
Lasers 
This is the third issue of the RCA Engineer devoted primarily to papers on 

lasers, their application, and closely related subjects. The first was in 1963, 

about four years after RCA initiated research on lasers. It included seven 

papers and two engineering notes, mostly on basic laser research and asso­

ciated component development. Only one was on a practical and enduring 

application: that of laser rangefinding. The laser was described by some as 

"a cure looking for an illness." 

The second laser issue was in 1966 and its papers dealt with a vastly 

expanded variety of lasers, new components such as detection devices, 

propagation measurements, and some experimental laser radar and com­

munication systems. There were other articles on potential applications in 

medicine, on safety considerations, and laser machining. The subject of 
holograms as a potential storage medium of pictorial information, immune to 

physical damage, was introduced in this issue. But still science and tech­

nology outweighed the practical applications of the new technology. 

While this issue shows an even broader spectrum of laser technology and 

related components, it is clear that laser research is still very much active 
and that most of the work reported here is still in the earlier phases of devel­
opment. But more and more real applications are emerging. This issue 

includes papers on valid military uses such as gated vision, intrusion alarms, 

and ranging. In a future issue, RCA's approach to prerecorded video for the 
home will be covered. Based on lasers and holography, this may well be the 

first large-volume application. 

It seems that, in its tenth year, the laser is coming of age. 

William M. Webster 
Vice President 
RCA Laboratories 
Princeton, New Jersey 
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Our cover 
Typical of the many advances described in this 
issue, the cadmium laser on our cover is an 
extension of laser technology into a new area of 
possible applications-in this case, the violet 
and ultraviolet range of importance in photo­
graphic work (see Dr. Hernqvist's article, p. 14)." 
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at RCA • To create a community of engineer­
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tions • To help publicize engineering achieve-

Science, society, and the seventies 

ments in a manner that will promote the inter­
ests and reputation of RCA in the engineering 
field. To provide a convenient means bywhich 
the RCA engineer may review his professional 
work before associates and engineering man­
agement • To announce outstanding and un­
usual achievements of RCA engineers in a 
manner most likely to enhance their prestige 
and professional status. 
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editorial 
input 

science, society, 
and the seventies 

This is not just another year; 1970 
heralds a vibrant new decade in 
which the needs, challenges, and 
adjustments will be greater than 
ever for engineers and scientists­
new and experienced alike. Each 
year new engineering graduates 
bring with them fresh knowledge, 
new determination, and startling 
concepts for the engineering pro­
fession. However, the smooth tran­
sition for the new engineer, who 
must preserve and extend his ob­
jectives, will depend greatly on the 
skills and abilities of the experi­
enced engineer who will be called 
upon to provide counsel and to 
establish performance goals. 

Engineers have always been dedi­
cated to the satisfaction of human 
needs, but now their role will be 
greater than ever. Working with 
their counterparts in medicine, law, 
education, and other learned pro­
fessions, today's engineer is 
uniquely suited to share in the sat­
isfactions as well as the responsi­
bilities for achieving progress in 
the interests of society. He is char­
acterized by his desire to live by 
ideas, to acquire and share new 
knowledge, to train associates, to 
document for the benefit of the 
world body of knowledge, and to 
exert the patient determination to 
achieve even though the recogni­
tion and rewards may be delayed. 
His ability to innovate and to pre­
sent new advances and ideas to 
society-and concurrently his abil­
ity to reduce the costs of the prod­
ucts of science to a level within the 
economics of the majority-are 
the influences that the engineer 
will bring to solve the problems of 
the seventies. 

The seventies will impose de­
mands that are advanced far be­
yond any that have faced scientists 
and engineers of prior decades. 

For example, what will the scien­
tific community contribute toward 
a practical solution to urban prob­
lems, to the transfer of electronic 
power and atomic energy, and to 
the design of !Jew systems for air 
and land transportation? What 
about development of new mate­
rials for low-cost home construc­
tion? Ironically, many of the prob­
lems now begging for solution 
are a result of past decades of 
engineering achievement-the 
problems of noise, air, and water 
pollution for example. What will be 
the role of the engineer in devising 
automatic refuse and waste dis­
posals; and in the realization of the 
electric car? What about the role of 
the computer in freeing man's time 
in business and in the home? Will 
electronics playa leading role in 
the maintainence and preservation 
of health and education and in the 
proper utilization of the earth's and 
sea's natural resources? 

These are just a few of the socio­
logical challenges for the engineer 
of the 70's-the engineer who will 
be recognized for his humanitarian 
contributions made possible by his 
technical accomplishments re­
gardless of his age, his experience, 
or his prior accomplishments. 

If we examine what we as profes­
sional engineers have done to lead 
the way to a new life for the sev­
enties, we may be forced to admit 
to being somewhat inert and uni­
maginative. To adapt science to 
serve the best interests of man­
kind, we should now start a fresh 
examination of our role in society 
... reflect seriously on how we can 
be a major force ... accept the 
changes that will be brought about 
in our role as engineers ... and 
make responsible recommenda­
tions. The pages of the RCA Engi­
neer are open to your ideas and 
reactions. 

, 

• 

• 

t 

• 

Future issues 

The next issue of the RCA Engineer features. 
RCA engineering on the West Coast. Some 
of the topics to be discussed are: 

Monoscope character generators 

Two-color alphanumeric displays 

Drum memory systems 

Random access memories 

Power supply protection techniques • 
Automated design 

Custom monolithic circuits 

Communication and navigation system 
for aviation 

Airline weather radar 

One-tube color camera 

Discussion of the following themes are 
planned for future issues: 

Linear integrated circuits 

Consumer electronics 

RCA engineering in New York 

Displays and optics 

Computers: next generation 

Mathematics in engineering 

Advanced Technology Laboratories 

• 
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Why and how engineers 
.should write technical reports 
w. o. Hadlock 

Engineers and scientists who prepare RCA internal technical reports accomplish 
several important goals: 1) they share valuable information with other RCA engineers; 
2) they help solve related problems in other activities; and 3) they alert leaders and 
managers to the need for sharing valuable information with other activities. This paper 

_ncludes up·dated definitions and new information on distribution, approvals, and 
numbering of internal technical reports; it describes RCA's technical reporting pro­
grams and answers questions about the author's professional task of writing reports. 

ENGINEERS AND SCIENTISTS who 
provide Technical Reports (TR's) 

.md Engineering Memoranda (EM's) 
benefit their associates in other divi­
sions, implement important RCA 
policy, and help secure for RCA a 
maximum return on its investment in 
engineering and research. 

• RCA's policy for TR's and EM's 

Quoted here is a statement of RCA's 
policy' regarding the purpose of TR's 
and EM's: 

"To record the significant results of 
• engineering and research investiga­

tions and to make such information 
available to the major operating units 
and interested RCA Staff activities." 

The essence of this policy is incorpo­
rated in the formal procedures of the 
major divisions of RCA. 

'Each division in RCA has a specific 
operating procedure (Refs. 2, 3 and 
4 are examples) covering the prepara­
tion and distribution of TR's and 
EM's. Because such instructions vary 
in minor detail, the information in this 

~aper is generally applicable to report 
preparation in all activities. For ad­
ditional information, engineers are en­
couraged to seek the advice of engi­
neering supervisors, and the Technical 
Publication Administrators (listed on 
the back cover of each RCA ENGI-

eNEER). 

General information on 
technical reports 

Reports embrace research, applied re­
search, and engineering development 

~investigations throughout RCA and are 
utilized for documenting information 

Reprint RE-15-5-1 
Final manuscript received December 1, 1969. 

of value, whether technical or non­
technical. Such reports provide a con­
venient means for sharing l'esults of 
research and development efforts, and 
furthering RCA's total competence. 

TR's and EM's are company private 
documents; they provide information 
for use by technical personnel only 
within RCA. Such documents are one 
of the traditional communication me­
dia used by RCA for nearly three dec­
ades and are available for reference at 
major RCA engineering libraries. 

Why write reports? 

Engineers realize they must do much 
more than solve new problems. Among 
their professional responsibilities, the 
preparation of reports is important for 
several reasons: 

1) To provide a permanent record (for 
patent, legal, engineering, and manage­
ment) of valuable work completed. 
2) To avoid duplication of engineering 
and research. 
3) To inform other engineers of results 
accomplished to help solve their related 
problems. 
4) To suggest techniques for other 
scientific work. 
5) To show that certain methods of 
solution may be blind alleys. 
6) To use as a basis for technical 
papers. 

TR's and EM;S capture the interest of 
associates, engineering management, 
and others who may further apply new 
ideas-a novel idea usually has value 
far beyond that envisioned originally. 
The two types of reports and their 
basic functions are as follows: 

Technical Reports (TR's) are used to 
record research and engineering results, 
during the course of the investigation 
or at its conclusion, or any technical 
information within RCA, except as pro­
vided by engineering memoranda. 

W. O. Hadlock, Mgr. 
Technical Publications 
Corporate Engineering Services 
Research and Engineering 
Camden, N.J. 
received the BSEE from Clarkson College of Tech­
nology and joined General Electric's Radio Re­
ceiver Engineering u,on graduation, where he 
worked in components engineering, design of 
AC/DC battery radiOS, and later in television trans­
mitter design. During World War II he became 
Assistant Mgr. of Commercial Service Activities, 
GE Electronic Tube Division, and introduced GE's 
series of Electronic Tube Manuals. Mr. Hadlock 
joined RCA in 1947 to work on the Advertising and 
Promotion of RCA technical equipment for sale to 
TV and Broadcast Stations. In 1949, he became 
Mgr., Broadcast and TV Advertising and Sales 
Promotion and Managing Editor of Broadcast 
News. In 1955, Mr. Hadlock became Editor, RCA 
ENGINEER, to inaugurate and publish the present 
company-wide journal. In 1959, he was also named 
RCA Staff Technical Publications Administrator. In 
1965, Mr. Hadlock was named Manager, RCA 
Technical Publications, Corporate Engineering 
Services, in which position he continues as 
Editor, RCA ENGINEER. In 1967, he was also 
made responsible for RCA's TREND, The Research 
and Engineering News Digest. Mr. Hadlock is a 
Senior Member of IEEE, Member of EWS, and a 
member of the American Association of Industrial 
Editors. 
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Engineering Memoranda (EM's) are 
used to record non-technical and cer­
tain technical information which is of 
limited significance within RCA. The 
Engineering Memorandum is not a sub­
stitute for the Technical Report, how­
ever. Examples of EM's are reports of 
meetings, trips and conferences; com­
petitive product evaluations; computer 
programs, charts, tables and nomo­
graphs. 

When to write reports? 

The occasion to write a TR or an EM 
may arise during the course of an en­
gineering investigation as well as upon 
its completion (although contract re­
ports are usually stipulated and sched­
uled by the contracting agencies, such 
work may later form the basis for 
valuable TR's-subject to the approval 
of the contracting agency). The en­
gineer can, with the guidance of his 
leader, manager or lab director, deter­
mine the proper timing; generally, 
preparation of TR's should be con­
sidered as follows: 

1) Upon completion of a major engi­
neering project. 
2) Upon completion of any discrete 
portion of a project. 
3) Whenever the information is of 
value to RCA engineers. 
4) Whenever new techniques are de­
veloped. 
5) When unclassified contract reports 
are of interest to other divisions, and 
are approved for issuance as TR's. 
6) When classified contract reports are 
declassified, and are approved for con· 
version to TR's. 
7) Prior to public disclosure of new 
information. 

Who is eligible to write a report? 

RCA engineers or scientists are 
strongly encouraged to prepare TR's 
and EM's as a part of their work. 
However, all members of the RCA 
technical staff, including the managers, 
leaders, project administrators, and 
technicians are eligible to write reports. 

Other RCA reports, and 
government reports 

Several other categories of "Company 
Private" information are used in some 
divisions of RCA, such as Government 
Contract Reports, Progress Reports, 
and Coded Engineering Letters. Distri­
bution and release of such material 
is controlled by the Chief Engineer 
and/or Technical Publication Admin­
istrator. 

Government Contract Reports are pre­
pared and distributed in accordance 

with the terms of the contracts in 
which RCA participates, and in con­
formance with Government security 
regulations included in the RCA Per­
sonnel Policy Manual and Procedures 
of each division. 

RCA technical reports are not recom­
mended for reporting classified work; 
however, certain phases of such work 
may be unclassified; if so, approval 
can be sought to report such informa­
tion to engineers in other divisions. 
When certain Contract Reports are de­
classified, engineers may also wish to 
otbain approval to distribute pertinent 
information as TR's. 

New system for report numbers 

Every TR and EM must bear an ap­
propriate index (file) number"""- to 
facilitate future reference, library fil­
ing, and retrieval. Report numbers 
should appear in the upper left hand 
corner of the report cover, and be re­
peated on the abstract pages. 

Starting in January 1970, a new num­
bering system was established. In this 
system, corporate report numbers con­
sist of four discrete parts of significant 
information, as follows: 1) a location 
division designator; 2) a number in­
dicating year of issuance; 3) the letters 
TR or EM indicating the type of re­
port, and 4) a 3-digit sequential 
number: 

PRRL-70 -TR -001 

Signifies 
Princeton 
Research 

Laboratories 

Indicates Indicates a 
the year Technical 

1970 Report 

Represents 
first TR 

issued by Research 
Labs in 1970 

/' CMAT-70-EM-010 

Signifies Indicates Indicates an 
Camden the year Engineering 

Advanced 1970 Memorandum 
Technology 

Upon completion of reports, engineers 
should contact the Technical Publica­
tions Administrator (TP A), librarian, 
or others in their division responsible 
for the assignment of corporate TR 
and EM numbers. 

October 1969 
Issue No. 69-10 

Company Private 

RCA Technical Abstracts 

a monlhty b ... llelln announcing 
new RCA TECHNICAL DOCUMENTS 

Fig. 1-RCA Technical Abstracts is distrib­
uted by the Technical Information Systems 
activity to key engineering and research per­
sonnel throughout RCA. 

Required approvals 

Each division has a definite set of ap­
proval requirements for technical re­
ports. These nearly always include the 
following, in advance of distribution: 

: 

• 

1) technical and administrative. 
(policy) approval by the head of the 
engineering activity (the Chief En­
gineer or his designated representa­
tive) , and 2) patent approval by the 
Director, Domestic Patents. 

Distribution of TR's and EM's • 
Each division of RCA initiates a 
corporate-wide minimum standard dis­
tribution of complete reports. This 
minimum (and mandatory) distribu­
tion includes only the major technical 
libraries serving engineering and re-' 
search, one copy for patent operations, 
and one copy for joint use by Technical 
Publications and by the Technical In­
formation Systems activity for infor­
mation-retrieval purposes. Additional 
distribution of complete reports within. 
United States may be made by the 
author (after appropriate approvals) 
to qualified RCA personnel. 

Every RCA technical report and en­
gineering memorandum is categorized, 
indexed, and announced in "RCA. 
Technical Abstracts" (Fig. l)-circu­
lated monthly to key research and en­
gineering personnel in all activities of 
RCA. Recipients of the" Abstracts Bul­
letin" may borrow the reports of in­
terest from local technical libraries. • Planning and organizing TR's 

A technical report should present per­
tinent facts together with logical con-

e1u.ion. and "commendation •. ThU •• , I 



the writer's goal is to accumulate, or­
ganize, and present essential informa­
tion so that the report can be quickly 
and easily understood. 

iValue of an outline 

Before beginning an engineering proj­
ect, a preliminary outline frequently 
helps determine the progression of the 
developmental steps to be taken. To 
analyze a project, ask and answer the 

• following questions: 

What will be the purpose? 
Who will need the information? 
How much background should be in­
cluded? 
What steps should be followed? 
What is the final message to convey? 

• You can change your outline, add to 
it, or subtract from it, as work pro­
gresses. Major headings in the outline 
may become the table of contents of 
your report (Fig. 2). 

• Convey your idea 

• 

Remember that the function of the 
report is to convey an idea; thus, it 
need not be a treatise. A brief technical 
report can be more effective than a 
lengthy, involved one. 

Writing effective reports 

To communicate your idea, the report 
should favor the specialized readers 
to whom it is directed-and, at the 
same time, be understood by as wide 

• an audience as possible. So, select the 
"nuggets" of the work for special at-

• 

• 

CompanyPn~ate 

July 1970 

~,~,~;;';:;""o''''',m •• , Transistor High-Voltage 
Sol,(I State Division, and Scanning Circuits 
Som"f"IIlIle. New Jer.ey for Color Receivers 

nen Electronic 
Components 

Fig. 2-Combination topic-sentence outline 
for preparing TR's and EM's. 

I. Planning and organizing 

1. Preliminary 
a. Study available material; 

2. Early Writing Stages 
a. Decide on audience and reader needs. 
b. Analyze material; decide what to say. 
c. Make rough outline as a guide. 

3. Consider Forms of Organization 
a. Chronological account (rare) 
b. Describe a product or technique 
c. Emphasize methodology 
d. Describe a project 
e. Describe an investigation 

II. Writing the report 

1. Get it on paper promptly; rewrite and polish. 

III. A "TR" on an investigation 

1. Front maHer: Title-summary, distribution, and 
content pages. 

2. Introduction: Importance of work, objectives, 
preview of contents, and gist of conclusions. 

3. Body: Summarize findings; describe equipment, 
methods, and results. 

4. Conclusions, recommendations and bibliog­
raphy. 

5. Appendix: History, derivations, and detailed 
data. 

IV. Illustrating 

1. Complement and illuminate the text. 

2. Simplify diagrams; use in right places. 

V. Observe conventions of uniformity 

1. Spell ing and punctuation. 

2. Tables, literature citations, etc. 

tention instead of repeating all the 
stages of thought and action. How­
ever, occasionally unproductive results 
may be of great interest and of value 
to certain engineers. This is a matter 
of judgment for the author. 

Write the abstract, report proper, and 
the appendix with appropriate degree 
of detail. The abstract provides the 
gist of the report. The body appeals to 
the reader who follows the work 
closely. The appendix supplies calcu­
lations and detailed analyses. Thus, an 
effective, easy-to-read report tells the 
story in barest facts, repeats it in 
greater detail, and supports the main 
thesis with related information. 

Elements of TR's and EM's 

Uniformity in appearance, content, and 
arrangement of RCA TR's and EM's is 
desirable. Understandably, minor vari­
ations such as the types of covers do 
exist. However, all reports usually re­
quire the basic elements illustrated by 
the sample pages (Figs. 3 through 8) . 

Report covers 

TR's and EM's can be bound in any 
appropiate folder or cover. Satisfac­
tory covers are available in the various 
divisions and Technical Publications 
Administrators will recommend the 
most suitable types. Only one number 
(the RCA designator-based number) 
should appear on the front cover of 
the report. 

Company Private SMSS-70-TA.999 
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Fig. 3-Report covers should include the basic 
.,information shown above. 

Fig. 4-The technical abstract page provides the 
necessary information for indexing in RCA Tech­
nical Abstracts. 

Fig. 5-Typical indexing and distribution information. 
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SECTION 

Technical abstract page 

The title, names of the authors, report 
file number, date, and indexing infor­
mation are required on the abstract 
page (RCA form 3003). Carefully 
select titles to be brief but compre­
hensive enough to be distinguished 
from other reports. Government con­
tract numbers (when required) are 
included. 

The abstract (or subject, object, and 
conclusion) should provide useful in­
formation and give the reader a con­
cise preview of what he will find in 
the report. Such a capsule assists the 
reader who scans-and encourages the 
serious reader to study the report more 
thoroughly. 

Index and distribution page 

This page includes the following in­
formation: Company Private notation, 
file number, date, field of interest cate­
gories, and a statement concerning 
announcement and distribution. Addi­
tional author distribution is listed by 
name and location, indicating whether 
complete reports or abstract pages 
were sent. 

Table of contents 

The table of contents (when one is 
considered necessary) should include 
the main divisions and subdivisions of 
the report, showing page numbers 
where material can be found. Appen­
dixes, tables, and figures may also be 
listed on the contents page. 

CATE~COMPUTER/CONTROLLER FOR 
AUTOMATIC TEST EQUIPMENT 

by 

B.Rainstrom. loN.Vent and C.Reate 

Page 1 

Introduction 

To help the reader, repeat the title at 
the top of the introduction page. A 
good introduction indicates what is to 
follow, defines the subject under dis­
cussion, and states objectives. Refer­
ence to companion projects will be 
helpful-assume the reader has little 
knowledge of the purpose or scope of 
the investigation. Prior· research prob­
lems, associated concepts, and prevail­
ing ideas may be briefly described. 

Description of the investigation 

The section following the introduction 
describes what was done and how it 
was achieved. Include enough infor­
mation so the readers can reach an 
opinion of the accuracy, reliability, and 
usefulness of the work. Typical items 
to discuss are as follows: 1) theoreti­
cal considerations, 2) experimental 
procedures,3) design of apparatus, 4) 
comparison of predicted and observed 
data, and 5) summarized results. 

Conclusion and recommendations 

This section enumerates significant 
findings, and supplies supporting in­
formation needed to understand what 
was achieved. Recommend steps for 
applying the results of the work. De­
scribe benefits expected from such ap­
plication and mention unique feature 
of the work. Suggest further work that 
seems desirable. State opinions, but dis­
tinguish those not supported by proof. 
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1) average power, 100 kilowatts; 2) antenna length, 330 
feet;)lt!d 3) antenna height, 138 feet. This report is con­
cerned with computation of Fresnel region pO~ler densities. 

