how optical integrated circuits relate to these other signal

technologies, a historical perspective is shown in Figure 1. The vertical

axis relates to the frequency or wavelength of the signals involved.

Electronics may be characterized as having wavelengths much longer

than the circuit elements. Microwave or radio frequency (RF) technology

involves components whose size approximates a wavelength, say within

an order of magnitude. Optics, at least classically, has involved com-

ponents much larger than a wavelength. Very crudely one might say

*LCDR Hudson is Project Officer for the Electrooptics Section in the Aeronautics Branch of the

Office of Naval Research.
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The Future of Integrated 
Optical Technology 

LCDR Ralph Hudson* 
Office of Na val Research 

In order to introduce the concept of optical integrated circuits, the 
relationship between this technology and the electronics and microwave 
technologies will be discussed. Following this the generic military func­
tions of communication, sensors, and signal processing will be developed. 
Representative systems are cited _ to identify the potential scope of 
optical integrated circuits technology. In summary, then, to broaden 
the horizons and challenge the imagination, certain speculations will be 
offered about where this technology may have led us by the year 2000. 

Signal Technologies 

To address the question of what are optical integrated circuits, it 
is useful to first identify the power/signal dichotomy. The power (energy) 
transformation technology involves weapons, engines, motors, mechani­
cal linkages, etc. The signal technology involves computers, displays 
telephone lines, cameras, books, etc. Optical integrated circuits are in 
the signal domain. They are concerned with reception, transformation 
and transmission of data, signal and/or information. While it does take 
energy to manipulate signals, it is not the same order of magnitude as 
the manipulation of things (masses). This technology is categorized as 
classically "signal" vice "power" to foreclose any misunderstanding 
that we may be talking about faster aircraft or bigger bombs. The kind 
of impact we are talking about i exemplified in the "smart" bomb, an 
ECM-equipped aircraft or an NTDS ship. 

In addition to · optics, there are two other technologies which are 
fundamentally signal technologies: electronics and microwaves. To 
illustrate how optical integrated circuit relate to these other ignal 
technologies, a historical perspective is shown in Figure 1. The vertical 
axis relates to the frequency or wavelength of the signals involved. 
Electronics may be characterized as having wavelengths much longer 
than the circuit elements. Microwave or radio frequency (RF) technology 
involves components whose size approximates a wavelength, say within 
an order of magnitude. Optics, at least classically, has involved com­
ponents much larger than a wavelength. Very crudely one might say 

*LCDR Hudson is Project Officer for the Electrooptic Section in the Aeronautics Branch of the 
Office of Naval Research. 
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each technology spans three to five orders of magnitudes in frequency.

The milestones (represented by numbered triangles) shown in Figure 1

are intended to show the state of development of the three technologies.

Cross-technology comparisons between milestones reveal a time lag

between the various technologies which seem to be closing quite rapidly.

While the vertical scale spans orders of magnitude, the horizontal axis,

representing historical time, barely spans a generation. In that short

period of time we have seen what amounts to an information (signal)

revolution probably comparable in scope and impact to the industrial

(power) revolution. That revolution is a direct result of the technology

development on display here.
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Figure I — Signal technology historical perspective

Advantages of Optical Circuits

Having established the relationship between optical integrated cir-

cuits and the other signal technologies, it is interesting to delineate

the potential advantages and novel features of the new technology in

relation to military weapon systems. These are described in terms of

the properties of optical circuits and the properties of integrated circuits.
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each technology· spans three to five orders of magnitudes in frequency. 
The milestones (represented by numbered triangles) shown in Figure 1 
are intended to show the state of development of the three technologies. 
Cross-technology comparisons between milestones reveal a time lag 
between the various technologies which seem to be closing quite rapidly. 
While the vertical scale spans orders of magnitude, the horizontal axis, 
representing historical time, barely spans a generation. In that short 
period of time we have seen what amounts to an information (signal) 
revolution probably comparable in scope and impact to the industrial 
(power) revolution. That revolution is a· direct result of the technology 
development on display here. 
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Having established the relationship between optical integrated cir­
cuits and the other signal technologies, it is interesting to delineat~ 
the potential advantages andl novel features of the new technology in 
relation to military weapon systems. These are described in terms of 
the properties of optical circuits and the properties of integrated circuits. 
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Optical technology enjoys a spectrum of advantages which derive from