II. FRESNEL REGION ON-AXIS PotiER DENSITY EQUATION 

There has been much work done on the computation of Fresnel 
region field distributions l - 12• The references given do not 
include computed results ~mich can be used to approximate 
the Fresnel region fields of the fixed MA.DRE antenna. It 

~~ ~~~~;!;~~ n;~;s:~:~l~~i~;:i~:e a~e::i::s:~0~);1 Jh~n:ie Ids 

vestigations are used as a starting point. The derived 
equations are expressed as functions of range, aperture 
dimensions, and wavelength in the same manner as used by 
Bickmore and Hansen. 8 An expression for the Fresnel region 

fields is 3 : b/2 (1) 

E(x,y,z) .. exp(-jkz) !:z 5 E(n)exp(jk)dn 

-b/2 

Where: k" propagation constant of free space. 

: 
Appendixes 

Supplementary information too spe­
cialized to include in the body of the 
report (but important to some readers) 
should be presented in appendixes. Ex-, 
amples are as follows: lengthy histori­
cal background, details of experimental 
equipment, procedures, analytical 
methods, calculation, and derivations. 

References and bibliography 

Referenced items are numbered se-· 
quentially to agree with the order in 
which superscript numbers appear in 
the text. Bibliographies may include 
any publication that the engineer­
author considers helpful. Abstracts, let­
ters, or private communication may be. 
referenced in the absence of formal 
publications. A sample bibliography is 
included to show the style for eight 
types of literature citations. 
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To help engineers come abreast of recent innovations in laser technology, the authors 

have attempted to review the current status of lasers from two points of view. First, 

what is available now and what use is being made of it? Second, what other applica­

tion ideas are current, but unexploited because of inadequate devices? Obviously 

the second question leads back to considering the direction component work should 

take in the near future. In addition, we have indicated some of the locations within 

RCA where specific kinds of laser work are underway. Other papers in this Laser 

Issue give additional details on specific developments within RCA. 

Lasers 

: 

, 

• 
T HE SUCCESSFUL CONSTRUCTION OF 

LASERS in 1960 suddenly presented 
engineers and scientists with a new 
and very different tool. Even in these 
days of rapid technological change, the 
abruptness of this transition was un­
usual. The production of coherent 
electromagnetic radiation had steadily 
advanced in the 20th century through 
radio frequencies into the microwave 
region, and by 1950, small steps were 
being made toward sub-millimeter 
wavelengths. The ruby laser made pos· 
sible a sudden leap to the visible over 
a portion of the spectrum 1,000 times 
larger than all of that used previously. 
As a result, some very new scientific 
and technological applications were 
immediately possible but others still 
seem to hover just beyond reach. To 
use more fully the potentialities of the 
laser, two or possibly three kinds of 
advances are required. One is im­
provement of lasers themselves with 
efficiency being perhaps the dominant 
problem. A second is improvement of 
the auxiliary components that enable 
one to handle light usefully. Probably 
new device concepts are also needed 
here. The third required advance must 
be in the thinking of the engineer who 
will eventually make best use of the 
laser. It takes time to catch up with 
such an innovation. 

Laser Type Wavelength (micrometers) Comments 

Components 

The following is a condensed summary 
of what is now available in lasers and 
auxiliary components. It is not at all 
complete; in fact, its main value may 
be its selectivity within each category. 
For example, there are many hundreds 
of lasers, but we list the current status 
of only the few that now seem particu­
larly interesting. 

Reprint RE-1S-S-20 
Final manuscript received November 26, 1969. 

He-Cd Gas 

Ionized Gas 
Argon 

Ionized Krypton Gas 

He-Ne Gas 

Injection 

Cr+3:A12o, Optically 
(Ruby) pumped, crystal 

laser 

Nd'+:giass Optically pumped, 
crystal laser 

Ho, Er, Yb, Tm Optically pumped 
YAG crystal laser 

Nd'+:Y,AIoO'2 Optically pumped 
(YAG) crystal laser 

Dy2+:CaF2 Optically pumped 
crystal laser 

./ CO2 Gas 

H2O Gas 

CN Gas 

Frequency translating devices 

0.4416 
0.3250 

0.4880 
0.5145 

0.3507 
0.4762 
0.5208 
0.5682 
0.6471 

0.6328 

0.6300 

0.9000 

0.6934 

1.065 

1.065 

2.358 

10.57 

118. 

337. 

Mixing of microwaves and light: The 
output of a laser has been shifted by 
frequencies of several kMHz by pas­
sage through an electroptic modular 
driven by a microwave signal. Precise 
shifts over a range from 0 to 100 kMc 

Performance in the violet similar to 
that of He-Ne laser shown below. 

Produces about ten times the power / • 
unit volume compared to a He-Ne 
laser. Efficiency increases with size 
being about 0.05% at the I watt out­
put leveL 

Provides a variety of lines through­
out the visible range, but efficiency 
lower than for argon. 

Produces approximately 0.08 watts/ 
meter of optical cavity at constant 
efficiency of about 0.05%, indepen­
dent of length. 

• 
Alloys can be made to emit at any de­
sired wavelength in this range. At the 
long wavelength end, efficiencies of 
40% can be obtained in pulsed de-. 
vices operating at room temperature 
with peak power of 50 Wand repeti­
tion rates of kHz. Alloys range from 
o :::;x:::; 0.34. 

Very high-power pulses can be ob­
tained by Q-switching at about 0.1% 
efficiency. In cw operation, I watt 
can be obtained at room temperature 
and 0.05% efficiency. 

Size of laser limited only by material 
strength. Extremely high peak power 
(Gigawatts) and high energy (1000's 
of joules) per pulse. Efficiency some­
what less than Y AG host. 

In cw operation, 15 watts can be ob­
tained at 5% efficiency at 77°K. 

• 

Very high power pulses can be Ob-. 
tained by Q-switching. In cw opera­
tion, 200 watts can be obtained at 3% 
efficiency at room temperature. 

1 watt cw at 78°K and 1 % efficiency. 

Produces approximately 50 to 75 
watts/meter at constant efficiency of 
about 10%. 

1 milliwatt pulsed. 

50 milliwatts pulsed. 

should be possible. 
Mixing of two light signals: Very far 
infrared or sub-millimeter radiation 
may eventually be produced most effi­
ciently by mixing two light signals. 
The effect has been demonstrated in 
GaAs. 

• 

, 
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eHarmonic generation: The nonlinear 
polarizability of some materials pro­
duces significant amounts of second 
harmonic radiation when a coherent 
optical wave passes through it. If the 
velocities of the two waves are 

f"matched, the effect is greatly en­
hanced. A relatively new material, 
Ba,NaNb,015 (banana) can in princi­
ple produce almost 100% conversion 
to second harmonic in focused, mod­
erately-high-power, cw lasers. How-
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ever, available material is presently of 
poor optical quantity, has residual ab­
sorption, and must be temperature 
controlled. Improvements in materials 
here could make the relatively high 
efficiency of the near IR lasers an im­
portant source of visible light. 

Modulators 

Even now, many modulation and de­
flection requirements can best be satis­
fied mechanically. However, there is 

little doubt that electro-optic devices 
are the method of the future. Electro­
optic materials are those in which a 
DC or relatively low-frequency applied 
electric field changes the index of re­
fraction of a material for a particular 
polarization of the optical field. Ten­
sors are required to describe the inter­
action and the electro-optic effect can 
be used in a large variety of de­
vice configurations. This makes simple 
descriptions difficult. One somewhat 
inadequate figure of merit is the half­
wave voltage: the voltage that must 
be applied to a material to produce 
100% modulation. In the early 1960's 
only KDP was available for modula­
tors in the visible, and its half-wave 
voltage was 8000. A great deal of 
materials research has now produced 
a number of materials with half-wave 
voltages under 100 (e.g., Sr.Ba,.,­
Nb20 6). In addition, small effective 
half-wave voltages can often be obtain­
ed by applying the field perpendicular 
to the direction of light propagation 
so that the required voltage is re­
duced by the ratio of the dimensions 
of the material. Two very promising 
new materials are LiTaO, and LiNbO, 
with half-wave voltages of 2800. With 
these materials, modulators with 100 
MHz of bandwidth can be achieved at 
center frequencies from baseband to 
microwaves and drive powers of 1 to 
10 mW per MHz. 

Deflectors 

Three classes of light deflection are 
possible by the use of electro-optic or 
elastic-optic effects. In the simplest 
device, the index of refraction of an 
electro-optic prism is changed to de­
flect a beam. Unfortunately, realizable 
changes of index are not as yet large 
enough to make effective devices in 
this way. A second means is to com­
bine electro-optic control of polariza­
tion with naturally birefringent ma­
terials. Combining n pairs of such 
materials produces 2n digital displace­
ments of the beam. The digital control 
is desirable, but to date the complexi­
ties of fabrication have been forbid­
ding. The third, and currently favored 
technique, uses the elasto-optic effect 
whereby an acoustic wave in a mate­
rial produces a periodic index of re­
fraction. The resulting thick diffraction 
grating produces Bragg diffraction of 
the light beam. This device is most 
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appropriate for sequential deflection 
rather than random access. Lithium 
niobate, with its large piezoelectric 
effect, provides a good generator of 
acoustic waves, and PbMoO, (a crys­
tal not difficult to grow with good 
optical quality) can be used as the 
elasto-optic material. With it, 100 re­
solvable spots have been produced at 
megacycle rates. Water is the best ma­
terial for use where the deflection 
requirements are small. A larger num­
ber of resolvable spots (perhaps 500) 
can be obtained by combining this 
device with what amounts to a travel­
ling lens produced electro-optically. 
This can only be done in a sequentially 
scanned system. 

Sensors 

For applications in which laser prop­
erties other than the ability to concen­
trate energy into a small area are 
utilized, the response speed of laser 
detectors is important. In this case, 
photon effect receivers rather than 
thermal detectors are required. The 
photon effect receivers used most 
widely today can be subdivided into: 

1) Photo emissive devices 
2) Photoconductive devices 
3) Photovoltaic devices 

1) Photo-emissive detectors: The pho­
toelectric effect occurs when photons 
fall upon a surface and cause electrons 
to be emitted. It is difficult to have 
photoemissive detectors at lower fre­
quencies than the very near infrared 
(2.7x 1014Hz) or, equivalently, at 
longer wavelengths than about 1.1 ,urn. 
The quantum efficiency of these de­
vices is defined as the average yield of 
electrons per input photon. For photo­
emissive detectors, the quantum effi­
ciency ranges from about 0.2 in the 
ultraviolet to 10-' in the near infrared. 
Photoemissive devices have been 
widely used in the visible for both 
energy detectors and for imaging de­
tectors. The use of electron mUltiplica­
tion has made possible low noise post­
detection power gains of 120 db. 

Ordinary photomultipliers have a flat 
frequency response out to about 100 
megahertz, but with precautions, sev­
eral hundred megahertz can be 
achieved. Special purpose phototubes 
and multipliers have been developed 
to achieve microwave bandwidth op-

°b,'.-, "'0 .. '<0''''01.-.6 0;1,.,-'<0,'"'01.-9 -!,;I.Oc+U"I.".2 -!-.1..'c+1.4.-1I.' 
WAVELENGTH{p.MI 

Fig. 1-Sensitivity versus wavelength for 
photodetectors. 

tical detection largely for laser com­
munications and heterodyning appli­
cations. 

For most laser work, the S-20 surface, 
the S-25 surface, the ERMA surface, 
and the S-1 surface are the most signif­
icant. All of these can also be utilized 
for imaging devices such as image in­
tensifiers (see Fig. 1). A new photo­
emissive material recently developed 
by RCA, Ga.ln._.As, should have at 
least 10 times the sensitivity of the S-1 
at 1.06 micrometers, and substantially 
lower dark current. 

2) Photoconductive detectors: In the 
photoconductive process, a change in 
the number of incident photons causes 
a fluctuation in the number of free­
charge carriers in the material. The 
electrical conductivity of the respon­
sive element is inversely proportional 
to the photon number. Photoconduc­
tors extend into the infrared region 
where photoemissive devices do not 
function. There. are two classes of 
photo conductors : 

1) semiconductor types (germanium, 
lead sulfide, indium antimonide) with 
relatively high dark current at room 
temperature and roughly microsecond 
response times, and 

2) insulator types (cadmium sulfide, 
/' cadmium selenide) with low dark cur­

rents at room temperatures, but much 
slower response times. 

Because of the relatively poor response 
times at room temperature and the 
availability of other detectors, the 
photoconductive devices are not 
typically used for visible and near­
infrared laser applications. In applica­
tions involving long-wavelength lasers, 
such as the CO, laser at 10.6 ,urn, the 
doped germanium devices at cryogenic 
temperatures have been successfully 

employed. Through special design, 
some of these detectors have been 
pushed to GHz response and used for 
heterodyne detection at 10.6 ,urn. 
Other techniques, such as inserting ~ 
photoconductors in microwave cav­
ities, have resulted in very fast, sensi­
tive detection out to 10 ,urn; however, 
the complexity of these devices have 
not yet permitted large scale opera­
tional use. 

• Photovoltaic type devices: When the 
junction of a semiconductor is illumi­
nated and a connection is made to both 
sides of the junction, a current will be 
seen to flow during the period of illu­
mination. This is the photovoltaic 
effect, and no external bias on the cell • 
is required to generate an e.m.f. when 
illuminated. 

If an external bias is applied in the 
reverse direction at the P-N junction, 
current will also flow under illumina- • 
tion. Operation in this mode is com­
monly known as the "photoconduc­
tive" mode. The primary advantages 
of this mode are that it offers higher 
sensitivity and faster response time 
than the photovoltaic mode. • 

Diodes with multiplication gain have 
recently become available. A typical 
avalanche diode consists of a deep­
diffused graded P-N junction in a sili­
con wafer. Surface contouring allows. 
the diode to be reverse biased in ex­
cess of 1800 volts to achieve a high 
internal field without surface break­
down. This bulk field is high enough 
to allow internal multiplication of the 
charge carriers (electrons) by impact 
ionization. Multiplication gains in ex-. 
cess of 100 to 200 have been reported. 
Quantum efficiencies of 20% at 1.06 
micrometer and about 50% at 0.9 
micrometer are typical. 

Recording media 

Holographic applications have re­
sulted in a requirement for materials 
which are sensitive to laser radiation 
and have high resolution capabilities. 
Many materials such as 1) silver ha­
lide emulsion, 2) photo-polymer ma­
terials, 3) dichromated gelatin, 4) 
photochromatic crystals,S) thermo­
plastic films, 6) ferroelectric crystals 
(lithium niobate), 7) silver halide 
single crystal colored with F centers, 

• 

, 



8) ferromagnetic thin films (manga­
nese bismuthide) , 9) photoresist, and 
10) Kalvar film have been investi­
gated. A sample list with some of the 
~ore important properties is given in 
WI'able I. 

Applications 

Material processing 

.The growth of integrated circuit tech­
nology has resulted in a need for 
micro-material processing that seems 
to be well suited for laser systems. 
Commercial laser micro-welders, re­
sistor and capacitor trimmers, and 
micro-hole drilling systems are pres-

.ntly available from several sources. 
These systems generally use pulsed 
ruby, pulsed or cw neodymium-doped 
YAG or glass, or pulsed or cw CO, 
lasers as the power source, although 
some trimming work has been done 

,with argon gas lasers. 

On a larger scale, higher power lasers 
have been used for macro-material pro­
cessing. These include high power 
pulsed ruby or neodymium lasers for 
"on the fly" balancing of rotating ma-

• hinery, and high power cw neody­
mium and CO2 lasers for continuous 
cutting of thin metal sheets and seam 
welding of conventional and exotic 
materials. The high power cw neo­
dymium and CO2 lasers have also been 
used for drilling holes in non-rigid 

'materials such as rubber and plastic, 

and cutting cloth, paper and plastic 
sheets. 

In addition to the actual material pro­
cessing laser instruments are being de­
veloped for precision control of metal 
cutting machines. Rather simple 
He-Ne lasers can be used for this ap­
plication; the bulk of the cost is in the 
detectors and control servomecha­
nisms. Similarly, applications for align­
ment of machine tool ways and fix­
tures and jigs are under development. 

Communications 

The communication applications can 
be divided into four arbitrary areas: 

1) Applications in which -the range 
is short so that attenuation of the 
medium is not significant. Examples 
of this would be the use of lasers to 
replace umbilical cords for missile 
checkout. 
2) Short to moderate range terres­
trial communications that are lim­
ited by line-of-sight requirements 
and atmospheric attenuation. Ex­
amples are GaAs injection laser 
communication systems operating 
out to about 5 miles . 
3) Long-range space communica­
tions limited only by laser and re­
ceiver performance, geometry and 
physical optics. Examples are space 
qualified He-Ne lasers already de­
veloped and CO2 lasers presently 
under development. 
4) Guided optical communications 

to augment existing cable systems. 
Examples are hollow pipes filled 
with gas or optics to control the 
passage of a laser beam. 

If one considers the optical spectrum 
for communication, the carrier fre­
quency of about 1014 Hz is very attrac­
tive and even if only 0.1 % is usable, 
this still permits a bandwidth of 10" 
Hz. The main problem is to develop 
suitable modulators and demodulators 
on the input and output ends so that 
this bandwidth can be utilized. 

At present, several short-range, hand­
held GaAs voice communicators have 
been delivered to the military. Experi­
mental TV transmission over short 
links has been demonstrated. 

Military 

Much of the funding for basic work in 
the laser area has been for potential 
military and space applications. 

This has led to the development of 
laser illuminators as an aid for night 
vision systems. The use of GaAs di­
odes in arrays to produce tens to hun­
dreds of watts of average power seems 
to be reasonable goals. The advantage 
of these illuminators is that they can 
be "covert," that is, they produce ra­
diation in a special region that can be 
detected by S-20 or extended-red­
response imaging detectors, but not 
seen by the naked eye. The ability to 
produce very short pulses also permits 
range gating of the receivers, reducing 

Table I-Potential materials for holographic storage media. 

Material Phase or absorption Environmental Resolution 
type considerations (lines!mm) 

Kodak 649F (a) absorption, normally none 1500 to 
• Film with diffraction effi- 3000 

ciency of <6%. 
(b) bleaching out the 

silver halide atfer 
exposure produces 
phase type with higher 
diffraction efficiency 

Dichromated phase only, with diffrac· none 2000 
gelatin film tion efficiency of 96% for 

./ a thick hologram and 32% 

• Thermoplastics 
for a thin hologram 
phase only (formed by none 200 
surface deformations) 

Solid Crystal phase only, with 42% erased 1600 
Lithium Niobate diffraction efficiency by heat 
Silver Halide absorption only discolor in 1500 to 
with F Center ambient 3000 

light 

Photoresist phase only (formed by none 2000 
surface deformation or 
index change, with dif-
fraction efficiency of 34% 

Note: 
(1) Diffraction efficiency =% of incident laser beam diffracted into first order. 
(2) A phased hologram has higher efficiency than an absorption type and a thick 

hologram has higher efficiency than a thin hologram of the same material. 

Dimensional 
Reproduction storage 
(J!cm') features Comments 
wet process (a) thin normally low grain noise may result 

0.001 from the bleaching process 

(b) thick if formed as 
a reflection holo-
gram (which im-
proves diffraction 
efficiency 

0.01 thick or thin no grain noise 

0.001 thin surface effects fatigue is present 

1-100 thick limited storage life 

thick (a) white light readout tends 
to discolor crystal 

(b) low efficiency into first 
order 

-0.01 thin surface noise under investigation 
for KOR 
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the amount of backscatter and provid­
ing enhanced detection in many cases. 

Another major class of device for the 
military is the target designator in 
which the narrow beam of the laser is 
used as a pointer. These are similar 
in construction to rangefinders and 
utilize mostly neodymium or ruby as 
the laser source, although some work 
has been done utilizing practically 
every laser device. The rangefinders 
are probably the most advanced appli­
cation with many prototypes in the 
field and production contracts cur­
rently in progress. Offshoots of the 
rangefinder are laser altimeters, laser 
fuses, and laser radars. Among the 
more sophisticated applications are 
high-power, frequency-stabilized la­
sers for doppler navigation, real-time 
target velocity determination and mov­
ing target indication (MTI) surveil­
lance scanners. CO, lasers have been 
stabilized to the order of 1 part in 
10' and are used experimentally in 
many of these applications. Neody­
mium, argon, and CO, lasers are used 
in reconnaissance line scanners (simi­
lar to a flying spot scanner) in which 
the moving aircraft provides the scan 
in one direction. Laser beacons for 
signalling and IFF (identification 
friend or foe) systems have been pro­
posed and are under evaluation. 

One of the earliest military applica­
tions discussed since the discovery of 
the laser has been the "death ray". It 
is not inconceivable that as lasers get 
more powerful, and as more under­
standing of high power phenomena is 
developed, laser weaponry for defen­
sive applications may ultimately be 
possible. 

Laser intrusion alarms for securing 
sensitive areas have been developed 
for the military and can also be used 
as commercial burglar alarms. These 
are primarily GaAs injection laser de­
vices that sound an alarm or record an 
event when a line of sight is broken. 
One outgrowth of this type of device 
is the obstacle-detector system recently 
built by RCA for the Office of High 
Speed Ground Transportation of the 
Department of Transportation. 

Data processing/holography 

In these applications, the coherence of 
the laser becomes of prime impor-

tance, and gas lasers seem to be more 
appropriate. The optical data process­
ing applications include the extraction 
of signals from noise through cross­
correlation and/or autocorrelation 
techniques. In addition, two-dimen­
sional Fourier transforms can be done 
along with bandpass filtering. In all 
these applications, the laser is used as 
a generator of coherent radiation. 

Another class of application that may 
loosely be placed in this category of 
data processing is the use of lasers in 
holography. In this application, lasers 
are used for the recording and play­
back functions. Lasers of all types 
have been used, but the main empha­
sis is on gas« lasers because of their 
superior coherence properties. The ap­
plications of holography would be an 
article in itself, and it is conceivable 
that the greatest number of lasers will 
be used in this application. A prime 
example is the pre-recorded video tape 
system recently announced by RCA. In 
its present form, the system utilizes a 
small helium-neon gas laser in each 
playback unit. A second major appli­
cation area is the holographic credit 
card verification system presently in 
development. This system utilizes a 
small cold-cathode pulsed argon laser 
at each credit card imprintation loca­
tion. 

Holographic memories for computers, 
and the actual use of laser devices as 
logic components in computers have 
been demonstrated in the laboratory. 

Medical 

One of the earliest medical applica­
tions of the laser has been the develop­
ment of retinal coagulators. These de­
vices for "welding" detached retinas 
have become almost standard in many 
hospitals. Ruby pulsed lasers are the 
main radiation source for this func-

/tion. 

Recently some success in dental re­
search on laser use has been reported. 
The laser was used to re-fuze pinholes 
in the enamel outer protective coating 
of teeth. This may greatly reduce the 
development of cavities in the enamel. 

"Bloodless" surgery and wart and skin 
blemish removal have been performed 
by laser. 

One application, although not strictly 
medical, can be put in the biological 

effects category. A company has been 
formed to exploit the use of a laser 
for branding cattle. A high powered 
CO, laser is used. 

Alignment and reference devices 

The laser has proven to be a very 
useful tool for many alignment appli­
cations such as pipe laying, tunnel bor­
ing, surveying, and establishing 
reference lines as needed in the con­
struction industry. These devices use. 
primarily low-power gas-laser systems. 

Laser gravitometers, based upon the 
doppler shift of the laser beam re­
flected from a falling retroreflective 
prism have been demonstrated and are 
made in limited quantities. • 

Laser gyros have been under develop­
ment for several years and are now 
beginning to show signs of acceptance 
for specific applications. 

Displays • 
Combining a laser with a deflection 
system results in a bright large-screen 
display. For color displays, a krypton 
gas laser is used and more recently a 
krypton/ argon gas laser' has been de­
veloped. These lasers emit in several. 
spectral regions and can be designed 
to emit proper balances of three pri­
mary colors producing a very bright 
display. Laboratory systems have been 
built and demonstrated. The main 
difficulty at the present time seems to. 
be the poor efficiency of the laser and 
the lack of good beam deflectors. 

Laser recording 

High-density recording on film has 
been done by use of a modulated ar­
gon laser. The capability of such a. 
system is presently about 100 MHz. 
The beam deflection is done by a 
high-speed rotating prism assembly, 
electro-optical crystals such as KDP 

(potassium dihydrogen phosphate) 
controlling the modulation. The sys-. 
tem is used for wide bandwidth re­
cording of radar signals and high 
resolution video systems. 

Research application 

Use of the laser as a research tool in 
many areas is rapidly developing. 
Among some of the more successful 
applications have been: 

Atmospheric probes 
Analysis of materials using laser probes 

'I 
I 



Table II-Laser work being performed in various divisions of RCA. 
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Low light 
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Range finders 
(portable, 
tank, airborne) 
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detectors 

Funded NavY 
study 

Target designation Illuminator 
GaAs, GaAIAs 

GaAs arrays GaAs, Ruby, 
Nd. 

• Spectroscopy (both optical emission/ 
absorption and Raman) 
Setting up of standards 
Sources in Schlierin systems 
Interferometry 

• Source in high-speed photography 
Seismograph 

Potential applications 
Disp'lays 

.f...n interesting possibility might be a 
~ x 3-ft. image produced by a beam de­

flected at TV speeds. About 10 watts 
of light, properly color balanced, are 
required at the screen. Assuming a 
transmission factor of 20%, we need 
50 watts at the source. A laser with 
~ % efficiency would require a kilo­

watt input. The modulators would 
need 6-MHz bandwidth, and the de­
flection systems would have to pro­
duce 500 resolvable spots. Available 
gas lasers have the power, but their 

<1Ibefficiencies are a factor of 50 off from 
Cthis figure and little or no improve­

ment has been made recently. How­
ever, the CO, laser in the far-infrared 
operates at 15% efficiency and pro­
vides encouragement for further work. 

Radar 

Optical radar is now being used suc­
cessfully for such diverse problems as 
to track satellites, to measure the dis­
tance to the moon, and to construct 
installations requiring very precise lo­
cation. Lasers now available are ade­
quate for these applications. However, 
if high-power Q-switched lasers could 
be made with 10% efficiency,. a con­
venient, portable radar would much 
enlarge military use of lasers. To fully 
take advantage of the laser capability, 
matching improvements are required 
in the detector. 

Illuminators 
./ 

Presently used illuminators consisting 
of arrays of GaAs diodes must be 
cooled to obtain significant average 
power output. The development of 
diode arrays capable of producing 
hundreds of watts of output power at 
20 to 30% efficiency without the need 
for cooling to liquid nitrogen tempera­
tures would permit the development 
of small easily handled illuminators. 
The military applications for this im­
proved night vision capability are evi-

Gas 

GaAs 

Gas 
(He-Ne, C02) 

Arrays of Arrays of 
photodetectors photodiodes 

Tracker 
(GaAs) 

tOO-MHz 
recording 

Fusing 

Read 
only 

dent. Commercial applications such as 
special lighting for aircraft, landing 
aids, and beacons, could develop into 
significant volume. 

Work at RCA 

Table II lists groups in RCA that de­
velop, design or manufacture laser 
components or laser systems. It is not 
complete because of the rapid growth 
of laser work, but it will serve as a fair 
guide to the location of the main laser 
efforts at RCA. 

Conclusion 

The laser will probably be identified 
as one of the significant scientific ad­
vances of the twentieth century. 
Claims made in the early 1960's con­
cerning applications and market po­
tential minimized the difficulties of 
converting a laboratory device into an 
operational system. As laser technol­
ogy matures, these proposed applica­
tions are becoming commercially 
feasible. 
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Advances in gas laser 
technology 
Dr. K. G. Hernqvist 

Some recent advances in the gas laser field are reviewed in this paper. Improvements 
in reliability, cost, and noise characteristics are described. Progress towards the 
mass-produced gas laser is reported and the latest addition to the gas laser family­
the helium-cadmium laser, (see cover)-is introduced. 

PROGRESS IN THE GAS LASER FIELD 

during the last three years has 
been characterized by improvements 
in small steps rather than by giant 
breakthroughs. Advances in technol­
ogy have brought about greater device 
reliability and lower cost. The low­
cost, mass-produced laser is just 
around the corner. One important 
new member - the helium-cadmium 
laser-has been added to the family. 

It is the purpose of this paper to de­
scribe some of these advances, to 
which RCA has contributed. This 
work has primarily concerned the visi­
ble and the ultraviolet range of the 
spectrum, which is of great impor­
tance for information-handling appli­
cations. 

Argon laser for high power 

The argon laser is still unrivaled for 
high power in the visible range of the 
spectrum.' This performance is not as 
much due to its superior efficiency but 
primarily to its relatively high gain 
and power output per unit volume. 
Typically the argon laser yields an out­
put power of the order of 500 mW / 
cm' compared to 5mW /cm' for the 
He-Ne laser. 

Unfortunately no major improvements 
in the efficiency of argon lasers have 
been accomplished during the last few 
years; the laser has, however, become 
more reliable. One of the major life­
limiting factors in the original sec­
tioned-bore graphite construction of 
argon lasers' was the loss of gas due to 
sputtering processes. By careful selec­
tion of low-sputtering-yield materials 
(such as molybdenum) in the cathode 
construction, as well as by providing 
very gradual transitions to and out of 
the main discharge bore, considerable 
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reduction in gas clean-up has been ac­
complished. It is now possible to con­
struct lasers capable of thousand-hour 
life without the need for gas refill. 
Advances have also been made in the 
processing techniques of argon lasers. 
Window contamination was a major 
problem in the manufacture of these 
laser tubes; today lasers come through 
the production cycles with few rejects, 
a contributing factor to lower costs. 

Argon lasers have been built with out­
put powers ranging from a few milli­
watt to tens of watts.' Fig. 1 shows the 
use of a laser for satellite tracking. The 
laser used here was built by RCA for 
NASA and has a power output of 10 
watts. A laser with an expected out­
put of 100 watts is presently being 
built for the Army by Electronic Com­
ponents in Lancaster. 

Towards the mass-produced laser 

In complexity of construction and 
processing, a gas laser is comparable 
to a conventional gas tube such as a 
thyratron. In hirge quantity produc­
tion, such tubes sell at prices of the 
order of ten or tens of dollars. 

The pulsed argon laser is a good can­
didate for an inexpensive mass-pro­
duced laser. Its relatively high gain 
gives it a good tolerance for imperfec­
tions in the optical components, which 

/are part of the laser. The complexity 
/ of the continuous duty argon laser is 

primarily due to the heat handling 
problem. Most of the input power of 
the laser results in heating of the dis­
charge walls at high power densities. 
These complexities are greatly relieved 
for pulse operation at low duty cycles 
(of the order of 1/100 or lower). For 
such a pulsed laser, convection-cooled 
glass or ceramic capillaries can be 
used to contain the discharge. Such 
laser tubes then may be simple diodes 
using glass envelopes onto which the 

, 
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laser mirrors can be directly attached. 
Fig. 2 shows a pulsed argon laser being 
processed on mass production ma­
chinery such as used for conventional­
gas tubes. 

Pulsed argon lasers become particu­
larly simple when cold cathodes are 
used. A superior cold cathode suitable 
for lasers has recently been developed 
at RCA Laboratories. This cathode. 
consists of a thick alumina coating 
which is made conductive and emis­
sive by potassium metal. Metal atoms 
adhere to the alumina particles, thus 
penetrating the coating. When the 
potassium-activated alumina cathode 
is operated in the pulsed argon laser, 
small emission centers are developed 
on the coating, a new center forming 
for each pulse. Potassium is evapo­
rated from these centers, but because 



the potassium is continuously trans­
portable within the coating, self-heal­
ing takes place within a short time 
restoring the surface to its original 

,status. Thus, the cathode is almost 
indestructible. Pulse currents up to 
500 amperes and pulse lengths ranging 
to a few microseconds up to 1!2 milli­
second have been obtained from this 
cathode. Fig. 3 shows an argon laser 
using such a cold cathode and deliver-

• ing up to 50 watts peak output power. 

Thus, it is seen that gas lasers need 
not be complicated or costly. 

The quiet laser 

One of the main problems with gas 
• lasers is the power output fluctuation 

in the high-kilocycle frequency range. 
These fluctuations are caused by dis­
charge instabilities and are of partic­
ular concern when the laser is used in 
information-handling applications. An 

• improved He-Ne laser has been con­
structed for such applications: It 
yields a power output of about 1 m W 
and exhibits power output fluctua­
tions less than 0.2% peak-to-peak. 
Several new constructional details 
were employed in this tube to mini-

• mize the discharge noise. The laser 
uses a 1-mm-diameter, 10-cm-Iong 
bore which is coaxially arranged in 
the laser tube to assure a symmetrical 
discharge path from the cathode to the 
anode. The tube uses the potassium-

• activated alumina cold cathode de­
scribed in the previous section. Fig. 4 
illustrates the performance character­
istics of such a laser. The radiation 
noise has a very low value at nearly 
the optimum discharge current for 

• maximum power output. 

Enter cadmium 

One of the first gas laser transitions 
discovered was that of ionized mer­
cury. This laser, and numerous other 
metal-vapor lasers subsequently dis-

• covered, could only be made to lase 
for short-pulse (~I-fLS) operation. Re­
cently it was discovered: however, 
that cadmium vapor seeded into a 
helium discharge could be made to 
lase under continuous duty. The oper­
ation of the He-Cd laser is quite sim­
ilar to that of the He-Ne laser. In both 
cases, the atoms of the lasing gas (Ne 
or Cd) move about in a sea of He 
atoms excited by the discharge. Dur­
ing collisions, He atoms transfer their 

Fig. 2-Gas lasers processed in mass 
production machinery at RCA plant in Lancaster. 

Fig. 1-Satellite tracking using RCA 10-watt Argon laser. 
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Fig. 3-50-watt pulsed Argon laser. 
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Fig. 4-Performance of low-radia­
tion-noise He-Ne laser. 

Fig. 5-Schematic drawing showing cataphoretic effects 
in sealed-off He-Cd laser. 

Fig. 6-Commercial 10-mW He-Cd laser. 

excitation energy to the neon which 
becomes excited to the upper laser 
level of the neutral atoms or to the 
cadmium which becomes excited and 
ionized. 

The appropriate vapor density for the 
cadmium laser corresponds to a tem­
perature of the cadmium of nearly 
300°C. Such a hot cadmium vapor 
would be incompatible with optical 
components such as windows and mir­
rors. A technique has been developed' 
where the hot metal vapor is confined 
to a restricted region of the laser tube, 

separated from the optical compo­
nents. This technique is making use 

./ of the cataphoresis effect, that is the 
rapid transport of the highly ionized 
cadmium vapor towards the negative 
electrode (the cathode). Fig. 5 shows 
schematically how cataphoretic con­
tainment and transport may be ap­
plied to a He-Cd laser. Assume that 
cadmium is introduced at the point 
marked EVAPORATOR in Fig. 5. Cata­
phoresis prevents the cadmium vapor 
from drifting toward the ANODE. Cad­
mium is, however, transported to­
wards the CATHODE. If the CONDENSER 

region is kept cool, cadmium will con­
dense there and be prevented from 
reaching the cathode region. In this 
way, the cadmium vapor is confined to 
the main discharge region without, 
reaching the cathode or the anode' 
regions or the Brewster windows at 
the ends of the laser tube. To mini­
mize the amount of cadmium needed 
(a matter of importance if the expen­
sive enriched isotope of cadmium is 
used) , the tube may be made symmet- • 
rical with the roles of the CATHODE 

and ANODE and the EVAPORATOR and 
CONDENSER being reversed after a cer­
tain amount of time, which is deter­
mined by the initial supply of 
cadmium and the transport rate. • The cadmium laser brings the sim­
plicity of construction and operation 
of the He-Ne laser into the violet and 
near ultraviolet range of the spectrum, 
where photochemical processes are of 
great importance. The principal line is • 
at 4416 A. About 14 of the power at 
this wavelength is available in the 
3250 A line. Fig. 6 is a photograph of 
the first publicly shown He-Cd laser; 
a He-Cd laser tube in operation is 
shown on the front cover. It is made 
by RCA and yields 10 mW at 4416 A" 
and about 2 m W at 3250 A. 

Conclusions 

Progress in the gas laser field has re- • 
sulted in reliability and lower cost. 
The gas laser can be simple and in­
expensive. Applications need not be 
limited to the industrial and educa­
tional markets but may encompass the 
mass markets such as the home enter-
tainment field. • 
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Recent progress in 
injection lasers 
Dr. H. Kressel I H. Nelson 

A great deal of progress has been made recently in improving the efficiency and 
reliability of injection lasers, as well as in extending their practical room temperature 
operation into the visible portion of the spectrum. These improvements are due to 
increased theoretical understanding of the device operation and of the role of metal­
lurgical flaws. As a consequence, a heterojunction is now incorporated in the new 
"close-confinement" (CC) injection lasersl which results in a sharp reduction in their 
internal optical loss and an increase in their operational efficiency and reliability. 
Furthermore, successful technological developments in the growth of (GaAI)As from 
a Ga solution have greatly facilitated the fabrication of heterojunction GaAs diodes 
and have made possible the fabrication of visible-light-emitting (GaAI)As lasers. 

T HE NEW BASIC LASER STRUCTURE 

(Fig. 1) consists of three regions. 
Region 1 is p+ with bandgap energy 
Ey1 • Region 2 (in which lasing occurs) 
is compensated p-type with bandgap 
energy Ey2 , and region 3 is N-type also 
with bandgap energy Ey2 • It is of pri­
mary importance that E",>E"2' As ex­
plained in detail in Ref. 1, this results 
in an improved optical waveguide 
which sharply reduces internal optical 
loss, particularly at elevated tempera­
ture, because of the decrease in the 
refractive index at the lasing wave­
length in region 1. Furthermore, the 
absorption of the junction radiation 
is reduced in region 1 since the energy 
of the junction emission is less than 
the bandgap energy of region 1. 
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Fig. 2 illustrates the improvement in 
laser performance directly due to the 
use of this new structure; the room 
temperature power output vs. current 
of a conventional epitaxial GaAs laser 
is compared with a state-of-the-art 
close-confinement (cc) laser emitting 
at the same wavelength (-9000 A). 
Both devices have the same dimen­
sions. Note that the threshold current 
density is reduced from 40,000 A/cm' 
to 8000 A/ cm', while the differential 
quantum efficiency is increased from 
20% to 38%. As a consequence, the 
cc laser operating at 25 A emits as 
much power as the conventional laser 
operating at 70 A. This has important 
consequences for laser reliability as 
will be discussed below. Furthermore, 
the power-conversion efficiency is sub­
stantially higher for the cc than for 
the conventional laser. Values as high 
as 11 % have been obtained with cc 
lasers, as compared to about 2 to 3% 
for conventional devices. Close-con­
finement devices are commercially 
available from Electronic Components 
as TA 7606, TA 7608 and TA 7610. 

Fabrication of CC injection 
laser diodes 

In the fabrication of the new cc GaAs 
laser diode, region 1 is generated by 
the solution growth (liquid phase 
epitaxy)' of a P+-type (GaAl)As epi­
taxial layer onto an N-type GaAs 
substrate; region 2 is formed by the 
diffusion of zinc from this layer into 
the N-type substrate. In the fabrication 
of the cc visible laser diode, regions 
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(a) (b) 

Fig. 1-(a) Injection laser structure. (b) Schematic of the 
junction r~gion sh?wi.ng index of refraction (n" n" n,) in 
the 3 regions to indicate the optical waveguide effect.' 
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Fig. 2-Comparison of power output vs. cur­
rent of conventional epitaxial GaAs laser 
with state of the art cc laser. Both devices 
have equal dimensions (6 x 12 mils) with 
reflective film on one facet. 
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Fig. 3-Estimated variation of the bandgap energy in the 
A/.Ga'm_As system as a function of x at 300'K. The pilots are 
based on the known band structure of GaAs and AlAs." 
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1 and 3 are formed by the solution 
growth of (GaAl) As layers onto a N­
type GaAs substrate; region 2 is 
formed by diffusion. The dependence 
of the bandgap energy of the Ga,_.Alro 

As alloy system on Al content is shown 
in Fig. 3 as estimated from the band 
structures of GaAs and AlAs. The 
transition from direct to indirect en­
ergy gap occurs at about x=0.34 with 
E";;;1.9 eV at 300oK. It follows there­
fore that room-temperature (GaAl) As 
lasers can be fabricated that emit at 
any wavelength between that corres­
ponding to an E";;;1.43 (9000 A) and 
that corresponding to an Eg;;;1.9 
(6600 A) depending upon the Al con­
tent of the alloy. At this time, how­
ever, lasing has been observed only at 
wavelengths >7150 A at 300o K. 

The band structure of Ga (AsP) is 
nearly identical to that of (GaAl) As. 
For this reason and because it is a 
better known alloy system, it has been 
used more often for the fabrication of 
visible-light-emitting diodes.' However, 
(GaAl) As possesses a great advantage 

over Ga (AsP) in that the lattice mis­
match of (GaAl) As with GaAs is far 
less. Thus, the lattice constants of GaP, 
GaAs and AlAs are 5.4506, 5.6533 
and 5.6605±0.001O A respectively. 
Since GaAs substrates are used for the 
epitaxial deposition, the lattice mis­
match is substantially larger for 
Ga (AsP) films than for equal bandgap 
(GaAl) As films. The lattice mismatch 
between the epitaxial film and the sub­
strate gives rise to dense arrays of mis­
fit dislocations which, in turn, may 
cause non-planar junctions and pro­
vide sites for impurity precipitation: 
These and other untoward effects due 
to lattice mismatch can seriously im­
pair laser diode operations. 

A double epitaxial process is used to 
fabricate (GaAl) As lasers with emis­
sion wavelengths shifted toward the 
visible portion of the spectrum.' This 
process consists of the sequential 
growth of first N and then p+ 

(GaAl) As layers on [100] oriented 
GaAs substrates by liquid phase epi­
taxy from Ga solutions. Zinc is the 
acceptor (2xl0'9 cm-') and Te the 
donor (2 to 3xlO18 cm-'). The melt com­
positions are adjusted in such a man­
ner that the Al content (and hence 
bandgap energy) is higher in the p+ 

region than in the N-layer.' Following 
the epitaxial growth, the diodes are 
heat treated to displace, by Zn diffu­
sion, the P-N junction a distance of 
1 - 3fL into the N-layer thus forming the 
optical waveguide (region 2) in which 
the recombination occurs. As in GaAs 
lasers, the lasing peak energy is 0.03 
to 0.05 eV below the bandgap energy. 
The minimum 'lasing wavelength is 
-6600 A (at 3000 K) and -6200 A 
(at 77°K) , as limited by the direct to 
indirect bandgap transition. 

Laser characteristics of 
CC (GaAI)As diodes 

Optical power measurements were 
./ made using the ITT F-4000 phototube 

and the calibration supplied by the 
manufacturer. The threshold current 
density was determined by extrapola­
tion of the linear curve of power out­
put vs. diode current to the intersec­
tion with the current axis, which 
checked with the usual criterion of the 
onset of spectral narrowing. The cur­
rent pulses were about 100-ns wide at 
a repetition rate of 500 Hz. Both the 
threshold current density IIh and the 
external differential quantum efficiency 

T).x, were determined as a function of 
the lasing wavelength AL of the diodes. 
Fig. 4 shows plots of the variation of 
J 'h with AL at 300 0 K and 77°K. The 
values of I tI, are the lowest which we , 
have observed in uncoated lasers hav­
ing cavity lengths of 10 to 11 mils. 
Lower threshold current density values 
are observed with longer diodes and 
those provided with a reflective film on 
one facet. Shown for comparison are 
data for the best previously reported • 
Ga (AsP)' and (GaAl)As'· 7 lasers of 
comparable length. 