the very small wavelengths of the signals involved. In general, optical

devices can be as small as our technology can make them; thus, there is

also a weight saving. Also, the small wavelength means that a modest

aperture spans many wavelengths. This allows processing of informa-

tion carried by the spatial modulation of an optical signal as well as

the more conventional temporal modulation. This feature accounts for

the very high processing rates associated with optical computers. There

are advantages with respect to generation or pick-up of electromagnetic

interference in optical data transmission systems. A very high order of

electromagnetic isolation derives from the fact that the magnitude of

the induced fields decays exponentially with distance measured in terms

of wavelengths. The fiber optic data transmission systems based, as

they are, on dielectric waveguides are fire-resistant, short-circuit safe,

suitable for use in a hazardous environment, and do not create ground

loops between subassemblies. Finally there is a unique advantage in

terms of signal bandwidths which can be transmitted and processed

with optical systems. Bandwidths in excess of one gigahertz (109 Hz)

appear feasible, and yet when such a signal is transmitted on an optical

carrier of say ten thousand gigahertz, it would occupy a negligible

part of the available spectrum.

Importance of Integration

On the other hand, the advantages of integration of optical circuits

are mechanical stability, reproducibility, size, weight, cost and reli-

ability, minimization of package feed throughs. These advantages are

clearly not independent, however, they do represent what can reasonably

be expected when a complex optical system is integrated. Possibly the

last advantage is worth emphasizing. Many of the size, weight, and

bandwidth advantages of optical circuits will be swamped out by the con-

nections until we reach a moderate level of integration. Historically it

appears that soon after a technology develops a complete array of solid

state components, it becomes connection-limited. Electronics has been

connection limited since the development of the transistor. If any

military black box is disassembled and the transistors, resistors, capaci-

tors and inductors are sorted in one pile and the leads, wires, connectors

and circuit boards into another pile, almost certainly most of the volume,

cost, and potential failures are in the interconnection pile. This will be

the case whether we are talking about electronics or microwave and

hybrid or monolithic integrated circuits.

In summary,

we are interconnection limited and integrated connec-

tions don't count.
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Optical technology enjoys a spectrum of advantages which derive from 
the very small wavelengths of the signals involved. In general, optical 
devices can be as small as our technology can make them; thus, there is 
also a weight saving. Also, the small wavelength means that a modest 
aperture spans many wavelengths. This allows processing of informa­
tion carried by the spatial modulation of an optical signal as well as 

. the more conventional temporal modulation. This feature accounts for 
the very high processing rates associated with optical computers. There 
are advantages with respect to generation or pick-up of electromagnetic 
interference in optical data transmission systems. A very high order of 
electromagnetic isolation derives from the fact that the magnitude of 
the induced fields decays exponentially with distance measured in terms 
of wavelengths. The fiber optic data transmission systems based, as 
they are, on dielectric waveguides are fire-resistant, short-circuit safe, 
suitable for use in a hazardous environment, and do not create ground 
loops between subassemblies. Finally there is a unique advantage_ in 
terms of signal bandwidths which can be transmitted and processed 
with optical systems. Bandwidths in excess of one gigahertz ( 109 Hz) 
appear feasible, and yet when such a signal is transmitted on an optical 
carrier of say ten thousand gigahertz, it would occupy a negligible 
part of the available spectrum. 

Importance of Integration 

On the other hand, the advantages of integration of optical circuits 
are mechanical stability, reproducibility, size, weight, cost and reli­
ability, minimization of package feed throughs. These advantages are 
clearly not independent, however, they do represent what can reasonably 
be expected when a complex optical system is integrated. Possibly the 
last advantage is worth emphasizing. Many of the size, weight, and 
bandwidth advantages of optical circuits will be swamped out by the con­
nections until we reach a moderate level of integration. Historically it 
appears that soon after a technology develops a complete array of solid 
state components, it becomes connection-limited. Electronics has been 
connection limited since the development of the transistor. If any 

military black box is disass·embled and the transistors, resistors, capaci­
tors and inductors are sorted in one pile and the leads, wires, connectors 
and circuit boards into another pile, almost certainly most of the volume, 
cost, and potential failures are in the interconnection pile. This will be 
the case whether we are talking about electronics or microwave and 
hybrid or monolithic integrated circuits. 