The dependence of the differential 
quantum efficiency T),., on AL is shown 
in Fig. 4 at 77°K and 3000 K for un­
coated lasers 10 to 11 mils long. The. 
efficiency was calculated from the sum 
of the power emitted during lasing 
from both facets. Fig. 5 shows that 
T)", at 300 0 K gradually decreases with 
decreasing wavelength, from a maxi­
mum of 43% at 8550 A to 16% at 
7340 A. Similarly, at 77°K, the effi- • 
ciency decreases from a maximum of 
70% at 8100 A to 20% at 6450 A. 

As discussed below, the relatively low 
efficiency values at short wavelengths 
are due to the small separation 
between the direct and indirect con-" 
duction band minima as well as to 
metallurgical factors which impair 
laser performance at high Al contents. 
cw operation has been obtained at 
wavelengths as short as 6900 A at 
77°K with the emission of 0.4 W from. 
a single laser at that wavelength. 

Fig. 4 shows that the lasers described 
here have values of It" which are sub­
stantially lower than those of previous 
(GaAl) As devices at 300oK, but 
which are comparable to them at 77°K .• 
This observation is consistent with re­
sults previously obtained with GaAs 
lasers having the same type of close­
confinement structure.' There, it was 
found that the internal optical loss was 
reduced by a factor of 5 at 300 0 K from 
the value observed in conventional. 
liquid-phase epitaxy lasers, but that 
the differel1ce became smaller at low 
temperature. This is because the 77°K 
internal absorption is low in any case 
(lOcm-' or less) with much of the con­
tribution coming from free carrier ab- • 
sorption in the active region which is 
not affected by the incorporation of a 
heterojunction. 
Turning to a comparison with the 
vapor-phase grown Ga (AsP) lasers in 
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Fig. 4, we note that the 77°K values of 
Ill, diverge below ..\.L~7500 A. Since 
in both alloy systems the direct-indirect 
transition occurs at very nearly the 
same bandgap energy,' the improved 

·Iperformance of the (GaAl) As is at­
tributed to the superior metallurgical 
properties of its junctions. 

The impairment of performance by 
poor metallurgical quality may become 
a factor at the high Ai content. Fig. 5 

• shows a gradual decrease in the exter­
nal quantum efficiency with increasing 
Ai content at both 77°K and 3000 K 
which is not easily explained as arising 
only from the thermal depopulation of 
the electrons in the H direct" conduc-

• ti?n ~and m~nimum. It is possible that 
with mcreasmg Ai content, the junc­
tion quality deteriorates to some ex­
tent. Refinements in the fabrication 
process should further improve the 
efficiency over a significant range of 
Ai composition below the direct-

• indirect transition composition. 

Reliability 

Questionable reliability has plagued 
numerous semiconductor devices 
lasers included. It is clear that in th~ 
case of injection lasers, many of the 

• problems encountered in their use 
were due to ignorance of the phenom­
ena responsible for their failure. 

Research conducted at the RCA Lab­
oratories has helped to elucidate a 
number of the key factors affecting 
laser reliability. Two basic failure 
mechanisms were isolated. The first, 
denoted catastrophic: is due to me­
chanical damage of the facets caused 
by excessive optical flux density in the 
junction region. This failure point de-

Fig. 4-Threshold current density Jt" as a function 
of the lasing wavelength AL at 3000 K and 77°K. All of 
the diodes have roughly comparable cavity lengths 
(about 10 mils). Present laser data are 
compared to previous data by Kressel and Hawrylo,' 
Susaki et al..' and Tietjen et al.8 

pends on the laser fabrication process, 
the laser length, the temperature of 
operation, and the pulse width. At 
300 0 K with a pulse of about 200 ns, 
catastrophic failure will occur at about 
1.2 to 2 Watts/mil of facet for a laser 
about 10 mils long. This failure is not 
a function of the current density. 

A more gradual failure is possible (at 
power levels below those where 
catastrophic failure can occur) which 
depends on the current density of op­
eration.'o There is evidence that the deg­
radation rate is a superlinear function 
of the current density and that it is in­
creased if the imperfection density in 
the junction region is high. It is there­
fore important to operate la~ers at cur­
rent density as low as possible 
consistent with a required power out­
put. The close-confinement process 
described above has resulted in a very 
important increase in laser life because 
the current density required to obtain 
a given power level is now greatly re­
duced (see Fig. 2). 

Data accumulated by RCA Electronic 
Components (Optical Products De­
partment) have indeed shown that 
long-term room-temperature operation 
is possible under conditions of typical 
laser utilization. Close-confinement 
GaAs lasers have so far operated with 
virtually no degradation for a period 
of 600 hours at a duty cycle of 0.02% 
emitting about 1 Watt/mil of facet 
(current density - 50,000 A/cm'). 

The future 

Continued progress will be made in 
controlling the impurity distribution 
as well as the imperfection density in 
the laser recombination region. As a 
result, further reductions will be made 
in the threshold current density at 
room temperature, bringing us closer 
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to cw operation. One of the major 
areas of future improvements is in the 
reduction of the beam spread in the 
emitted light from injection lasers. 
This would considerably simplify the 
optical systems used. Improved theo­
retical understanding as well as 
changes in the laser structure may 
bring us closer to single-mode laser 
operation and consequent reduced 
beam spread. Finally, as (GaAl)As 
devices become commercially availa­
ble, we expect to see applications such 
as high-speed film recording and 
optical pumps for Nd:Y AG lasers. 
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Improving solid-state lasers 
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After tracing the many recent developments in solid-state lasers, this paper discusses' 
the advantages and disadvantages of various laser materials-including Yttrium 
Aluminum Garnet (YAG) and Yttrium Vanadate (YV04)-used as hosts in Neodymium 
(Nd3+) lasers. Also covered are recent advances in operating techniques that have 

led to more-efficient, higher-power solid-state lasers. 
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THE CONDITIONS FOR MASER ACTION • 

at optical frequencies were first de­
scribed by Schawlow and Townes in 
1958.' The first demonstration of laser 
action by Maiman two years later was 
achieved using ruby (A1 20 3:Cr3+)-a 
crystalline solid system: In the follow- • 
ing year, much effort was expended on 
the search for new laser transitions in 
various media: crystalline solids, 
gases, liquids, glasses, plastics, and 
semiconductors. The progress was in­
deed rapid, and today we have thou- • 
sands of laser frequencies covering 
the spectrum from the far IR to near 
uv. 
The next step in the development of 
solid-state lasers after the pulsed three­
level ruby system was the operation of 
a pulsed four-level system, CaF2:Sm'+ • 
by Sorokin and Stevenson.' The first 
continuously operating crystal laser 
was constructed by Johnson, et al: 
using CaW0 4:Nd3

+. In the following 
years, a systematic search was begun 
for new laser systems, using trivalent • 
rare earths, divalent rare earths, and 
transition metals as the impurities in a 
great variety of host crystals." An all­
important spur to the development of 
crystalline lasers was the generation of 
giant laser pulses by Q-spoiling tech­
niques.' Laser transitions were soon. 
found covering the spectrum from 
0.55,u. (CaF2:Ho3+) ' to 2.6,u. (CaF2:U3+).3 

The effort then shifted towards in­
creasing the total efficiency of crystal­
line lasers, finding cw systems in the 
visible region of the spectrum, and • 
optimizing the parameters and tech­
niques for Q-switching laser pulses. 

Advantages of solid lasers 
At the present state-of-the-art of laser 
technology, solid crystalline lasers 
have certain advantages over other 
laser media. Since the longest-lived, 
excited, metastable energy levels exist 
in these impurity-doped solids (~10-3 

seconds compared to ~ 1 0-' seconds in 



Fig. 1-Absorption spectrum of yttrium aluminum garnet doped with neodymium over the 
range from 3250A to 9500A taken to 300o K. 

Material Sensitizer Optical pump >-(1') EfJ. (%) Power Operating 
active system (watts) temp. (OK) 

Dy2+CaF2 W 2.36 0.06 1.2 77 

• Cr'+AbO, Hg 0.69 0.1 1.0 300 
Nd'+Y,Alo012 W 1.06 0.2 2 300 

1.06 0.6 15 300 
Nd'+Y,AloO" Plasma arc 1.06 0.2 200 300 
N d3+ Y ,A (,012 Na doped Hg 1.06 0.2 0.5 300 
Nd'+Y,Ah012 Cr3+ Hg 1.06 0.4 10 300 
Ho'+Y,AI5012 (Er'+,Yb'+,Tm'+) W 2.12 5.0 15 77 

Table I-Continuous solid-state laser powers and efficiencies. 

gases and -10-' seconds in injection 
-lasers) these lasers can be best utilized 

for energy storage and hence for Q 
switching and for generating high peak 
powers. The density of active impurity 
ions in crystal lasers is -1017 to 1020 

ions/cm' as compared to 10" to 1017 

• atoms/cm' in gases and 1022 electron­
hole pairs/cm' in injection lasers. 
Thus, the active ion density of the 
crystalline-so lid-laser medium is a 
good compromise for high cw powers: 
on one hand, it is dilute enough so 
that the power is not limited by cool-

• ing problems as in the case of injection 
lasers; yet for a given power, smaller 
active volumes are needed than for 
gas lasers. Table I, from a survey arti­
cle in 1966', indicates the experimen­
tal state-of-the-art at that time. 

• Several generalizations can be made 

• 

concerning Table I: 
1) Longer wavelength systems only 
operate at cryogenic temperatures; 
2) There are no efficient visible lasers; 
and 
3) The performance of a laser is highly 
dependent upon the particular optical 
source used to excite it. 

This last point is particularly true if 
the absorption of the laser is in a series 
of sharp lines as it is for the Nd'+:YAG 
(Y3AI 50,,) laser. The absorption spec-

trum for this laser is shown in Fig. 1. 
This would not in general appear to 
be a good laser system, but the optical 
quality of the Y AG host is so high that 
the necessary gain coefficient for laser 
action is extremely low even with 
black-body pumps. This reduces 
threshold to such an extent that this 
laser can be operated at 300 0 K with 
greater efficiency and higher average 
power than any other. 

Trivalent neodymium is in fact unique 
among the rare earths in that it has 
many absorbing levels which rapidly 
decay to a metastable level at about 
11,000 cm-'. This level decays radia­
tively, mainly to normally depopulated 
levels about 2000 cm-' above the 
ground state. This allows laser action 
near 1.06p. irfmany hosts. A great deal 
of effort has gone into looking for 
other ions in various site symmetries 
to find comparable laser operation at 
shorter wavelengths, but as yet the re­
sults are orders of magnitude inferior 
to those obtained with trivalent 
neodymium. 

Recent improvements 

The most profitable line of work over 
the past few years has been, in fact, 

XENON EMISSION ---­
KRYPTON EMISSION -

nnR~~nDD.~.~M~~B~ •• ~ 
WAVELENGTH, MICRONS 

Fig. 2-Emission spectra of Xenon and Krypton arc 
lamps in the spectral range from 7200A to 9200A. 

the engineering of the entire laser sys­
tem using trivalent neodymium to ob­
tain rather impressive advances over 
the 1966 state-of-the-art. This engi­
neeril1g has been on all aspects of the 
system, but the most important ones 
were the laser rod itself and the opti­
cal pump source. 

A first improvement in the laser mate­
rial was the increased broad-band 
absorption obtained by incorporating 
trivalent chromium in the rod as a 
sensitizer.'o This increased the laser 
output to 25 watts, but at the expense 
of the optical quality of the host. 

A second improvement was in the use 
of a non-blackbody pump source with 
emission matching the Nd'+ absorption 
bands." This was an improvement 
both in the spectral match and in the 
energy per unit area that could be 
imaged on the laser rod. This combi­
nation gave almost an order of mag­
nitude increase in both efficiency and 
total power output. 

Limitations of Y AG 

Powers in the 200-watt range are now 
obtained using 7- to 8-kW krypton 
lamp pumping instead of the 100-kW 
plasma arc previously required.12

-
14 

The corresponding efficiencies have 
risen to almost 3% and beam diver­
gences are approaching the diffraction 
limit. In view of these advances in Nd 
lasers using Y AG as a host, it might 
appear that there is no need for im­
provement. This is not, however, the 
case as Y AG has several limitations. 
First, it is very expensive; it is grown 
by high temperature pulling from a 
melt contained in an iridium crucible. 
Secondly, the absorption lines are, as 
mentioned before, narrow and do not 
effectively couple to optical pump 
sources. A third difficulty, which 
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Fig. 3-Absorption spectrum of yttrium vanadate doped with neodymium over the range from 
3250A to 9500A taken at 3000 K. 

Density 
Melting point (0 C) 
Hardness (Moh) 
Refractive Index 

Host 

Thermal conductivity (w laC em) 
Linewidth 3000 K (A) 
Fractional emission into laser line 
Relative threshold for blackbody pump 

YAG· FAP" 
3.2 

1705 
5.0 
1.63 
0.02 
6.0 
0.33 

YVO, 

4.2 

Relative efficiency above threshold for blackbody pumping 

4.55 
1950 
8.0 
1.82 
0.13 
3.0 
0.18 
1.0 
1.0 

1750-1900 
5.5 
1.86 
0.053 
9.0 
0.5 
0.8 
1.25 

'Yttrium Aluminum Garnet y,Ah012 
"Calcium Fluorophosphate Ca,,(PO,j,F 

Table II-Properties on Nd3+ lasers. 

would be important in any large scale 
use, is that it is very difficult to scale 
up existing growth facilities. 

The problem of matching the emission 
lines of an optical pump lamp is dem­
onstrated in Figs. 1-4. Fig. 2 shows 
the emission spectrum of xenon and 
krypton arc lamps over the range from 
0.7 to 0.9 microns-the most impor­
tant pump region for a trivalent 
neodymium laser. While there is a 
weak continuum over the entire range, 
the majority of the emission intensity 
is in the lines. Comparison of these 
lines with the absorption of Fig. 1 
demonstrates the difficulty of match­
ing the absorption and emission lines. 
The absorption is a much better match 
for krypton than for xenon. The im­
provement is so much that it more 
than compensates for the lower overall 
efficiency of the krypton lamp, and 
Nd: Y AG laser operation with krypton 
pumps is over two times better than 
operation pumped with xenon. 

Advantages of Yttrium Vanadate 

Trivalent neodymium in Y AG is still 
not an optimum match to krypton, 
however, mainly due to the narrow­
ness of the absorption lines. A laser 
host with broader lines would be bet-

ter for trivalent neodymium. One such 
host is yttrium vanadate. The absorp­
tion spectrum of this is shown in Fig. 
3. The match of this absorber to the 
krypton lamp is dramatized in Fig. 4, 
which is the spectrum of light from a 
krypton lamp after it has passed 
through 2 cm of Nd: YVO,. Notice that 
the lines in Fig. 2 (labelled A through 
E) are completely absorbed in this 
path length. This is the kind of strong 
absorption that is needed for utiliza­
tion of a simple optical-pumping 
cavity. 

N d'+: YVO, also has satisfactory fluo­
rescent emission characteristics as 
listed in Table II. It should have al­
most identical threshold to Nd:Y AG 
and higher efficiency above threshold. 

,......-Beyond these spectroscopic considera­
tions, there are the practical ones of 
material quality of the host. Many 
beautiful potential laser hosts exist 
that are hygroscopic, brittle, and/or 
poisonous-anyone of these features 
may severely limit their usefulness. 

One important consideration is the 
thermal property of the material; if 
the proposed host material has too low 
a thermal conductivity, continuous 
laser action will be possible only in 
very thin filaments, as in the glasses. 

Another important consideration is 
the surface characteristics; if it cannot 
be polished or is attached by water or 
other solvents, use outside of con­
trolled laboratory conditions will be_ 
limited. The pertinent parameters for 
Y A G and YVO, are also listed in 
Table II. From this it can be seen that 
while YVO, is not quite as good as 
Y AG, it is adequate for all but the 
most extreme power applications. An 
example of a material that also has. 
good spectral characteristics but very 
limiting materials characteristics is 
Fluoroapatite, Ca,(PO,),F, or FAP. It 
is very brittle, has low thermal con­
ductivity, and tends to develop color 
centers when illuminated with ultra-. 
violet radiation. 

Having determined that YVO, satisfies 
most of the spectroscopic and material 
demands of a laser host, the last re­
quirement is inexpensive growth of 
large single crystals of high optical, 
quality. While this crystal can be 
grown from the melt and in flux, 
neither of these methods provide suffi­
cient optical quality due to particular 
ideosyncracies of the material. Hydro­
thermal growth, on the other hand, 
both provides material of high optical­
quality and holds the promise of en­
abling growth of laser rods at very low 
cost. This is due to the fundamental 
steady-state properties of the hydro­
thermal process. This type of growth 
takes place inside a pressure vessel at. 
an elevated temperature in a suitable 
solvent. A temperature gradient is 
maintained with the cooler region at 
the top, and saturated liquid rises from 
the bottom where the polycrystalline 
nutrient is placed to the top where 
crystalline growth takes place. The. 
growth rate is very slow, being of the 
order of 0.010 inches/day. However, 
a large number of crystals can be 
grown at the same time, and the sys­
tem requires no supervision or changes 
once the proper conditions have been. 
achieved. 

Indications are that the cost of 
Nd:YVO, can be less than Nd:YAG 
by a factor of from five to ten if the 
quality of the hydrothermal material is 
satisfactory in large-scale growth. This, 
is very important as the laser rod is 
now the most expensive component of 
the entire laser head. 

Summarizing the present state of the 
art, Y AG is the best host for Nd3

+. It 



is also continuing to improve in opti­
cal quality and resultant performance. 
YVO, should be better, cheaper, and 
available in volume if present growth 

i indications hold true. 

Advances in operating techniques 

Simultaneous with these advances in 
laser hosts and pump lamps have come 
innovations in the techniques of oper­
ating solid lasers. Perhaps the most 

• important of these is mode-locking. A 
typical crystalline solid laser has a 
fluorescent linewidth of several ang­
stroms within which there will be 
many Fabry-Perot modes of the cavity. 
Laser action typically occurs in an un-

• related way at each of these. There is 
no phase coherence between them. If 
they can, however, be locked in phase 
by some means, the laser output will 
be changed into a series of pulses 
spaced in time by the period of the 

• Fabry-perlot mode spacing. The mini­
mum pu se duration is given by 
T=3/7T~v where ~V is the frequency 
range over which the Fabry-Perot 
modes are locked. A Nd3+ laser­
locked over 1 A (33 GHz)-would 
have 25-psec pulses. Correspondingly, 

• if phase locking could be achieved 
over the 200 A emission observed of 
N d'+ in glasses, pulses as narrow as 0.1 
psec would be expected. 

Fig. 5 shows the experimental arrange­
ment used to continuously generate 

• 20-psec pulses at a 75-MHz rate. This 
system also incorporates a nonlinear 
optical element to convert some of the 
1.06,u radiation to 0.532,u giving simul­
taneous green and infrared pulses. 
These can be used as short-time probes 

• to examine such phenomena as photo­
tube response to a delta function light 
input, relaxation phenomenon in ma­
terials in the sub-nanosecond range, 
and experiments where the phenom­
enon to be measured is proportional 
to the peak power of the incident 

• beam. This system typically gives 
peak powers of 20 watts in the green 
portion of the spectrum and 1kW at 
1.06,u. 

Pulsed and Q-switched lasers can also 
be mode locked giving rise to the high­
est powers and shortest pulses yet ob­
served. Q-switched lasers can, when 
operating in a normal mode, emit typi­
cally 20 joules in 5 nanoseconds. The 
peak power is thus 4x10' watts. If the 
same laser is mode locked, the peak 

power of the individual 5-psec pulses 
may be 10' higher. The effects on mate­
rial of these extremely high powers 
have not yet been examined to any ex­
tent, but one attractive proposal is to 
use them to initiate thermonuclear re­
action in a lO-,u-diameter sphere of lith­
ium deuteride. The energy is dumped 
into the material so fast that the tem­
perature is raised to the millions of 
degrees necessary for fusion before the 
sample can explode thermally. 

At the opposite extreme from coupling 
a large number of laser modes together 
is single-frequency operation. This was 
first achieved in lasers having ex­
tremely narrow fluorescent lines by 
using short cavities to spread the 
Fabry-Perot modes apart. With the 
exception of these limiting cases, how­
ever, single-frequency operation has 
not been reliably achieved until re­
cently. By inserting a thin-metal film 
-typically 50 A thick nichrome-in­
side the optical cavity, a degree of 
mode selection is achieved that allows 
single-frequency single-mode operation 
at as much as 25% of the normal out­
put power. This now is laser operation 
in the naive original sense of a con­
tinuous, coherent, collimated output at 
a single optical'frequency. 

New optical materials 

In view of the degree of sophistication 
now accompanying the existing lasers, 
in particular the 1.06-,u neodymium 
systems, research on new laser mate­
rials is not being emphasized as much 
at this time as is research on electro­
optic and nonlinear optical materials 
to modify the coherent output of the 
existing lasers. Techniques now exist 
for further shortening picosecond 
pulses to sub picosecond by optical 
"chirping" techniques similar to the 
RF chirping used in radar in the past. 
The frequer;sy of the coherent signal 
can also be modified by harmonic 
generation, parametric upconversion, 
downconversion and oscillation, as 
well as by stimulated Raman scatter­
ing. The time dependence can be fur­
ther modified by internal acoustical, or 
electro-optic modulation of either 
phase or loss, and the spatial proper­
ties of the output can also be varied by 
intracavity loss modulation. 

These advances are rapidly increasing 
the versatility of lasers, although at 
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Fig. 5-0ptical system for generating laser 
pulses at both 1.064 and 0.5321' of about 30-ps 
duration at a rate of 75 MHz. 

this time the largest volume use pre­
dicted for any laser is as a simple con­
tinuous coherent light source to read 
out phase holograms. 

References 
1. Schawlow. A. L. and Townes, C. J., "Infra­

red and Optical Masers," Phys. Rev, Vol. 
112, (Dec. 1958), p. 1940. 

2. Maiman, T. H., "Stimulated Optical Radia­
tion in Ruby Masers," Nature, Vol. 187 
(Aug. 1960), pp. 493-494. 

3. Sorokin, P. P. and Stevenson, M. J., "Stimu· 
lated Infrared Emission from Trivalent Ura­
nium." Phys. Rev. Lett., Vol. 5 (Dec. 1960), 
pp. 557·559. 

4. Johnson, L. F .• Boyd, G. D., Nassau, K., 
and Soden, R. R., "Continuous Operation of 
the CaWO.:Nd'+ Optical Maser," Proc. IRE 
(correspondence) Vol. 50 (Feb. 1962), p. 

_213. 
5. A summary of the materials work up to 1963 

can be found in Proceedings Of the Third In­
ternational Congress of Quantum Electronics, 
Grivet, P., and Bioombergen, N., Eds. (New 
York: Columbia University Press, 1964). 

6. McClung. F. J. and Hellwarth, R. W., 
"Giant Optical Pulsations from Ruby," ,. 
App/. Phys., Vol. 33 (1962), p. 828. 

7. Voronko, U. K., Kamynsky, A. A., Osika, 
V. V., and Prokhorov, A. N., Jour. of Exp. 
and Theor. Phys. USSR (letters to the Edi­
tor), Vol. 1, No.1 (1965), p. 5. 

8. Kiss, Z. J., see e.g., "Zeeman Tuning of the 
CaF2:Tm2+ Optical Maser," App/. Phys. 
Lett., Vol. 2 (Feb., 1963), pp. 61-62. 

9. Kiss, Z. J. and Pressley, R. J., "Crystalline 
Solid Lasers," Appt. Opt., Vol. 5 (1966), 
p. 1474. 

10. Pressley, R. J., "Nd:Cr:YAG High-Efficiency 
High-Power Solid-State Laser Systems, RCA 
Reprint PE-327, 328, 329, 323 (1966). 

11. Read, T. B., "The CW pumping of Nd:YAG 
by Water Cooling Krypton Arcs," App/. 
Phys. Lett., Vol. 342 (1966). 

12. Osterink, L. M. and Foster, J. D., "Efficient 
High Power Nd:YAG Laser Characteristics," 
Proc. CLEA, Washington, D.C. (May 1969), 
p.38. 

13. Liberman, J., "A High Power Nd:YAG Con­
tinuous Laser" Proc. CLEA, Washington, 
D.C. (May 1969), p. 39. 

14. Koechner, W., "YAG Challenges Carbon 
Dioxide in High CW Power," Laser, Vol. 29 
(Sept. 1969). 

23 



24 

Electron-beam-pumped 
semiconductor lasers 
Dr. F. H. Nicoll 

Phosphors have been a part of RCA research since the earliest beginnings of tele­
vision, and they have continued to play a part in this and many other display tech­
niques. Cathodoluminescence in certain phosphors has all the properties necessary 
for lasing except an optical cavity. This cavity however can be provided if the 
phosphor is available in single-crystal form. Some of RCA's accomplishments in 
pumping such crystals with an electron beam are described in this paper. These 
include the first observation in zinc oxide, of ultraviolet lasing in a solid s1ate 
material, and the first observation of lasing in cadmium sulfide at room temperature. 
New far-field patterns associated with t01al internal reflection cavities have also been 
observed and described. The directionality of the light of electron-bealll'-pumped 
lasers makes their eventual use in cathode ray tubes very"attractive. To this end a 
sealed-off laser cathode ray tube has been made which can be operated under pulse 
conditions at room temperature. 

T HE HISTORY OF ELECTRON-BEAM­

PUMPED semiconductor lasers is 
rather closely linked to the develop­
ment of the GaAs injection laser. Al­
though the ruby laser and the gas laser 
were the first lasers to be realized in 
practice, it was the small size and 
high-current-density excitation of the 
injection laser which indicated the 
possibilities for semiconductor lasing 
in a very small optical cavity. It was 
easy to calculate that conventional 
well-focused electron beams in the 20 
to 100 kV range could reach the nec­
essary excitation density for possible 
laser action. A number of laboratories 
both here and abroad started experi­
mental work on electron-beam­
pumped lasers at the time that the 
injection laser was being developed. 
The chronological sequence of mate­
rials made to lase under electron-beam 
pumping is covered in the literature.' 
RCA, with a large amount of experi­
ence in cathodoluminescence, had 
done experimental work on ZnO and 
CdS powder phosphors which had a 
considerable bearing on later laser 
work. In both these phosphors, it was 
discovered that at high current den­
sity the ratio of short-wavelength­
light emission to long-wavelength­
light emission was considerably 
greater than at low current density.' 
Thus, under increasing current den­
sity, the CdS emission color changed 
from red to green, and the ZnO emis-
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sion color changed from greenish to 
violet. Furthermore, the shortwave 
emission consisted of a rather narrow 
spectral line which continued to in­
crease in output up to the highest 
current densities readily attainable at 
that time. These results with ZnO en­
couraged RCA to work on electron­
beam-pumping of ZnO single crystals, 
and this led to the realization of the 
first solid-state ultraviolet laser.' 

Demountable cathode ray tube 

It was clear from the beginning of the 
work with electron-beam-pumped 
semiconductors that something rather 
better than the usual beam focus on a 
conventional cathode-ray tube (CRT) 

would be necessary to achieve the high 
density of excitation required for laser 
action. While other workers in the 
field chose to examine the 50 to 250 
kV range, our activity was confined to 
voltages under 30 kV which we be­
lieved to be adequate and which had a 

..--more practical appeal. With this lower 
voltage requirement, it was possible to 
use the RCA standard 5TP4 television 
projection tube gun and in addition 
eliminate a number of the usual high­
voltage breakdown problems and re­
duce X-ray shielding to a minimum. 
While some of the early work was 
done on sealed off CRT'S, a demount­
able tube was preferred with its 
greater flexibility of operation. The 
salient features of such a continuously 
pumped system are shown in Fig. 1. 
The 5TP4 gun, which is not visible 
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in the horizontal tube neck, has a • 
special thoria cathode and uses con­
ventional electrostatic focusing plus 
magnetic focusing from a concentric 
iron-clad coil. The sample, on a liquid­
nitrogen-cooled cold finger, is located 
as near as possible to the focusing • 
lens. This is done to increase current 
density over that normally obtained in 
a 5TP4 projection tube. The proximity 
of the sample to the focusing coil 
makes it very difficult to use magnetic 
deflection for positioning the electron 
beam on the sample. For this reason, • 
a spherical ground joint was used in 
combination with a micro-control 
which provided the x-y deflection of 
the whole gun assembly. This ar­
rangement had both high precision 
and excellent reproducibility. The de­
mountable CRT is used in conjunction 
with a microscope so that the sample 
can be observed at various angles. At 
the same time, a beam splitter in the 
microscope allows the observed light 



Fig. 1-Demountable CRT for investigating electron-beam-pumped lasing in semiconductors. 

to be monitored by a photomultiplier 
whose output is displayed on an oscil­
loscope synchronized with the pulsed 
electron beam. The near-field emission 

• pattern of a lasing crystal can be ob­
served by focusing the microscope on 
the crystal face. The far-field emission 
patfern can be observed by allowing 
the emitted light to strike a diffusing 
piece of paper wrapped around the 

• vertical tube containing the cold fin­
ger. Light emitted by the sample can 
also be passed through the Bausch 
and Lomb spectrometer to record its 
spectral properties. 

Semiconductor samples are prepared 
• from thin grown platelets a few mi­

crons thick which are cleaved to a 
width of about 100 microns. These 
are mounted on a transparent sapphire 
piece with a small amount of silicon 
grease and the sapphire is cooled by a 
copper cold finger. • Cathodoluminescence 

A high-voltage electron beam imping­
ing on a semiconductor sample pro­
duces a chain of events not all of 
which are helpful in producing popu-

• lation inversion and laser output. 
Some of the incident beam is lost upon 
striking the sample and appears as re­
flected or back scattered electrons. 
Loss to the crystal lattice produces 
phonons, and causes undesirable heat­
ing of the sample to such an extent 
that, for high excitation densities, only 
pulsed low-duty-cycle operation is pos­
sible. Some of the energy of the beam 
is also converted to X-rays which, 
however, may be partially reconverted 
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Fig. 2-Fabry-Perot laser cavity with laser 
beams perpendicular to the exciting electron 
beam. 

to light. Estimates have been given that 
it requires 2 to 4 times the energy gap 
of the semiconductor material to create 
a hole-electron pair, so that about 104 

electron-hole pairs are created by a 
20 kV electron. 

The penetration of the electron beam 
into the laser crystal is an important 
consideration in determining the most 
suitable operating voltage. Above 5 
kV, the experimentally observed pene­
tration of an electron into a material 
of density p is given by pd=2.3x lO-12y' 
where d is the penetration in· centime­
ters and Y is the accelerating voltage 
on the electron.' For 20 kV electrons, 
the penetration is only a few microns, 
and the excitation is confined to a 
region very near the surface. This 
was used as an argument for operation 
at very high voltages to give deeper 
penetration ~-and thus reduce surface 
effects. It turns out, however, that 
these surface effects are not serious in 
many materials; therefore low-voltage 
excitation is possible. 

Laser cavity 

In the case of gas lasers, the Fabry­
Perot cavity is produced between two 
plane mirrors separated by a distance 
of many centimeters. A Fabry-Perot 
cavity in a semiconductor injection 
laser is produced between two cleaved 
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Fig. 4-Total internal-reflection cavity pro­
dUCing 360° laser beam in one plane with 5° 
divergence in orthogonal plane. 
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Fig. 5-Emission spectrum of ZnO single 
crystal excited by electrons a) below laser 
threshold (current density 1.5 Amps/cm,,). 
and b) above laser threshold (current density 
6 Amps/cm2). Temperature 77°K. 

Fig. 6-Far-field pattern of ZnO laser show­
ing 180° horizontal spread and 5° vertical 
spread of laser beam striking a paper cylin­
der surrounding the vacuum envelope. 

Fig. 7-lntense laser emission a) from cor­
ners of 150-1' wide crystal viewed towards 
the electron-beam source and b) from cor­
ners of 30-1' edge of same crystal. 25 
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facets of the material which are par­
allel by virtue of the cleavage property 
of the crystal and may be only a frac­
tion of a millimeter apart. For many 
semiconductors, the refractive index is 
sufficiently high that the Fresnel re­
flection is adequate for the mirrors of 
the Fabry-Perot cavity without resort 
to evaporated reflectors as required for 
other lasers. The sample size for 
electron-beam pumped lasers must be 
comparable in size to the focused·elec­
tron beam which is usually under 1 
millimeter. Electron beam pumping 
allows more freedom in the choice of 
optical cavity than is possible with in­
jection lasers because no electrodes are 
necessary on the sample. Three pos­
sible cavities are illustrated in Figs. 2, 
3, and 4. 

Fig. 2 shows the usual Fabry-Perot 
cavity between cleaved facets with the 
electron beam exciting the shaded por­
tion, and the two narrow laser beams 
being emitted perpendicular to the 
cleaved ends. 

Fig. 3 is also a Fabry-Perot cavity be­
tween parallel cleaved or grown faces 
but with one face excited by electrons 
so that the laser beam is emitted per­
pendicular to these faces and parallel 
to the electron beam. In this case, part 
of the material in the cavity is un­
excited and therefore contributes loss. 

A third type of cavity can be produced 
in a crystal of rectangular cross section 
by total internal reflection" as in Fig. 
4. This produces a large number of 
modes and the coherent light is emitted 
as a 360° disc-like beam centered on 
the crystal with a divergence of about 
5° perpendicular to the disc. In a ma­
terial such as CdS, which shows little 
absorption for its emitted light, opera­
tion in the internal reflection modes of 
Fig. 4 gives the lowest threshold. 

A higher threshold is observed for the 
cavity of Fig. 2 where the whole op­
tical path between the facets is excited 
but the reflection coefficient is only a 
fraction of the 100% provided by total 
internal reflection in the cavity of Fig. 
4. The highest laser threshold occurs in 
the Fabry-Perot configuration of Fig. 
3 in which only a portion of the op­
tical path between the faces is excited 
and the reflection coefficient is the 
same in Fig. 2. The threshold for this 
so-called end pumping may be exces­
sively high unless efficient reflection 
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Fig. 8-Voltage threshold for lasing vs. 
thickness of crystal cavity (current density 
constant). 

mirrors are applied to both Fabry­
Perot cavity faces. 

Results 

The strongest experimental evidence 
of lasing in electron-beam-pumped 
semiconductors is the observation of 
marked threshold in the simultaneous 
occurrence of a number of phenomena. 
These include a narrowing of the spec­
tral emission as-observed in a spectrom­
eter, a strong directionality of the 
emitted light as seen in the far-field 
pattern, and a sudden increase in light 
output measured in the direction of 
the laser beam. In addition, one or 
more brilliant spots are seen in the 
near-field pattern if the microscope is 
focused on the sample. 

The ZnO single crystal 

A ZnO single crystal was the first 
solid-state material to show laser emis­
sion in the ultraviolet region of the 
spectrum,' a result which was obtained 
in the demountable tube of Fig. 1. The 
ZnO sample was maintained at 7rK 
and was bombarded with a 100-ns 
pulsed beam of electrons at a rate of 
100 to 3000 Hz. In Fig. Sa, the spectral 
emission of the ZnO crystal is shown 
just below threshold. In Fig. 5b, above 
threshold, the narrow laser line at 
3750 A is quite evident. The disc-like 
emission of the 'laser beam from the' 
total internal reflection cavity produces 
a line of light where it strikes a fluores­
cent paper cylinder surrounding the 
sample. This is shown in the photo­
graph of Fig. 6, where the laser beam 
spread in the vertical direction is about 

)50 consistent with the width of the 
, line. The flattened circle of light in the 

center is due to light from the cathode 
falling on the paper. 

The near-field pattern of one of these 
lasing crystals shows an intense emit­
ting spot at each of the four corners of 
the total-internal-reflection cavity. Fig. 
7 a is a photomicrograph of the wide 
face of the emitting crystal looking 
towards the electron-beam source. The 
spontaneous luminescence is shown in 
the center area with the laser beam 
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Fig. 9-CdS spectral emission above laser 
threshold at room temperature (current den­
sity 4 Amps/cm'). Note the narrow laser line. 

being emitted from the spots at the 
corners. Fig. 7b shows the 30-micron • 
edge of the same crystal with its two 
intense spots. These far-field and near­
field patterns are also characteristic of 
other semiconductors lasing in the in­
ternal reflection mode under electron 
bombardment. 

The CdS single crystal 

Platelets of CdS single crystals lase 
very readily on a substrate at 77°K. 
The voltage threshold for lasing in a 
total-internal-reflection cavity (Fig. 4) 

• 

is a function of the crystal thickness .• 
If the crystal is too thick, the unexcited 
portion of the crystal may introduce 
sufficient loss to prevent lasing in the 
internal-reflection mode. In Fig. 8, the 
threshold voltage is plotted as a func­
tion of the crystal cavity thickness. The • 
full line shows results for CdS while 
the dotted line shows results for GaAs 
-both at 7rK. These curves clearly 
show that the crystal thickness is di­
rectly proportional to the threshold 
voltage. However, in the case of GaAs 
which is known to have higher absorp- • 
tion for its laser emission than CdS 
has for its emission, the voltage thres­
hold is higher for the same thickness. 
The relationship shown in Fig. 8 has 
now been extended to lower voltage 
for CdS, and lasing has been observed • 
at 77°K down to 1.7 kV for the 
internal-reflection mode. At this vol­
tage, penetration is only about 200 A 
which indicates that even for this ex­
tremely shallow beam penetration the 
losses introduced by possible surface 
states are very small. Using very thin. 
CdS crystals, it is possible to obtain 
laser action on a room temperature 
substrate.' In Fig. 9 the laser emission 
line is shown appearing on the long 
wavelength side of the cathodolumi­
nescent peak. Room temperature las- • 
ing of CdS made possible the construc­
tion of an experimental sealed-off 
cathode ray tube.' This was not scan­
nable but did contain a number of 
aluminized crystals on the faceplate 

• I 
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Fig. 10-Experimental laser cathode ray tube with 1-inch-diameter faceplate. 

• of the tube as shown in Fig. 10. Any 
portion of anyone of these could be 
excited by the low-duty-cycle, pulsed, 
electron beam to give a 1800, horizon­
tal, fan-shaped laser beam in a plane 
perpendicular to the faceplate, with 

• a divergence of about 50 in the direc­
tion orthogonal to the fan. The near 
field pattern consisted of emission 
from two very brilliant spots separated 
by the width of the crystal, about 100 
microns. At large distances, greater 
than 5 cm, these two beams interfere 

• to produce the line pattern of Fig. 11 
in which a portion of the fan beam was 
recorded directly on photographic film 
without the use of a lens. The vertical 
height of these lines corresponds to an 
emission angle of 5 % . This laser 

• cathode-ray tube can be used as a 
source of pulsed green laser light. The 
input power is converted to laser light 
with about 0.5% efficiency giving a 
peak output of 120 mW. The intense 
bombardment with the 15-kV electron 
beam reduces the laser output to one 

• half after about 10' pulses. The reason 
for this deterioration is not under­
stood, but it is connected with an in­
crease in losses caused by absorption 
in the bombarded region. The operat­
ing voltage range of the sealed-off laser 

• cathode-ray tube is 15 to 25 kV. How­
ever, demountable tests have shown 
that room temperature lasing of CdS 
can be observed down to 5 kV. It has 
also been shown that at 25 kV the 
same crystals will lase at temperatures 
up to 120°C, where the laser wave­
length is 5420 A. 

The first laser results with ZnO and 
CdS were obtained with crystals spe­
cially grown as very thin platelets (10 
microns or less) and prepared with 

cleaved sides. Attempts to' obtain las­
ing in mechanically polished crystals 
of similar dimensions were unsuccess­
ful at voltages below 25 kV. This was 
found to be due to high optical absorp­
tions introduced by damage at the 
surface of the crystal caused by the 
grinding and polishing operation. The 
use of chemical polishing eliminated 
this work damage thus making plate­
lets cut from bulk material comparable 
in performance to as-grown platelets.' 
This observation is of considerable 
interest since it was previously be­
lieved that thin platelets lased readily 
because they were of particularly high 
quality due to special growth charac­
teristics of platelets. The ability to use 
~ulk material when properly polished 
and cleaved is a considerable practical 
advantage since suitable platelets are 
not always readily available or easily 
grown. 

Conclusion 

A large number of semiconductor 
lasers pumped by an electron beam 
have now been described in the litera­
ture." Some of these have been oper­
ated only at high voltage (>50kV), 
but they are of great interest because 
of the wid{!yange of observed emission 
wavelengths at 77°K. At the long­
wavelength end of the spectrum, mate­
rials such as PbSe have given laser 
emission at 8 fL. At the short wave­
lengths, ZnS, with laser emission at 
3200 A, is the shortest ultraviolet 
wavelength reported so far. Of special 
interest is the wide range of wave­
lengths obtainable by alloys such as 
Zn.Cd,_.S and Cd (S.Se,_x). The first 
of these covers wavelengths from ZnS 
at 3200 A to CdS at 4960 A; the sec-

~ 

lem 
Fig. 11-Far-field interference of laser 
beams from two corners of CdS crystal at 
room temperature. 

ond extends the range to CdSe at 6800 
A. Thus together they cover the range 
from deep red to ultraviolet. Not all 
of these materials have been examined 
below 25 kV, but our own results on 
ZnO, CdS, ZnSe, and CdSe indicate 
that many of the materials, especially 
the alloys, certainly operate in this 
range at 77°K. The desirable color 
characteristics, the low voltage opera­
tion, and the fact that ZnO and CdS 
have been operated as lasers at room 
temperature combine to make electron­
beam-pumped lasers attractive for pos­
sible future application in cathode ray 
tubes. Of even more interest is the pos­
sibility of making cathode ray tubes 
having directional light emission pat­
terns. This directionality can lead to 
considerably increased brightness to 
the viewer (or the device located 
within the directional pattern). Con­
servation of emitted light by putting it 
where it is wanted gives a greatly in­
creased effective efficiency which will 
become especially desirable as present 
phosphors approach their maximum 
theoretical efficiency. 
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Sealed-off CO2 lasers 
Dr. R. A. Crane I J. I. Wood 

An extensive research program has been in progress at the Research Laboratories of 
RCA Limited towards the development of the CO, laser in communication systems. 
A description is given of two parallel phases of this program: the development of 
long sealed-off tube life, and the parameter measurements necessary to test and 
predict performance. 

DURING THE PAST FEW YEARS, 

interest has been increasing in 
the use of the CO, laser in its most 
sophisticated form, namely, as a car­
rier for high-grade communication 
systems. This interest is based pri­
marily on three factors: 

1) Laser radiation conversion efficien­
cies obtainable (about 20%) ;,,2 
2) Low atmospheric attenuation of 
1O.6-micrometer radiation (0.1 dB/ 
km); and 
3) The wide bandwidths inherently 
possible at optical frequencies. 

Although the full potential of the CO, 
laser has yet to be realized, highly effi­
cient communication systems using 
this laser are now feasible for field use. 

Laser research has been an important 
feature of the program at the Research 
Laboratories of RCA Limited for sev­
eral years. However, during the past 
year, effort has been concentrated on 
the CO, laser for communications pur­
poses. Specifically, the CO, laser has 
been developed for uses in earth-based 
links and for applications in outer 
space. This has involved two related 
parallel programs: 

1) To attain reliable sealed-off opera­
tionallife of the laser, and 
2) A parameter study to predict and 
test performance for specified applica­
tions. 