In summary, 

we are interconnection limited and integrated connec­
tions don't count. 
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As each new level of integration is achieved, the black box functional

capability and complexity will continue to increase until limited by the

cost and reliability limitation of the interconnections.

Satellite-to-satellite communications provide a unique opportunity

to enjoy all the advantages of optical technology without penalty from

the normal atmospheric attenuation. In this application performance

will be measured in a bandwidth/transmission power ratio. The effective

"antenna gain" of even a small lens can be several orders of magnitude

greater than a microwave antenna. This ability to concentrate any avail-

able transmitter on the intended recipient makes optical data transmis-

sion very attractive.

Tethered weapon systems such as towed sonars or "wire"

guided weapons could profit from the size advantages of fiber optic data

transmission systems. Towed sonars are currently employing a

multitude of twisted pairs for the many separate sensor channels. These

produce a very heavy cable with associated heavy handling gear. With a

fiber data transmission system, the tether would only be as big as re-

quired to meet the mechanical strength requirements, a possible reduc-

tion over current technology by a factor of four in weight and space.

Optical Sensors

Radar systems are presently limited in resolution by wave length so

that the primary function is object detection. Optical radar would easily

yield one or two orders of magnitude improvement in resolution, sufficient

for object classification or identification at tactical weapon ranges. Such

an optical radar would be much more difficult to jam because of the very

low "antenna side lobes" of the lens. One can envision rather uncon-

ventional applications for a very low-power optical radar. For example

it may prove useful in an aircraft for a sensor inside the cockpit to

track the head and eye movements of the pilot. Using this as a human

control input to the computer may facilitate many pilot functions such

as sensor or weapon designation and instrument scanning.

The generic military functions within the realm of integrated optical

circuits are signal transmission, signal processing and sensors. Each of

these functions will be illustrated with specific military functions and a

description of the unique advantages that integrated optical circuits

might have to offer.

Optical Data Transmission

Flight deck communications present a unique challenge. The ambient

audio noise environment coupled with the persistent wind over the deck

virtually rule out conventional acoustic transmission. This problem has

been attacked using microwave broadcasters (commonly called Mickey
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As each new level of integration is achieved, the black box functional 
capability and complexity will continue to increase until limited by the 
cost and reliability limitation of the interconnections. 

Satellite-to-satellite communications provide a unique opportunity 
to enjoy all the advantages of optical technology without penalty from 
the normal atmospheric attenuation. In this application performance 
will be measured in a bandwidth/transmission power ratio. The effective 
"antenna gain" of even a small lens can be several orders of magnitude 
greater than a microwave antenna. This ability to concentrate any avail­
able transmitter on the intended recipient makes optical data transmis­
sion very attractive. 

Tethered weapon systems such as towed sonars or "wire" 
guided weapons could profit from the size advantages of fiber optic data 
transmission systems. Towed sonars are currently employing a 
multitude of twisted pairs for the many separate sensor channels. These 
produce a very heavy cable with associated heavy handling gear. With a 
fiber data transmission system, the tether would only be as big as re­
quired to meet the mechanical strength requirements, a possible reduc­
tion over current technology by a factor of four in weight and space. 

Optical Sensors 

Radar systems are presently limited in resolution by wave length so 
that the primary function is object detection. Optical radar would easily 
yield one or two orders of magnitude improvement in resolution, sufficient 
for object classification or identification at tactical weapon ranges. Such 
an optical radar would be much more difficult to jam because of the very 
low "antenna side lobes" of the lens. One can envision rather uncon­
ventional applications for a very low-power optical radar. For example 
it may prove useful in an aircraft for a sensor inside the cockpit to 
track the head and eye movements of the pilot. Using this as a human 
control input to the computer may facilitate many pilot functions such 
as sensor or weapon designation and instrument scanning. 

The generic military functions within the realm of integrated optical 
circuits are signal transmission, signal processing and sensors. Each of 
these functions will be illustrated with specific military functions and a 
description of the unique advantages that integrated optical circuits 
might have to offer. 