The latter effort also includes optimi­
zation studies to reduce size, weight, 
and power requirements. 

Basic considerations 

The most important requirement in 
communication systems is a laser with 
a sufficiently long sealed-off opera­
tional life and as high an efficiency as 
possible. However, each particular ap­
plication must be carefully considered 
in the design, as the environmental 
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conditions can place severe restric­
tions on the tube and window mate­
rials, fabrication techniques, cooling 
mechanism, etc. which in turn can 
prove detrimental to the primary re­
quirements. Fortunately, there is a 
wide selection "Of tube materials avail­
able that can be used for long sealed­
off life. These materials are listed in 
Table I with some of their relevant 
properties. Materials with low absorp­
tion at 10.6 micrometers that can be 
used for the optical components are 
shown in Table II. Power require­
ments vary from about 0.1 to 5 watts 
so that these lasers are small devices 
varying from 5 to 30 cm in length. 

The design requirements can be di­
vided broadly into two classes: 
ground-based and space-qualified sys­
tems. For ground-based systems, tube 
life of about 1000 hours is usually ade­
quate since tube replacement is in 
most cases neither difficult nor disrup­
tive. Consequently, less costly tube 
material and optical components can 
be used in these cases. Glass laser 
tubes guaranteed for 1000 hours of 
operational life are currently on the 
market but in most cases, tube life is 
gained at the expense of efficiency, 
and the warrantee replacement rate is 
not known. 

On the other hand, a space-qualified 
CO, laser represents an ultimate in 
achievement, as these lasers must be 
designed for minimum weight, mini-

/mum total input power, ruggedness to 
withstand the vibrational shock of the 
launch, and the thermal shock of outer 
space, and yet operate reliably for at 
least two years. As a result, designers 
are turning more to the use of the 
alumina and beryllia ceramics as these 
materials have the highest shock resist­
ance and in addition offer high bake­
out temperatures which would be 
necessary to obtain the ultra-clean sys­
tems required for long tube life. To 
take advantage of these materials, rug-
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ged leak-free seals must be used. An 
ideal seal between components would • 
be between optically flat surfaces with 
a braze or a high temperature epoxy 
on the outside serving to hold the 
parts together. This would apply not 
only to the tube sections but also to 
the attachment of Brewster windows 
and mirrors. • 

Since the power budget for a space­
craft is very restrictive, it is desirable 
to operate the laser at that discharge 
current which gives maximum effi­
ciency. This point is less than that 
corresponding to the peak output • 
power and can represent a saving of 
several watts of input power in the 
case of a CO, laser. Consequently, the 
usual definition of tube life-3-dB 
down on the output power-should be 
replaced by a tighter and more realis-
tic 10% down on the efficiency. 

To maintain efficiency, the tube wall 
must be kept below about 40°C, and 
in a space environment, fluid-flow 
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cooling would require undesirable an-
• cillary equipment and power. This 

represents an ideal situation for the 
use of heat pipes but for the present 
further development would be re­
quired. Fortunately, with use of high 
thermally conductive ceramic tube 
material, heat removal can be ade-

• quately handled via metal or ceramic 
conduction blocks-such a system has 
already been designed in our labora­
tories. 

The CO, laser operates with a gas 
mixture of CO2 , He, and N" with Xe 

• and/or H,O added in small amounts 
to further enhance tube life and effi­
ciency.'" Tube life is limited by loss of 
the primary gas component CO, 

• 

through decomposition and reversible 
reactions in the discharge and at the 
electrodes, as well as gas clean up due 
to sputtering and absorption. These 
deleterious effects can be largely elim­
inated by the use of suitable electrode 
materials and electrode design and by 
suitable tube-treatment procedures-

the details of these materials and tech­
niques are presently company-proprie­
tary information. Xe is one of our 
basic gas additives since it also dom­
inates the discharge leading to lower 
operating tube voltages. 

Reliability is necessarily a crucial 
factor in space-qualified systems. For 
the sealed-off CO2 laser, this factor will 
only be known when a very large num­
ber of life tests have been made and 
the statistics compiled. For example, 
to obtain reliability of 98% at the 
2000-hour level, a total of about 
100,000 hours of successful1ife testing 
is required in the same laser configura­
tion. In addition, test-point parameters 
will have to be determined" and evalu­
ated so that tube life can confidently 
be predicted. 

Sealed-off CO2 laser development 

The development of a sealed-off CO2 

laser was initiated at the Research 
Laboratories in July, 1968. The prog­
ress, since then, is graphically illus­
trated in Fig. 1 where, at each stage, 
tube life was approximately doubled 
by using the knowledge obtained from 
previous tests. This program was pri­
marily concerned with maintaining a 
favorable gas balance over long 
periods of time by suitable tube pro­
cessing and electrode design. The opti­
mization of the configuration for 
efficiency is a parallel development. 

A number of glass laser tubes were 
tested ranging from 20 to 50 cm in 
length with output powers from 1 to 
10 watts. A photograph of a typical 
laser configuration for life testing is 
shown in Fig. 2. The optical configura­
tion is simply a gold-coated glass 
mirror and a polished Ge etalon at­
tached directly to the tube ends with 
torr-seal. The Ge plate provides about 
20% output coupling which in all 
cases was excessive but adequate. To 
minimize gas clean up by electrode 
sputtering, the electrodes were de­
signed in the form of hollow cylinders 
with guard rings at the open end. In 
this way, the discharge was confined 
to the inside region of the electrode. 
Materials used for the electrodes in 
these experiments were Ni (#270) 
and Pt. For a tube ID of 10 mm, the 
gas mixture used was 14%CO" 
22%N, and 64% He with 1.0 torre Xe 
for a total pressure of 20 torr. 

Fig. 5-0utput power and 
efficiency vs discharge 

current. Mixture: CO" 14%; 
N" 22%; He, 64%. 
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Fig. 1-Progress in sealed-off CO, laser de­
velopment program. 

Fig. 2-Laser configuration for tube life test. 
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Fig. 4-Apparatus for parameter measure­
ments. 
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Fig. 8-Variation of output and efficiency 
with in-cavity loss. 

Table I-Properties of some laser tube materials 

Thermal Thermal 
conductivity expansion 

Material (cal/cm cm secOC) °C (O-JOO°C) 

Glass 0.0026 4.8 x 10 .... 

Silica 0.0032 5.5 x 10-' 

Cervit 0.004 0.2 x 10-' 

Alumina 0.09 8.0 x 10-6 

Beryllia 0.525 5.4 x 10 .... 

The life characteristic for one of our 
most recent tests is shown in Fig. 3 
where tube life in excess of 1000 
hours was oBtained. Degradation to 
the half-power level occurs over ap­
proximately 10% of the life of the 
laser-this was also typical of our less 
successful runs. With the data on hand 
and the resulting improvement in the 
laser design, tube life significantly 
greater than this is expected in the 
near future. 

Parameter measurements 

Parameter studies are in progress to 
accumulate data which will enable ac­
curate prediction of tube preformance 
for specified output powers. Measure­
ments have been made on a wide 
range of tube dimensions varying from 
5 to 30 cm in length and 5 to 10 mm in 
bore diameter.' To facilitate the study 
a versatile parameter test facility was 
constructed-this is shown schematic­
ally in Fig. 4. The mirrors, Brewster 
window, output coupling plate 
(NaCl) , and gas inlet ports form an 
integral part of the laser cavity. The 
laser tube, including electrodes, is a 
separate item which is easily inserted 
into the cavity. Torr-seal pr.ovides the 

Approximate 
Melting Young's cost factor 
point modulus for an assembled 
(OC) (psi) tube 

~800 9 x 1()6 

1670 10 x 10" 2 

~800 13 x 10' ~ 

2040 51 x 10' 10 

2573 50 x 10' 30 

vacuum seals and this scheme allows 
rapid tube replacement. With this fa­
cility measurements can be made over 

• • 

.. 

• 

a wide range of variation in param-. 
eters, such as gas mixture, excitation 
current, optical cavity configuration, 
output coupling, tube temperature, 
tube geometry and material. In all 
cases, the results are quoted for sealed­
off operation, laser action on a single. 
transition and for the lowest trans­
verse, TEMoo, mode. 

Fig. 5 displays typical curves of output 
and efficiency vs. tube current for a 
number of gas pressures. As remarked 
above, the peak in the efficiency pro-. 
file occurs at a lower current value . 
than the peak in the output power. The 
effects of the addition of Xe to the 
usual triple gas mixture of CO 2, N 2, 

and He is illustrated in Fig. 6 where 
an increase of 25 and 15% in the out­
put and efficiency, respectively, has. 
been obtained with the inclusion of 
Xe. A further desirable feature is the 
lowering of the operating tube voltage 
by about 1 kV for this particular case. 
As a result of our studies, Xe is a basic 
additive in all our laser designs requir-. 
ing high efficiency and efficiency and 
also for long tube life. 

Table II-Properties of some optical materials for 10.6 micrometers 
/ 

Absorption Melting • Index of coeffiCient temperature 
Material refraction (cm-l) (OC) Remarks 

NaCI 1.49 0.0019 801 Hygroscopic and fractures easily 

KCI 1.46 0.0005 776 

AgCI 1.98 0.01 455 Bends and flows. Reacts to UV Radiation 

AgBr ~2 ~.01 432 Better than AgCl 

Ge 4.00 0.03 to 0.06 936 Thermal absorption runaway above 40°C 

GaAs 3.09 0.006 to 0.02 400' The best all round material, can be brazed to 
metal seals. 

* Sublimation temperature 



• 

• 

• 

• 

O~O--~~--~1D----~--~1~O----~--~3D 

ACTIVE DISCHARGE LENGTH (ern 

Fig. 9-0utput power vs discharge length. 
Mixture: CO2, 14%; N2, 22%; He, 64%. 

;: 

~ 
G 

; , 
~ 

~ 

x 
§ 

• 
o LO -------'-----'-----L----~---'------'3D 

ACTIVE DISCHARGE LENGTH (em) 

Fig. 1Q-Efficiency vs discharge length. Mix­
ture: CO2, 14%; N2, 22%; He, 64%. 

The design equation relating output 
power, P, to the losses can be ex­
pressed as' 

rT A 
P= (l-rR) 2f3 (2aoL+lnrR) (1) 

where (1 - r) is the lumped in-cavity 
losses excluding the output coupling 
T= (1- R); A is the mean mode cross­
section; f3 is the saturation parameter 
and {to is the small-signal gain. By 
varying the output coupling and mea­
suring P, all the factors in Eq. 1 can be 
determined for a particular laser con­
figuration. A typical profile of the gain 

(integrated over the mode diameter), 
determined in this way, is shown as 
a function of tube current in Fig. 7. 
For each case, the facility allows (in 
principle) all the vital parameters to 
be determined so that the effects of in­
sertion losses on the efficiency and out­
put power can be accurately predicted. 
Fig. 8 shows the effect of increasing 
cavity losses on the efficiency (with 
optimum output coupling at each 
point) . Data of this form are required 
when in-cavity elements such as modu­
lator crystals are to be included in the 
final design. 

Correlations of tube length vs. output 
and efficiency are shown in Figs. 9 and 
10 respectively. These represent our 
actual experimental results and do not 
include corrections for the losses 
within the window and internal mirror 
mounts of the test facility. This dead­
space loss, for the small laser tubes 
studied, is excessive and would be 
minimized in complete laser units. 
Consequently, designs based on this 
data will be underestimated but on the 
safe-side. Upgrading of these correla­
tion curves will result when a number 
of these final versions are constructed 
and tested. The data point for a dis­
charge length of 5 cm represents the 
smallest, known CO 2 laser to be op­
erated in the sealed-off mode. In Fig. 
11 are some additional correlations re­
lated to the tube bore diameter. 

Concluding remarks 

The above results represent examples 
of the type of measurements made dur­
ing our studies. Not all the data has 
been presented here nor has the versa­
tility of the experimental facility been 
fully realized. Data obtained with glass 
tubes can be applied to other tube ma­
terials provided certain basic require­
ments of the material are met. Fig. 12 
shows a pg.otograph of an alumina 
laser tube currently undergoing study 
to test this assertion. 

These parameter studies will continue 
in a constant effort to update existing 
data and to test new materials as they 
become available. It is anticipated that 
a handbook technology will have been 
acquired in the near future so that, for 
each specific application, the most ef­
ficient sealed-off CO, laser can be 
designed. Ultimately, of course, the 
optimization of these communication 

ID 
TUBE BORE DIAMETER (1mJ) 

Fig. 11-0utput power and efficiency related 
(0 tube-bore diameter. 

Fig. 12-Ceramic laser tube in test facility. 

systems will include modulation tech­
niques so that the final parameter 
would relate the information bit rate/ 
pound weight/watt of input power/ 
dollar cost of the system. 
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Solid-State detectors for 
laser applications 
Dr. R. J. Mcintyre I H. C. Sprigings I P. P. Webb 

Solid-state photosensors are fast convenient detectors for many laser applications. 
In this paper some of the factors affecting the design and optimization of solid-state 
photosensors are discussed. The performance of two types of silicon photodiode, 
designed especially to meet the requirements of laser-pulse detection in the near­
infrared out to and including 1.06 /Lm, is described. These types are 1) a large-area 
multi-element photodiode for wide-field-of-view applications and 2) an avalanche photo­
diode for narrow-field-of-view applications. 

THE GROWTH OF LASER TECHNOL­

OGY within the last decade has pro­
vided many new requirements for fast, 
sensitive, rugged photodetectors, par­
ticularly in the near-infrared. In this 
article, some of these requirements are 
discussed, and some of the special 
photodiodes which have been devel­
oped in the Research Laboratories of 
RCA Limited to satisfy these require­
ments are described. 

Since lasers can be used in a myriad of 
ways, a completely general discussion 
of the techniques of detection is im­
practical. We shall confine our dis­
cussion to the problem of detecting 
short pulses of light, i.e., the detection 
of light from lasers which are 
Q-switched, phase- or mode-locked, or 
otherwise modulated so that most of 
the energy is delivered in a series of 
short pUlses. Most of these applica­
tions fall into one of two classes: 

1) Narrow-field-of-view systems; 
2) Wide-field-of-view systems. 

The first class comprises all systems in 
which the point of origin of the laser 
energy is known, be it from the laser 
itself, or reflected from a "target" in a 
known direction. This includes point­
to-point communications systems, laser 
ranging systems, some intrusion 
alarms, and some fuse systems. For 
this class, since the detector system 
need only have a narrow field of view, 
a relatively small detector, with dimen­
sions of the order of a millimeter or 
less, is all that is required. For the 
second class of systems, in which the 
source of energy is spread over a wide 
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range of angles, or of unknown direc­
tion, the deteaion system must have 
a wide field of view and will therefore 
require a detector with dimensions of 
the order of centimeters or more. 
Examples are laser search systems, tar­
get designation systems, and collision 
avoidance systems. Because the cri­
teria for optimizing detectors for these 
two classes of systems are different, 
they will be discussed separately. 

Small-area detectors 

Quantum efficiency 

Quantum efficiency is that fraction of 
the incident photon flux from the laser 
which interacts positively in the active 
part oj the detector. A positive inter­
action, in the case of a photodiode or 
an intrinsic photo conductor, would be 
the generation of an electron-hole pair. 
For an extrinsic photoconductor, it 
would be the ionization of an electron 
or hole to or from an impurity. The 
active part of the detector is that 
region from which the carriers gen­
erated will be collected and detected 
in a time of the order of the laser 
pulse length. Thus for this discussion, 
the quantum efficiency does not in­
clude those photons which are ab­
sorbed in a base layer sufficiently far 

..irom the active region of the detector 
so that the generated carriers must 
diffuse to the active region before 
being detected in a time of the order 
of microseconds or longer. Such car­
riers will contribute to any quantum 
efficiency measurement made at low 
frequencies, but not to the height of 
the signal from a short laser pulse in 
a wideband system. 

It is usually possible to make a photo­
diode in which-apart from two thin, 
diffused, contact layers-the total 

thickness of the device is active. Un­
der such conditions, the quantum effi­
ciency, 'Y/, is given by: 

1]=[l-r,][l- exp (-aw)] (1) 
[1 +'2 exp (-aW)] exp (-ad) • 

1- r,r, exp [ -2a (w+d)] 

where r, is the reflectivity of the front 
surface; r, is the reflectivity of the back 
layer; dis the effective thickness of the 
front contact layer; w is the effective 
thickness of the active layer; and a is 
the absorption coefficient of the de- • 
tector material for light of the wave­
length being detected. 

Thus, to maximize 'Y/, r, should be 
made as small as possible (by using 
an anti-reflection coating), aW should 
be greater than unity if possible, ad .. 
should be much less than unity, and r, 
should be as large as possible (i.e., the 
back layer should be thin and have a 
highly reflective coating) . Typical val­
ues achieved to date, with silicon 
diodes, are r, ::= 0.05, r, ::= 0.95,. 
d < l!Lm, w up to 700 !Lm for a non­
multiplying diode, and w up to 300 
!Lm for an avalanche diode. In the 
visible and ultraviolet, where a is in 
the range 10' to 10' cm, the contact 
layer thickness d must be kept well 
under 1 !Lm (10-' cm) so that the .. 
absorption loss in this "dead" layer is 
not too high. For the ultraviolet par­
ticularly, a sufficiently thin dead layer 
is difficult to achieve with a diffused 
layer, so that quantum efficiencies of 
only 10 to 20% are typical. For this • 
range, better results can be obtained 
with Schottky barrier devices. For 
wavelengths greater than 0.6 !Lm, 
however, ad « 1, and quantum effi­
ciencies in the range of 80 to 90% can 
be obtained for wavelengths out to 
about 1.06 !Lm, beyond which point it • 
becomes difficult to keep aW greater 
than unity. At 1.06 !Lm, the wave­
length of the Neodymium laser, a 
quantum efficiency of 80% has been 
obtained in large-area detectors, and 
about 35% in avalanche detectors .• 
These two devices are described more 
fully later in this paper. Long narrow 
silicon diodes, with the light entering 
in a direction parallel to the depletion 
layer, have also been used at 1.15 !Lm, 
one of the wavelengths of the He-Ne 
laser, with a measured quantum effi­
ciency of about 40%. 

With uncoated germanium photo­
diodes, quantum efficiencies of about 
50 to 60% have been obtained in the 
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• 1.0 to 1.65 ,um range. With coating, a 
20 to 30% improvement can be ex­
pected. Such a device should be most 
suitable for use with the Erbium laser, 
at 1.6 ,um. 

Speed of response 

• For most applications, it would be de­
sirable to have the speed of response 
of the detector comparable with, or 
somewhat less than, the duration of 
the laser pulse to be detected. In some 
cases, however, to maximize the sig­
nal-to-noise ratio, it may be desirable 
to use electronic time constants con­
siderably longer than the laser pulse 
length. In such cases it would not be 
a disadvantage to use a slower detec­
tor, and it might be a distinct advan-
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tage if in so doing the quantum 
efficiency could be increased and in 
the detector capacitance decreased. 

In a non-multiplying photo diode, 
the speed of response is essentially the 
transit time of an electron across the 
depletion layer. This is covered more 
fully in the discussion of "large-area 
multi-element photo diodes for use at 
1.06 ,um." In a multiplying photodi­
ode, this is lengthened somewhat by 
the time required for multiplication, 
although the lengthening is only ap­
preciable for ultra-fast (sub-nanosec­
ond) diodes, and depends on the 
device design and material.' 

Dark current 

Generally speaking, the dark current 
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[d, (i.e" the detector current flowing 
under normal bias conditions when no 
light is incident on the device) should 
be as low as possible. Leakage current 
is normally of two types: 1) a surface­
leakage current, which enters the de­
vice at the junction periphery, and 
2) a bulk-generated current. In small 
devices, the former usually is the 
larger of the two. It can be controlled 
by careful adjustment of the surface 
states under the masking oxide. The 
latter usually predominates in larger 
devices. Typical values are in the 
range 10-' to 10-8 amperes per cubic 
millimeter of active volume, depend­
ing considerably on the processing 
techniques. 
Perhaps a more important quantity 
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Fig. 1-Calculated values of the minimum detectable laser pulse energy for a 10-ns laser 
pulse at 1.06/Lm for photomultipliers and avalanche photodiodes of various quatum effi­
ciencies as a function of background light incident on the detector. At low light levels, the 
photomultiplier is limited by the requirement that a minimum average number n, of photo­
electrons is required so that the probability of getting a pulse large enough to distinguish 

100 r--------------.",.--",----, 
from a noise pulse is high. In other regions, 
a power signal-to-noise ratio of 10 has been 
assumed. For the avalanche photodiode, the 
indicated optimum gain is the calculated 
val ue assuming that k=0.1. 
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Fig. 2-Absorption coefficient of silicon near its absorption 
edge as a function of temperature" 
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DEPLETION LAYER WIDTH (mm) 

Fig. 3-Achievable quantum efficiencies in silicon P-I-N 
photodiodes as a function of temperature and depletion 
layer width. 

than Ia is the dark equivalent power, 
abbreviated Pa, which would give a 
RMS noise current equal to the actual 
RMS noise current in the detector un­
der dark conditions. For normal non­
multiplying photodibdes, in which the 
noise spectral density is given by the 
shot noise in the dark current, P" and 
Ia are related by: 

q'f/A 
Ia=hcPa=RPa (2) 

where q is the electronic charge; 'Y] is 
the quantum efficiency; h is Planck's 
constant; ,\ is the wavelength of the 
light being detected; e is the velocity 
of light; and R is the detector respon­
sivity (amps/watt). 

If, however, the detector has within it 
a gain mechanism, 

1 
P"=W(ld,+Ia,G) (3) 

where R' = q'Y]'\G / he is the measured 
responsivity; G is the detector gain; 

1", is that portion of Ia which is not 
multiplied; and I.2G is that portion of 
Ia which has undergone gain. For large 
gain, Eq. 3 reduces to Pa=Ia2/R. 

For example, in an avalanche photo­
diode much of the dark current occurs 
at the junction periphery and is not 
multiplied. Only the space-charge cur­
rent I d" generated in that part of the 
depletion layer such that the carriers 
are swept into the multiplying region, 
undergoes gain. Often ld2 is one or two 

orders of magnitude less than Id,. Note 
that in our notation, Ia2 and R are the 
un-multiplied current and responsivity 
respectively. 

The expressions above only hold at • 
frequencies such that contributions 
from the so-called 1/ t noise can be 
ignored. This will usually be the case 
in wideband systems designed for 
laser pulse detection. 

Detector capacitance 

The capacitance of a P-N junction is 
given by: 

c=eA 
w 

(4) 

• 

where E is the product of the dielectric • I 

constant of the detector material and 
the permittivity of free space; A is the 
detector area; and w is the depletion 
layer width. 

Generally speaking, small-area detec­
tors designed for high quantum effi- ::I 
ciencies in the near-infrared will have 
depletion layers wide enough so that 
the detector capacitance will be small 
compared to the input capacitance of 
the following amplifier. Thus .capaci­
tance is not a major consideration, 
except for detectors designed for ultra- • 
high speed (sub-nanosecond re­
sponse) . 

Gain 

The choice between an avalanche and 
non-avalanche photo diode is not al- • 
ways an easy one to make. The former 
will usually give better performance 
for a system where the signal-to-noise 
ratio for a non-multiplying device 
would be limited by amplifier noise. 
For background limited conditions, • 
the latter is usually a better and 
cheaper choice. In some systems the 
choice is likely to be one of econom-
ics: avalanche photodiodes are diffi­
cult to fabricate and likely to be 
expensive, at least for the foreseeable 
future. For systems requiring the ulti- • 
mate in performance, however, par­
ticularly those such as laser ranging 
systems where it is desirable to use 
very wide bandwidths to recover the 
shape of the laser pulse for timing 
reasons, the avalanche device is 
clearly superior. Later in this paper, 
the design of avalanche diodes suit­
able for use at 1.06 pm is described. 
These have given noise equivalent 
powers (NEP)-measuredwith a wide- .i 

I 

I 



• 
avalanche photodiode with a quantum 
efficiency of 30% compares favorably 
with a photomultiplier having a quan-

(A) tum efficiency of 10%. 

• 

• ·c e ) 

Fig. 4-Typical quadrant photodiode struc­
ture: (A) quadrant and guard-ring geometry, 
(B) cross-section of oxide passivated device. 
Legend: a) silicon slice, b) intrinsic region, 
c) diffused N-type quadrant electrodes, d) 
diffused N-type guard-ring, e) diffused P­
type anode electrode, f) metallized contacts 

• 
and reflecting layer, g) silicon dioxide, h) 
antireflection coating. Light enters through 
side 1. 

band amplifier-of 3 x 10-14 watts/ 
cycle'h at a gain of 25. Similar de­
vices designed for use at 0.9 {Lm 

should have still lower NEP. 

... For avalanche diodes, the noise per­
formance depends rather critically on 
the ratio of the ionization coefficient 
of the holes to that of electrons: A 
small ratio is desirable for low noise. 
For this reason, silicon-having a ra-

II tio in the range of 0.03 to 0.1 (de­
pending on the maximum field)-is a 
much more suitable material than ger­
manium-which has a ratio close to 
unity. Moreover, since silicon diodes 
have much lower dark currents than 

• germanium devices, they will be much 
superior, provided a respectable quan­
tum efficiency can be achieved. Fig. 1 
shows the calculated minimum detec­
table laser pulse energy at 1.06 {Lm for 
avalanche photodiodes of various 
quantum efficiencies assuming a power 

• signal-to-noise ratio of 10, a laser 
pulse length of 10 ns, k=O.l, and a 
matched amplifier having an equiva­
lent noise resistance of 200 ohms.' For 
the avalanche diodes discussed later 
in this paper in more detail, an effec­
tive value of k~0.03 has been meas-

• ured. This would reduce the minimum 
detectable energy by almost a fac­
tor of two. For this device, which has 
a dark-equivalent background light 
level of 5X 10-'0 watts, the minimum 
detectable laser pulse should be about 
10-" joules. 

Also plotted in Fig. 1 for comparison 
are the minimum detectable energies 
for photomultipliers of various quan­
tum efficiencies. It is seen that an 

The use of a power signal-to-noise 
ratio of 10 in the comparison above is 
questionable for pulse detection ap­
plications. For a photomultiplier, a 
threshold -voltage-to-RMS-noise-voltage 
ratio of about 7 or 8 is usually required 
to reduce the false count rate to an 
acceptable level. For the avalanche 
photodiode, recent calculations by one 
of the authors (R.J.M.) have shown 
that the amplitude distribution of 
noise pulses is not Gaussian, so that 
the same ratio cannot be used. The 
proper ratio is a function of the diode 
gain, and is quite large for large gains. 
These calculations are now being 
completed and will be published in the 
near future. 

Large-area photo diodes 

The factors affecting the design and 
choice of a large area photodiode are 
similar to those for small area phot~­
diodes with the exceptions noted in 
the following paragraphs. 

Diode capacitance 

Whereas junction capacitance is not 
a major consideration for small area 
photodiodes, it certainly is for large 
area devices. For example, a depletion 
layer width of 100 {Lm is perfectly 
adequate to give a good quantum effi­
ciency at 0.9 pm (the wavelength of 
the GaAs laser) and the detector will 
have a relatively fast response time of 
about 1 ns. Thus 100 fLm would be a 
good choice for a small-area detector 
for use at this wavelength. However, 
such a device will have a capacitance 
of about 106 pF/cm2

• By widening the 
depletion layer to 500 fLm, the re­
sponse time is only lengthened to 
about 12 to 15 ns and the capacitance 
is reduced to about 21 pF / cm2

• For the 
detection of laser pulses in the 10- to 
20-ns range, the wider device would 
be the better choice for large detec­
tors, since it allows the use of a larger 
load resistor, thereby giving a better 
signal-to-noise ratio. 

Gain 

Whereas with small devices one must 
decide between an avalanche and non­
avalanche device, with large detectors 
the choice is simplified, since at the 
present time large-area avalanche pho-

CONES OF FOCUSSED 1.06 urn LIGHT 
FROM f: 1 SYSTEM 

Fig. 5-Quadrant photodiode with grooves to reduce 
effective quadrant separation. (A)-showing crossed 
beveled grooves in silicon diode chip, (B)-exploded 
view showing paths of extreme rays of the cone of 
radiation from an 1:1 optical system. 

to diodes are practically impossible to 
fabricate. Moreover, since large-area 
devices tend to be used in applications 
in which a fair amount of background 
light is encountered, they tend to be 
background limited, or nearly so, so 
that little or no gain could be used 
advantageously even if the devices 
existed. 

Multi-element arrays 

Often a large area detector will be 
broken up into an array of smaller de­
vices, each with its own preamplifier. 
This could be done either to improve 
the signal-to-noise ratio, or to provide 
positional information, as in a laser 
tracking or a target designation sys­
tem. Methods of forming arrays with 
little or no dead space between the 
elements are discussed in detail later. 

Area 

The area of a photo diode is limited 
physically by the dimensions of the 
material from which it is made. Sili­
con diodes, made from hyperpure sili­
con, are available with a diameter (or 
longest diagonal) up to about one 
inch. 

Summary comparison of small-
and large-area photodiodes 

Small-area photo diodes are sensitive, 
reliable, and relatively cheap sensors 
suitable for many laser applications. 
For low-light-Ievel applications requir­
ing only small sensitive areas, ava­
lanche photodiodes compare favorably 
with photomultipliers in signal-to­
noise ratio in the visible spectrum 
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DIODE VOLTAGE 

Fig. 6-Electron transit time in a P-I-N photodiode as 
a function of depletion layer width and diode voltage 
at room temperature. Diode response time (70% of 
charge collected) is about 70% of the electron transit 
time. Drift velocity data taken from Ref. 5 and other 
references quoted therein. 

1.5x 105 

DISTANCE 

Fig. 7-Reach-through avalanche diode 
structure and impurity concentration pro­
file. The starting material is P-type silicon 
of about 5000 ohm-em resistivity. The P and 
N diffusions are, respectively, Boron and 
Phosphorous. 

INCIDENT 
RADIATION 

p+ 

Fig. 8-Electrical field profile for a reach-through 
avalanche diode. 

(1) 

VOLT AGE 

Fig. 9-Three general gain-voltage char­
acteristics which may be obtained during 
the final Phosphorous diffusion: 1) not 
enough diffusion, no-reach through; 2) de­
sired characteristics; and 3) Diffusion too 
far, the gain is very low. 

and surpass them in the near-infrared. 
Large-area single- and multi-element 
photodiodes, having quantum efficien­
cies close to unity and speeds ade­
quate for most laser applications, have 
detectivities close to the theoretical 
maximum, particularly under back­
ground-limited conditions. 

Large-area multi-element 
photodiodes for use at 1.06 .urn 

The Neodymium-doped laser has been 
creating considerable interest during 
the past few years, and at present is 
being considered for several commer­
cial and military systems. The advent 
of this laser has generated a demand 
for multi-element detection devices 
opt~mized to operate at 1.06 /Lm. 

Quantum efficiency considerations 

Fig. 2 shows how the absorption co­
efficient of silicon varies with wave­
length and temperature in the near 
infrared.' At 1.06 /Lm, the absorption 
coefficient is about 15 cm-' at room 
temperature, and the mean path 
length is about 0.7 mm. The absorp­
tion coefficient drops off fairly quickly 
as the wavelength increases and as the 
temperature is lowered. Fig. 3 shows 
the attainable values of quantum effi­
ciency at 1.06 /Lm as a function of 
temperature and depletion layer 
width. These curves were calculated 
from the data of Fig. 2 and Eq. 1. 
They also correspond very closely 
with experimentally measured values. 
It is interesting to note that under 
background-limited conditions, im­
proved performance could be ob­
tained by heating the detector. 

I t is possible to fabricate diodes with 
depletion layers up to 1 mm, but a 
more practical limit is about 0.7 mm. 
Typical reverse voltages required to 
deplete such devices are in the 150-to-
200-volt range, although normal op­
erating voltages are somewhat higher. 
To optimize quantum efficiency, the 
front of the detector is coated with an 
anti-reflective coating to minimize re­
flective losses. Similarly, the back is 
coated with an evaporated layer of 
aluminum to reflect that part of the 
1.06 /Lm radiation which is not ab­
sorbed on the first pass through the 
wafer. 

Multi-element array 

Fig. 4 shows a typical multi-element 

structure for use at 1.06 /Lm. In this 
structure, ultra-high resistivity p-type 
silicon is used as the substrate mate· 
rial. The initial resistivity of the sili-

• 

con before processing is in the 20,000-
to-50,000-ohm-cm range, but has been • 
found to increase by a factor of two or 
three during processing. Light enters 
through a shallow p+ contact diffused 
into one side of the device. On the 
other side, an array of N+ electrodes is 
diffused (a quadrant array in the case • 
illustrated). In some cases, this array 
is surrounded with an N+ guard-ring to 
reduce surface leakage currents. 

In most applications, it is desirable 
that the dead space between adjacent 
elements be kept to a minimum. At. 
the present time, an oxide mask is 
used to define the quadrant regions, 
the width of the oxide strip between 
elements being about 0.010 inch. The 
effective separation between quad­
rants is much less than the actual 
width of the oxide strip and a dead -­
space is practically non-existent, since 
carriers which are generated opti­
cally in the region between the quad­
rants are collected by the closest elec­
trode. The important parameter of 
this type of device is the distance in • 
which one quadrant cuts-off as a point 
of light moves across it into the ad­
jacent quadrant. The distance in 
which the signal drops from 90% to 
10% has been found to be in the 
0.004- to 0.005-inch range for a point • 
source of light at normal incidence. 
For the more practical case of a fo­
cussed cone of light, say 0.004 inch in 
diameter, a typical value is 0.008 inch 
to 0.010 inch, due to the spreading of 
the light inside the wafer. However, 
this can be reduced to about 0.005 • 
inch for a 0.004-inch light spot if the 
front surface of the detector is 
"grooved" as shown in Fig. 5. The 
"groove" serves to refract all the light 
into one quadrant when the light spot 
approaches the transition zone. A sec-
ond advantage of the groove is that an • 
increase in signal is observed when 
the light spot is on the grooved sur­
face, due to the light being refracted 
at an angle greater than the critical 
angle for internal reflection, so that it 
gets "trapped" in the diode until it is • 
absorbed. 

Speed of response 

A major requirement for devices used 
in laser detection applications is that 



• 
they have fast response-times. For a 
photo diode, current starts to flow the 
instant the light is absorbed. For most 
cases, about 70% of the charge is col-

• lected in a time equal to the electron 
transit time: 

W 
76=­

Ve 
(5) 

where w is the depletion layer width 
and Ve the average velocity of elec-

• trons. 

• 

H the field is low, 

v.=p.eE=p.. V/w (6) 

where p.. is the electron mobility, and 
E is the electric field. This gives 

".=w2/p..V (7) 

However, at higher fields the drift 
velocity is no longer proportional to 
the field but tends to saturate." 

Fig. 6 shows the electron transit time 
.. as a function of bias and depletion­

layer width. From this figure it can be 
seen that for a P-I-N diode 0.7-mm 
thick, with an applied reverse bias of 
200" V, an electron transit time of 
about 25 ns can be expected. Actual 
measurements using a 1.06-p.m laser 

• have confirmed these expectations. 

Leakage current 

Leakage current is one of the most 
critical parameters in determining de­
vice and system performance. Pro-

• vided care is taken to prevent surface 
inversion layers, the dark current is 
largely determined by volume-gener­
ated current in the depletion layer. 
With careful annealing, this can be re­
duced to less than 10-' A/mm', giving 
a leakage current less than 1 p.A/cm' 

• for a 0.7-mm thick diode. This is 
usually less than the current generated 
by background light under normal op­
erating conditions. 

Summary of tradeoffs 

• For any application, there is a trade-
off between quantum efficiency, re­
sponse-time, and capacitance. To have 
a fast response-time, some quantum 
efficiency must be sacrificed and some 
increase in capacitance accepted; if it 
is possible to relax the response-time 
requirement, the converse is true. 

It is now possible to fabricate very 
good large-area silicon devices in 
which an optimum balance between 
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Fig. 10-Gain and leakage current characteristics for two diodes. 

quantum efficiency and response-time 
can be achieved for any wavelength 
out to 1.06 p.m. New packaging meth­
ods to improve long-term reliability, 
and integrated preamplifiers to be en­
capsulated with the detector are now 
being investigated. 

Avalanche Photodiodes 

The device to be described in this sec­
tion is a double-diffused 'reach­
through' structure, a working model 
of which, designed for use at shorter 
wavelengths, has previously been dis­
cussed by Ruegg.' Fig. 7 illustrates 
the diode configuration and impurity 
profiles. The two diffusions-p-type 
first (boron) and N-type later (phos­
phorus)-are so adjusted that, when a 
reverse-bias voltage is applied, the 
depletion layer of the diode just 
'reaches-through' to the low concen­
tration 71'fegion when the peak elec­
tric field at the junction is just slightly 
less than that required to cause ava­
lanche breakdown. Additional applied 
voltage then causes the depletion 
layer to increase rapidly out to the p+ 

contact while the field throughout the 
device increases relatively slowly. 

The 71' region of the device, which is 
the substrate crystal, is typically about 
5000 ohm-cm resistivity. Thus, widths 
up to about 300 p.m can easily be de-

10-3 .,-------------71 
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GAIN 

Fig. 11-Equivalent dark current for diode 
4G2-1 as a function of gain. The calculated 
curve has been fitted assuming k=O.025 and 
ii.=5x10-" A. The amplifier contribution of 
2x1 0 -8 A has been subtracted. 

pleted with application of relatively 
little additional voltage over and 
above that required for reach-through. 
Since electrons are more strongly ion­
izing than holes in silicon, optimum 
conditions are obtained when the in­
cident radiation is absorbed in the 71' 
region. Thus the device is used with 
radiation entering the p+ contact. Elec-
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Fig. 12-Noise equivalent power of diode 4G2-1 for 1.06 I'm radiation. The amplifier had 
a bandwidth of about 20 MHz and an equivalent dark current of approximately 2x10-8 A. 
A broad minimum of about 3x10-14 W/Hz71 is observed at a gain Qf about 25. 

Fig. 13-Speed of response measured for 
one diode using fast pulses of phase-locked 
HeNe laser. Horizontal time scale 5 ns/cm. 
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risen to some intermediate value, typi­
cillly 10 or 20, beyond which point 
additional applied voltage gradually in­
creases the field and hence gain; or 
3) Phosphorus diffused too far, so that 
useful gain would be achieved in the 
device only at excessively high volt­
ages. 

The salient features of this device, 
some of which are a very distinct ad­
vantage over conventional P-N junc­
tion avalanche diodes, are as follows: 

1) Relatively low slope to the gain­
voltage characteristic in the operating 
region; 
2) Relatively low operating voltage; 
3) Wide active layer, up to about 300 
pm in thickness and hence useful quan­
tum efficiency at 1.06 pm; 
4) Fast response time; 
5) Gain insensitive to position of ab­
sorption of the radiation; and 
6) Thin window, (thickness of the p+ 
layer). 

Gain and leakage current 

Fig. 14-Experimental and calculated curves of linearity 
as a function of injected current for diode 2. 

Fig. 10 shows gain-voltage and leak­
age-current characteristics for two 
typical diodes. (The apparent values 
of gain below 1 at low voltages are 
due to lower quantum efficiencies at 
these voltages than when the device is 
fully depleted). For one device, we 
note that the leakage current appar­
ently follows the shape of the gain 
characteristic at high gain, thus indi­
cating that the increase in leakage 
current is almost entirely due to mul­
tiplication. In the other device, the 
background leakage, undoubtedly due 
to leakage under the oxide, is high 
enough that a significant increase due 
to multiplication is apparent only at 
very high multiplication (greater than 
1,000). The quantum efficiency of the 
#2 diode (sensitive thickness 225 
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trons are swept to the high-field region 
where multiplication occurs. The re­
sulting holes which are produced 
there traverse the 7T region to the p+ 

contact, and constitute the multiplied 
signal. 

The field profile, and several possible 
gain-voltage characteristics are shown 
in Fig. 8 and 9. From Fig. 9, we ob­
serve the three general conditions 
which may occur during the diffusion: 

1) N-type impurity not adequately dif­
fused so that avalanche occurs before 
reach-through is achieved; 
2) The desired condition where reach­
through occurs just as the gain has 

pm) was measured to be approxi­
mately 30% at 1.06 fLm, by compari­
son to a calibrated P-I-N photodiode. 

Noise 

The theoretical noise characteristics of 
avalanche diodes have been discussed 
previously by McIntyre: For this case, 
where electrons are the predominant 
ionizing carrier, the noise spectral 
density, cp, is given by: 

¢=2QI,nM{1- (1-k) (M~lr ] 
(8) 

where lin is the injected current; M is 
the multiplication; and k is the ratio 
of hole to electron ionization coeffi­
cients. 
From this we see that minimum noise 
is obtained for small k. For silicon, in 
the electric field range of interest (2 to 
4 x 10' V / em) k is expected to be ap­
proximately in range 0.05 to 0.1.' 
However, measurements on illumi­
nated diodes suggest that the effective 
value of k may be as low as 0.025. 
From Eq. 8 we can define an equiva­
lent dark current as follows: 

I,Q=IlnM{l-(1-k)( M~l r ] 
(9) 

thus: 
¢=2QI,q (10) 

Fig. 11 shows the equivalent dark cur-
rent for a typical diode. The calculated 
curve has been fitted, selecting k = 0.025 
and Ii.=5x 10-" Amps. Since the 
sensitive volume of this particular de­
tector was 0.12 mm', the thermally 
generated current in the 7T region was 
about 0.4 nA/mm'. 

Of interest to a potential user of such 
a device is the noise equivalent power 
(NEP). We have: 

NEP 
(2q[.q) 'h 

MR 
where R is defined in Eq. 2. 

(11) 

• 

• 

• 

• 

• 

For this diode Rz0.26 amps/watt, • 
the equivalent dark current of 
the amplifier (bandwidth = 20 MHz) 
was approximately 2X 10-8 Amps. 
Thus the curve of Fig. 12 can be cal­
culated. We note a minimum value of 
NEP for the system to be about 3 x 
10-14 watts/cycle'h at a gain of 25. 
Somewhat better results could prob­
ably be obtained using an amplifier of 
narrower bandwidth. It is interesting 
to note that the optimum gain is not 



• 
at all critical: any gain in the range 
25 to 100 gives practically the same 
NEP. The same device should have a 
responsivity about 21f2 times higher, 
and therefore an NEP about 21/2 times 

• lower at 0.9 fLm. However, for this 
wavelength, a device with a narrower 
depletion layer should suffice, which 
should lower lin still further. 

Speed of response 

.. The operation of 'reach-through' ava­
lanche diodes has already been indi­
cated above. Once the photogenerated 
electrons reach the high-field region, 
they are multiplied very rapidly. The 
multiplied photo current results pri-

• marily from holes created in the high 
field region, which drift across the 71' 

region to the p+ contact. Thus the 
speed of response for the multiplied 
signal is essentially the transit time 
for holes in the 71' region: 

(12) 

where w is the width of the 71' region, 
and v" is the average hole velocity. 