Optical Data Transmission 

Flight deck communications present a unique challenge. The ambient 
audio noise environment coupled with the persistent wind over the deck 
virtually rule out conventional acoustic transmission. This problem has 
been attacked using microwave broadcasters ( commonly called Mickey 
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Mouse headsets). This approach has proven functional; however, they

are subject to clandestine monitoring and they occupy a crowded portion

of the spectrum and thus suffer from electromagnetic interference.

Transmission over an optical channel would relieve the spectrum conges-

tion. Further, a suitable frequency (or wavelength) could be selected

for atmospheric absorption to limit the range of transmission.

As the Navy expands its fleet of air-capable ships the requirement

for air to ship communications will expand very rapidly. These aircraft

will serve to extend the range of the ship sensors. Maximizing airborne

sensors within the weight constraint imposed by small-ship compatibility

probably implies a minimum of sensor data processing on the aircraft.

Transmission of unprocessed sensor data will require very high-data-

link bandwidths. Optical data systems offer a maximum bandwidth

with minimum interference, weight, and space. In addition, the beam

can be most effectively constrained to the intended recipient.

Optical star trackers have application for back-up navigation. Func-

tionally such a device is very similar to an infrared seeker on a missile.

In either use, this function is currently accomplished with mechanical

pointing directed through feed back from some form of centroid sensor.

Integrated optical technology could eliminate all of the mechanical

gadgetry using electronic aperture steering driven by a two axis, phase

comparison, monopulse optical circuit.

Optical Processing

Optical signal processing can be conveniently considered of two

types: distributed and discrete. The realm of distributed signal pro-

cessors relies upon processing, in parallel, all of the data in a spatially

modualted optical signal. Included in this category are optical memory,

optical correlator, and optical transformation. This class of processors

is discussed in detail in a companion article in this issue.

Discrete signal processing functions include modulation, switching,

frequency selection and direction selection. These discrete functions

are quite analogous to similar functions in the microwave technology.

In effect these are the functional building blocks from which the military

subsystems already discussed are assembled.

Future Requirements

An overview of the trend in military weapon systems is toward in-

creasing data rates. Contributing to this trend will be the availability

of light and reliable integrated optical sensors. As the data rates go up,

integrated optical data transmission system will become more attractive.

Since the human bandwidth will not be increasing, our data processing

capability must expand in proportion to our increasing data rate. Inte-

grated optical processors will be required to meet this challenge.
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Mouse headsets). This approach has proven functional; however, they 
are subject to clandestine monitoring and they occupy a crowded portion 
of the spectrum and thus suffer from electromagnetic interference. 
Transmission over an optical channel would relieve the spectrum conges­
tion. Further, a suitable frequency (or wavelength) could be selected 
for atmospheric absorption to limit the range of transmission. 

As the Navy expands its fleet of air-capable ships the requirement 
for air to ship communications will expand very rapidly. These aircraft 
will serve to extend the range of the ship sensors. Maximizing airborne 
sensors within the weight constraint imposed by small-ship compatibility 
probably implies a minimum of sensor data processing on the aircraft. 
Transmission of unprocessed sensor data will require very high-data­
link bandwidths. Optical data systems offer a maximum bandwidth 
with minimum interference, weight, and space. In addition, the beam 
can be most effectively constr_ained to the intended recipient. 

Optical star trackers have application for back-up navigation. Func­
tionally such a device is very similar to an infrared seeker on a missile. 
In either use, this function is currently accomplished with ~echanical 
pointing directed through feed back from some form of centroid sensor. 
Integrated optical technology could eliminate all of the mechanical 
gadgetry using electronic aperture steering driven by a two axis, phase 
comparison, monopulse optical circuit. 

Optical Processing 

Optical signal processing can be conveniently considered of two 
types: distributed and discrete. The realm of distributed signal pro­
cessors relies upon processing, in parallel, all of the data in a spatially 
modualted optical signal. Included in this category are optical memory, 
optical correlator, and optical transformation. This class of processors 
is discussed in detail in a companion article in this issue. 

Discrete signal processing functions include modulation, switching, 
frequency selection and direction selection. These discrete functions 
are quite analogous to similar functions in the microwave technology. 
In effect these are the functional building blocks from which the military 
subsystems already discussed are assembled. 

Future Requirements 

An overview of the trend in military weapon systems is toward in­
creasing data rates. Contributing to this trend will be the availability 
of light and reliable integrated optical sensors. As the data rates go up, 
integrated optical data transmission system will become more attractive. 
Since the human bandwidth will not be increasing, our data processing 
capability must expand in proportion to our increasing data rate. Inte­
grated optical processors will be required to meet this challenge. 
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Consider the sort of projections that might have been suggested some

25 years ago with respect to the potential military applications of solid

state electronics. Those projections would appear trivial in comparison

with the modern phased-array radar, the airborne digital computer, and

the satellite-assisted communications systems of today. These systems

are feasible as a direct result of the integration of electronic and micro-

wave circuits. Today optical technology stands on the threshold of

dramatic growth as a result of integration of optical circuits. All of the

functional elements are in hand, though many have come to hand just

recently. These include low-loss fiber optic data transmission lines,

solid state lasers, thin film wave guides, thin film modulators and deflec-

tors, and solid state detectors.

If this technology develops only as rapidly as electronics have over

the next 25 years, the new capabilities will stagger the imagination.

However, there is considerable evidence that the development of inte-

grated optical circuits will proceed even faster because of the strong

technology base of integrated electronic circuits. This technology base

includes theory and practice in solid state physics, microfabrication,

availability of exotic materials, and theory of electromagnetic propaga-

tion. The Navy is embarked on an aggressive program of research and

development to realize the potential of integrated optical circuits at the

earliest possible time.

(Continued from Page 39)

animals in a pressure vessel designed and constructed by Donald Phillips of

the department.

The colleague who has worked most closely with Menzies is Robert Y.

George, research associate and adjunct professor of oceanography at Florida

State University. George holds a Ph.D. degree in marine zoology from the

University of Madras, India.

Menzies and George are the authors of a book, Abyssal Environment and

Ecology of the World Oceans, that was published by John Wiley and Sons in

December.

Menzies' and George's discoveries in the area of pressure-resistance have

come so rapidly during the past two years that only one of them so far has

been reported in a scientific journal, although others have been reported at

several international conferences.

They reported on experiments related to hydrostatic pressure resistance

and temperature in the March, 1972, issue of Marine Biology. Again they de-

molished a view that had been held for some time, that creatures of the Tropics

and other hotter climes usually are better equipped to survive intense pressures

of the ocean depths than are Arctic or other cold-to-warm water species.

Again using their pressure tank filled with "instant ocean," water of thirty

per cent salinity, the scientists compared fiddler crabs and other animals from

the intertidal waters off Panama with similar creatures taken from the shallows

U. S. GOVERNMENT PRINTING OFFICE : 1973 O - 494-733
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Consider the sort of projections that might have been suggested some 
25 years ago with respect to the potential military applications of solid 
state electronics. Those projections would appear trivial in comparison 
with the modem phased-array radar, the airborne digital computer, and 
the satellite-assisted communications systems of today. These systems 
are feasible as a direct result of the integration of electronic and micro­
wave circuits. Today optical technology stands on the threshold of 
dramatic growth as a result of integration of optical circuits. All of the 
functional elements are in hand, though many have come to hand just 
recently. These include low-loss fiber optic data transmission lines, 
solid state lasers, thin film wave guides, thin film modulators and deflec­
tors, and solid state detectors. 

If this technology develops only as rapidly as electronics have over 
the next 25 years, the new capabilities will stagger the imagination. 
However, there is considerable evidence that the development of inte­
grated optical circuits will proceed even faster because of the strong 
technology base of integrated electronic circuits. This technology base 
includes theory and practice in solid state physics, microfabrication, 
availability of exotic materials, and theory of electromagnetic propaga­
tion. The Navy is embarked on an aggressive program of research and 
development to realize the potential of integrated optical circuits at the 
earliest possible time. 

(Con tinued from Page 39) 

animals in a pressure vessel designed and constructed by Donald Phillips of 
the department. 

The colleague who has worked most closely with Menzies is Robert Y. 
George, research associate and adjunct professor of oceanography at Florida 
State University. George holds a Ph.D. degree in marine zoology from the 
U Diversity of Madras, India. 

Menzies and George are the authors of a book, Abyssal Environment and 
Ecology of the World Oceans, that was published by John Wiley and Sons in • 
December. 

Menzies' and George's discoveries in the area of pressure-resistance have 
come so rapidly during the past two years that only one of them so far has 
been reported in a scientific journal, although others have been reported at 
several international conferences. 

They reported on experiments related to hydrostatic pressure resistance 
and temperature in the March, ·1972, issue of Marine Biology. Again they de­
molished a view that had been held for some time, that creatures of the Tropics 
and other hotter climes usually are better equipped to survive intense pressures 
of the ocean depths than are Arctic or other cold-to-warm water species. 

Again using their pressure tank filled with "instant ocean," water of thirty 
per cent salinity, the scientists compared fiddler crabs and other animals from 
the intertidal waters off Panama with similar creatures taken from the shallows 
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off FSU's Marine Laboratory at Turkey Point where there is a wide seasonal

range of temperature in the Gulf waters.

They found that the species from colder waters survive more readily. Menzies

explained that prevailing contrary views may have come from observation

only of reversible behavioral responses of animals to pressure —not always

a good guide to their real ability to survive.

He explained that hydrostatic pressure usually affects animals in a four-step

process. When confronted with extreme pressure an animal typically reacts

at first with a sudden outburst of violent activity. Crabs, for instance, crawl

rapidly around a pressure chamber, shrimps swim more rapidly than usual

and fish swim violently.

This response is followed by paralysis, or tetany, in which the animal exhibits

uncoordinated muscular contractions.

The third phase is inactivity, and this phase is followed by death.

In the experiments at FSU, observations were made and photographs and

movies taken of the initial stages (sometimes the first reaction does not occur)

and the experiments were extended until a fifty percent kill of organisms occured

when they were immersed for one hour at a specific pressure.

Within the temperature range of the experiments it was shown that the re-

versible responses increased with increasing temperatures but the results were

quite different for ultimate survival.

It is ecologically significant that among the species thus far tested, the pres-

sure required to achieve a fifty percent kill increases with decreasing temperature,

even though the rate of increase is not constant or consistent. These data suggest

that the survival of invertebrates with reference to lethal pressure should be

better among cold-water species (or species living in water of varying tempera-

tures who have been acclimated to cold water) than for tropical species living

at high temperature.

The latest discovery, made only a few weeks ago, is that the larva of a tiny

fly that is a pest along the Gulf Coast —an animal that never has occasion to

live in the ocean depths during any of its life stages —has an ability to withstand

pressure greater than in the deepest part of the ocean, the Mariana Trench.
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off FSU's Marine Laboratory at Turkey Point where there is a wide seasonal 
range of temperature in the Gulf waters. 

They found that the species from colder waters survive more readily. Menzies 
explained that prevailing contrary views may have come from observation 
only of reversible behavioral responses of animals to pressure - not always 
a good guide to their real ability to survive. 

He explained that hydrostatic pressure usually affects animals in a four-step 
process. When confronted with extreme pressure an animal typically reacts 
at first with a sudden outburst of violent activity. Crabs, for instance, crawl 
rapidly around a pressure chamber, shrimps swim more rapidly than usual 
and fish swim violently. 

This response is followed by paralysis, or tetany, in which the animal exhibits 
uncoordinated muscular contractions. 

The third phase is inactivity , and this phase is followed by death. 
In the experiments at FSU, observations were made and photographs and 

movies taken of the initial stages (sometimes the first reaction does not occur) 
and the experiments were extended until a fifty percent kill of organisms occured 
when they were immersed for one hour at a specific pressure. 

Within the temperature range of the experiments it was shown that the re­
versible responses increased with increasing temperatures but the results were 
quite different for ultimate survival. 

It is ecologically significant that among the species thus far tested, the pres­
sure required to achieve a fifty percent kill increases with decreasing temperature, 
even though the rate of increase is not constant or consistent. These data suggest 
that the survival of invertebrates with reference to lethal pressure should be 
better among cold-water species (or species living in water of varying tempera­
tures who have been acclimated to cold water) than for tropical species living 
at high temperature. 

The latest discovery, made only a few weeks ago, is that the larva of a tiny 
fly that is a pest along the Gulf Coast - an animal that never has occasion to 
live in the ocean depths during any of its life stages -has an ability to withstand 
pressure greater than in the deepest part of the ocean, the Mariana Trench. 
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