The average hole velocity is, of 
course, dependent on the field in the 
drift region. Typically, this will be 
about 1 to 3 x 10' V / cm, so that the 
hole velocity' would be about 3 to 5 X 

106 cm/s, and the speed of response, 
therefore, will be about 1.5 to 3 nsf 
100 fLm of depletion layer width. 

• Fig. 13 shows the result obtained for 
one diode of about 140 fLm depletion­
layer width, illuminated with pulses 
from a phase-locked He-Ne laser 
(pulse width-0.3 ns). In this device, 
the field in the drift region was about 
1.6 x 10' V /cm, so that v,,::::;:4X 10·cm. 

• The horizontal time scale in the photo­
graph is 5 ns/cm, so that the pulse 
widths are approximately 3 ns-in 
general agreement with the calculated 
response time of 3.5 ns. 

• Linearity 

Avalanche photodiodes are linear 
with incident light intensity over 6 or 
7 decades of signal intensity. At high 
injection levels, some gain saturation 
occurs due to the fact that the holes 
traversing the depletion layer affect 
the magnitude of the electric field in 
the multiplying region. The effect is to 
lower the field, thereby reducing the 
gain. The magnitude of the effect can 
be easily calculated: the result can be 

expressed in terms of an effective 
resistance of magnitude 

R'ff = w'/2evA (13) 

where v is the average drift velocity in 
the "drift" region, and A is the illumi­
nated area. Thus if the multiplied cur­
rent is f, the effective voltage on the 
diode, from which the gain is deter­
mined, is not the applied voltage V, 
but V - R'lff. In diode 2, for example, 
w=225 fLm, v:::::3.5X 106 cm/s, A=O.5 
x 10-' cm', so that Ref! = 1 A x 10' ohms 
for a uniformly illuminated diode. 
The injection level at which satura­
tion effects begin to occur depends on 
the gain. From Fig. 10 it can be seen 
that for diode 2 at a gain of 100, a 
10% drop in gain would occur when 
R e //f:::::l0 volts. This would require 
that f = 700 fLA, corresponding to an 
injected current of about 7 fLA, or to 
an incident light level of 27 fL W at 
1.06 fLm. At a gain of 1,000, however, 
a 10% loss in gain occurs when Reiff 
:::::2 volts. This would occur when f = 
140 fLA, corresponding to an injected 
current of 0.14 fLA, or an incident 
light level of only 0.54 fL W at 1.06 fLm. 
Saturation will Occur at lower light 
levels if the incident energy is not uni­
formly distributed over the sensitive 
area. 

Fig. 14 shows actual measurements of 
the departure from linearity at high 
injection levels for various levels of 
gain on diode 2. It is seen that the 
experimental points agree closely with 
the calculated curves, obtained using 
Eq.13. 

The saturation effect, combined with 
the fall-off of gain with heating (dis­
cussed below), means that avalanche 
photo diodes are self-protecting and 
are not very subject to damage from 
exposure to very high flux levels. 

Temperature e!fects 

Ionization coefficients for electrons 
and holes decrease with increasing 
temperature: Thus, for any fixed volt­
age of operation, we expect decreas­
ing gain with increasing temperature. 
The results for one device are shown 
in Fig. 15, and are seen to be in 
agreement with the above comments. 
At room temperature, for this par­
ticular device we can calculate a 
value for G-'dG / dT of approximately 
-0.025;aC. 

I1klO.-------___________ --, 
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Fig. 15-Temperalure dependence of the gain-voltage charac­
teristics measured for one diode. 

Summary of avalanche pholodiode 
characteristics 

Avalanche photodiodes have been de­
signed and fabricated which have 
excellent quantum efficiencies in the 
near-infrared spectrum out to and in­
cluding 1.06 fLm. These devices have 
low noise, good gain-vs-voltage stabil­
ity, and sufficient speed for most 
pulsed laser applications. 

Further work on these devices will in­
clude a study of long-term stability, 
the design of suitable packages, and 
the inclusion of integrated optimized 
amplifiers. 
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New photomultiplier 
detectors for lasers 
D. E. Persyk 

This paper reviews recent innovations in photomultiplier detectors for laser applica­
tions. New photocathode materials for both opaque and semitransparent-type photo­
cathodes are discussed. Opaque-type photocathodes which utilize the negative 
electron affinity of certain III-IV compounds to obtain high quantum efficiencies 
are described. A newly developed red-sensitive, semi-transparent photocathode is 
described and contrasted to the traditional 8-20 photosurface. Electron-multiplier 
dynodes utilizing GaP as a secondary emitter are discussed, and data are presented 
on the small-signal resolution afforded by GaP-dynode electron multipliers. Pulse­
height discrimination techniques are described which take advantage of the inher­
ently high electron resolution of GaP electron multipliers. A summary of new 
photomultiplier detectors for laser applications is included.« 

THE TECHNOLOGY OF III-V COM­

POUNDS has produced opaque 
photocathode surfaces that provide 
response from the ultraviolet to the 
near-infrared. [Opaque (or reflection­
type) photocathodes may be con­
sidered as integral elements of the 
electron-multiplier section; the photo­
cathode area is thus limited by the 
physical size of the electron-multiplier 
dynodes.] With appropriate doping 
and surface cesiation, these materials 
exhibit high quantum efficiency.',2 The 
long-wavelength thresholds for photo­
emission occur at photon energies cor­
responding to the band gap energies of 
the materials. Photomultiplier tubes 
using GaAs photocathodes have pro­
vided a quantum efficiency of 5 % at a 
wavelength of 694 nm. Photomulti­
plier tubes incorporating GaAs-P alloy 
photo-cathodes have provided quan­
tum efficiencies of 9% at 633 nm'. 
Higher quantum efficiencies are likely 
to be obtained when processing tech­
nology becomes optimized. 

The useful detection range for these 
materials is limited at the short-wave­
length scale by the transmission of the 
window material. The long-wave­
length threshold is determined by the 
band-gap energy of the material, and 
is of the order of 960 nm for GaAs 
and 750 nm for GaAs-P alloy. Fig. 1 
illustrates the spectral-response char­
acteristics of photomultiplier-tube 
photocathodes of GaAs and GaAs-P. 

Experimental work indicates that 
InGaAs will provide useful detection 
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to 1.3 {Lm: Photomultiplier tubes for 
applications at wavelengths out to 1.8 
{Lm may be available in the future. 

Semi-transparent photocathodes are 
deposited on the window of a photo­
multiplier tube. Such photocathodes 
can be used in large-area detectors, in 
contrast to opaque photocathodes 
which are usually small-area detec­
tors. A red-sensitive semi-transparent 
photocathode designated the Ex­
tended-Red Multi-Alkali (ERMA) 

photocathode has been developed. Its 
quantum efficiency is typically 6% at 
633 nm, and its useful photo-sensi­
tivity extends to approximately 960 
nm. [Quantum efficiencies of 15 % at 
633 nm. have been measured.] The 
ERMA photocathode exhibits higher 
quantum efficiency than either the S-
20 or S-25 types, as shown in Fig. 1. 

GaP secondary emitter 

The signal-to-noise ratio of the elec­
tron-multiplier section of a photomul­
tiplier tube is determined primarily by 
the secondary-emission ratio of the 
first stage of multiplication. The gain 

.....of the first stage should be as large as 
possible to provide the best signal-to­
noise ratio and the best small-signal 
resolution. Conventional BeO electron­
multiplier dynodes usually have a sec­
ondary-emission ratio no greater than 
seven, while GaP dynodes exhibit sec­
ondary-emission ratios of thirty or 
more, as indicated in Fig. 2."" 

The secondary-emission process gives 
rise to a distribution in the number of 
emitted secondary electrons that is 
approximately Poissonian. Thus, an 

electron-multiplier section that uses a 
BeO first dynode having a secondary­
emission ratio of seven cannot resolve 
a signal consisting of one photoelec- '. 
tron from a signal consisting of two 
photoelectrons. However, an electron 
multiplier utilizing a GaP first dynode 
with a secondary-emission ratio of 
thirty can distinguish between signals 
consisting of 1,2, "',5 photoelectrons. J 
A typical pulse-height spectrum ob­
tained with a multi-channel analyzer 
is shown in Fig. 3. The pulse-height 
spectrum was obtained by applying 
pulses of varying amplitude to a GaP 
light-emitting diode so that the photo-. 
cathode liberated one to five photo­
electrons, which were in turn focused 
upon the GaP first dynode and am­
plified in the electron multiplier to a 
level that could be easily detected by 
the multichannel analyzer. The im­
portance of electron resolution is dis- • 
cussed in the following section. 

Single-electron resolution and 
pulse-height discrimination 

I t has been demonstrated that photo­
multiplier tubes utilizing a GaP dy­
node at the first stage of multiplication. 
can differentiate between input 
signals consisting of 1,2, ••• , 5 photo­
electrons.' Such photomultiplier detec­
tors are ideally suited to detection of 
weak pulsed signals of short duration . 
By use of pulse-height discrimination _. 
techniques, it is possible to detect very 
weak signals (of the order of a few 
photons) in the presence of high 
noise. A brief review of the nature of 
photocathode dark current will aid in 
understanding these techniques. 

The dark current of a photomultiplier 
tube is known to consist chiefly of 
single electrons emitted one at a time 
at the photocathode. A photomulti­
plier (such as the C31000 F two-inch-
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diameter ERMA-photocathode type) 
with a GaP first dynode may be oper­
ated with a multichannel analyzer to 

• demonstrate this phenomenon. Fig. 4 
illustrates a typical dark-current 
pulse-height spectrum. It should be 
noted that incoherent background illu­
mination has an identical distribution. 

In evaluating a photomultiplier tube 
.. for the detection of weak pulsed-light 

signals, the distribution of the dark 
noise (determined by the electron 
multiplier) as well as the magnitude 
of the dark noise (determined by the 
photocathode) must be considered. 

.. If the pulsed signal of interest gives 
rise to two or more photoelectrons re­
leased simultaneously at the photo­
cathode, pulse-height discrimination 
circuitry may be employed to elimi­
nate dark-current noise (and single-

• 

• 

• 

• 

electron noise due to background 
illumination). A pulse-height discrim­
inator set of 1.5 photoelectron equiv­
alents in the distribution of Fig. 4 
would block nearly all of the dark­
current noise, while allowing signals 
of two or more photoelectron-equiva­
lent pulse-heights to be recorded. This 
example assumes that the dark-noise 
single-electron emission rate does not 
exceed the count-rate capability of the 
combined detector-and-pulse-height­
discriminator system. 

New devices 

By exploiting the high-gain character­
istics of GaP multiplier dynodes, it is 
possible to design a photomultiplier 
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tube with only five GaP dynodes that 
will provide the gain of a conventional 
ten-or-twelve-dynode photomultiplier 
tube. Physical size can thus be re­
duced and time response can be im­
proved by use of fewer stages of 
multiplication. Several developmental­
type photomultiplier detectors have 
been built incorporating five stages of 
GaP dynodes. The C31025 series of 
detectors (C31025, C31025A, ••• , 
C31025E) are small-size photomulti­
plier tubes that are suited to spectro­
graphic and photometric applications. 
Opaque photocathodes of GaAs or 
GaAs-P have been combined with 
electron multipliers consisting of five 
GaP dynodes or nine B~O dynodes. 
The useful range of detection varies 
from 150 to 940 nm, depending on 
photocathode material and window 
type. 

Semi-transparent ERMA photocathodes 
have been used in photomultiplier 
tubes utilizing GaP first dynodes 
(C31000E, C31000F). Such detectors 
are well suited to detecting weak 
pulsed-light signals, as well as steady­
state light signals. Signals modulated 
at frequencies up to approximately 
200 MHz may also be detected be­
cause the anode-pulse rise time is of 
the order of two or three nanoseconds. 

A developmental-type photomultiplier 
tube (C31024) using a semi-transpar­
ent photocathode and five GaP 
dynodes can be used to detect sub­
nano-second signals. The anode-pulse 
risetime of this tube is less than 1 ns. 

Conclusions 

New materials for photo- and secon­
dary-emission have been discovered 
and breakthroughs in photocathode 
processing technology have been 
made. Detectors which distinguish be­
tween signals of one to five photoelec­
trons liberated at the photocathode 
have been built. It has been shown 
that detection of weak pulsed-light sig­
nals can be improved through the use 
of pulse-height discrimination tech­
niques. More than a dozen new 
photomultiplier detectors have been 
designed for various applications in 
the detection of laser light. 
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Fig. 1-The 8-20, 8-25, and ERMA are 
semi-transparent photocathodes; the GaAs-P 
and GaAs photocathodes are opaque. The 
GaAs curve represents initial efforts; higher 
sensitivity is expected as processing 
techniques optimized. 
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Fig. 4-Dark-current pulse-height spectrum of a C31000F 
photomultiplier tube. Note that the dark noise is contained 
primarily in the well resolved single-electron peak. 
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Lasers in communications 
Dr. R. M. Green I A. L. Waksberg 

Among the many applications for lasers, one of the most exciting, both technically and 
economically, is in the field of communications. Dr. A. I. Carswell summarized those 
laser properties of particular significance to communications applications in an 
article just two years ago.1 This article describes the developments that have occurred 
in the interim; progress has been rapid, and will continue to be so if one can use the 
current level of effort as any yardstick. A substantial fraction of this effort is in defense 
applications, encompassing both communications and radar, and it should be realized 
that information on these programs is restricted. One attraction of such a system lies 
in the security it provides; it is extremely difficult to intercept or otherwise tamper 
with the system. 
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THE ENORMOUS POTENTIAL of the 
laser for communications arises 

from the very large bandwidth avail­
able; lasers have basic frequencies in 
the region of 10" Hz (compared with 
107 Hz for short-wave radio). If full 
utilization of this bandwidth was real­
ized, a single laser beam could carry 
a million TV channels, for example. 
Current technology falls well short of 
this zenith, but remarkable strides 
have been made since the discovery of 
the laser in 1960. Laser communica­
tions systems are now being used in 
some specific cases, and considerable 
R&D is being performed by many 
groups which undoubtedly will lead to 
improvements and innovations and 
result in a diversity of systems in the 
coming years. 

Lasers and laser properties 

While laser action is evidenced by a 
large number of materials, a few of 
these have significant advantages, and 
emphasis has been placed on this rela­
tively small number of laser materials. 
These are listed in Table I, together 
with their characteristic properties. 
The power levels quoted in the Table 
do not represent the upper limit, since 
continual progress is being achieved in 
the technologies associated with lasers. 

Each type of laser has individual pro­
perties which lend themselves to par­
ticular applications. For example, the 
GaAs injection laser is extremely 
small; the diode itself is about 0.005 
inch on a side, and a 20 element array 
is only match-box size, including the 
mounting blocks. This permits very 
compact, light, rugged systems to be 
fabricated. On the other hand, the CO, 
gas laser is relatively bulky, but enor­
mous power densities can be achieved. 
The CO, and Neodymium lasers are of 
greatest interest for communications, 
in part because of the high power cap­
ability, but also because the optical 
wavelength of their respective radia­
tions occurs in atmospheric window 
regions, where absorption effects are 
reduced. The erbium lasers have been 
receiving attention recently primarily 
because the radiation they emit does 
not penetrate to the retina, which sub­
stantially reduces the risk of eye dam­
age. The carbon monoxide laser shown 
in the table has just been reported at 
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Table I-Characteristics of lasers. 

Emission Typical power Operating 
wavelength Efficiency levels cycle 

Gas 
He-Ne 0.6328 !'- --0.01% to 100mW continuous 
Argon 0.4880 !'- --0.1% to 25 W continuous 
CO2-N2-He 10.6 !'- ~20% t08kW continuous • CO 5 !'- ~20% (estimated) ~75W continuous 

.. 
Solid state 

Ruby 0.6943 !'- >1.0% 
Neodymium 1.06 !'- >1.0% 

Erbium - 1.6!,- >1.0% 

Semiconductor 
GaAs 0.9 !'- ~10% 

the Conference on "Laser Engineering 
and Applications" in Washington'. 
One can anticipate intensive studies of 

• this laser and it may well prove to be 
the most promising for communica­
tions applications. 

In addition to the bandwidth capabil­
ity discussed above, the other laser 
properties of importance to communi­
cations are the coherence and the col-

• limation of the beams. Thus, one is 
able to transmit over large distances, 
recover a major fraction of the energy 
with a small "antenna" and using sim­
ple optics, focus this received energy 
to a spot size of a few wavelengths. 

• What are the problems? One is the 
single frequency operation, since it 
means that the output frequency can­
not be tuned, as is possible with radio 
waves. Recent work' provides hope 
that this problem may eventually be 

• overcome. The other major disadvan­
tage lies in the absorption and scatter­
ing effects of the atmosphere in the 
wavelength region in which lasers op­
erate. This is a serious problem, partic­
ularly when allowance must be made 
for dense fog or snowstorms. Recent 

•. studies' indicate a loss in signal of 1.9 
dB /km for fog, using a carbon dioxide 
laser. Several of the studies in progress 
today are obtaining quantitative re­
sults for these effects and are refining 
techniques to determine just what 

• ranges can be achieved. Others cir­
cumvent this problem by transmitting 
through light pipes'; this provides the 
level of performance required in com­
mercial applications, and the cost may 
eventually be justified by the band-

• 

width capability. 

Modulation techniques 

Utilization of the extremely high 
carrier frequency of the laser is cur­
rently limited by modulation and de-

to 10'oW pulsed 
to 10'oW pulsed 
100W continuous 
to lOW continuous 

to ~800 W pulsed 
(array) 

modulation techniques. [Performance 
of laser systems is determined just as 
much by the receiver characteristics as 
by the laser transmitter. Hence con­
siderable effort is being« devoted to 
detection also. A companion article in 
this issue "Solid-state detectors for 
laser applications" discusses work 
being performed on laser detectors at 
RCA Limited.] Improvement in sys­
tem performance is therefore deter­
mined primarily by improvements in 
the modulator. It is worth noting that 
all normal RF communications meth­
ods have been demonstrated with laser 
systems: AM, FM, PCM superhetero­
dyne, single sideband, time and fre­
quency multiplexing, etc. 

Amplitude modulation 

While a variety of methods has been 
used to amplitude modulate laser 
beams, the most promising makes use 
of the electro-optic effect exhibited by 
some crystals. A polarized laser beam 
is projected through the electro-optic 
crystal; the plane of polarization is 
rotated by the crystal, the' angle of 
rotation being determined by the volt­
age applied across the crystal. By using 
another polarizer (the analyzer) after 
the crystal, the amplitude transmitted 
through the analyzer can be varied by 
varying the crystal voltage. 

Different crYstals are used for different 
wavelengths. In the visible region, KDP 

crystals (potassium dihydrogen phos­
phide) and more recently lithium nio­
bate and tantalate crystals are most 
common; for the 10.6 fJ- wavelength 
from CO, lasers, gallium arsenide crys­
tals are used. I t is relatively easy to 
amplitude modulate a laser to trans­
mit a TV picture. By inserting a crystal 
in a microwave cavity, Kaminow· has 
achieved modulation at frequencies up 
to 10 GHz. 

Fig. 1-a) Experimental set-up and b) block 
diagram of system used for frequency stabi­
lization of a carbon-dioxide laser to within 
30 kHz (better than one part in 10'). Mirrors 
M, and M3 constitute the reference cavity 
used to stabilize the laser cavity (M,-M3). 

Recent work' with gas cells as ampli­
tude modulators looks most promising. 
The technique utilizes the Stark Effect. 
A gas is selected which has a resonance 
absorption line very close in frequency 
to that of the laser line. By applying 
an electric field the absorption line can 
be moved in frequency to coincide 
with the laser line. This method has a 
number of advantages; low power, 
relative independence on thermal ef­
fects, no critical alignment problems 
and no mechanical resonances. Large 
bandwidths are also anticipated. Re­
sults at this date are preliminary, but 
evaluation of the technique is pro­
ceeding rapidly. 

Frequency modulation 

If the electro-optic modulator crystal is 
placed inside the laser cavity, changes 
in its optical length induced by the 
applied voltage effectively change the 
length of the laser cavity, and hence 
change the output frequency. This 
then permits frequency modulation of 
the laser beam.s Just as in other FM 
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Fig. 2-A small sealed carbon-dioxide laser developed for communications applications. This 
laser is approximately 35 cm in length and has a maximum power output of 2 watts. It is 
shown mounted in a test jig undergoing lifetest. « 

systems, the receiver uses a local oscil­
lator, which is another laser, and a 
mixer. The IF frequency will depend 
on how much the laser can be "tuned", 
which relates to the doppler width of 
the laser output. For a CO, laser the IF 
frequency cannot exceed 50 MHz. A 
He-Ne laser, on the other hand, can 
use IF frequencies up to about 1500 
MHz. 

Pulse-code modulation 

The advantages of pulse digital com­
munications systems are being vigor­
ously espoused by many groups. The 
requirement merely to determine the 
presence or absence of a pulse means 
that much lower signal-to-noise ratios 
can be tolerated, and regeneration sta­
tions can easily be introduced in the 
transmission links to recover the ori­
ginal pulse waveform. In addition, the 
system lends itself readily to time-

division multiplexing, and it is com­
patible with computer language. Error 
control coding can be used to correct 
random errors produced by noise. (It 
is also extremely easy to code such a 
transmission for secure communica­
tion.) 

A recent breakthrough in mode of 
operation of lasers has opened the 
door to utilizing more of the band­
width capability of the laser by em­
ploying PCM. The breakthrough was 
the discovery of the "phase-locked 
mode" of operation." In this mode of 
operation, the Q of the laser cavity is 
perturbed at a frequency equal to 
c/2L. This is the frequency of separa­
tion between longitudinal modes of 
the optical cavity. Here c is the velo­
city of light and L is the distance of 
separation between the mirrors. For a 
laser 1 meter long, this frequency is 
approximately 150 MHz. When the 

Fig. 3-The PCM laser communications system at the RCA Laboratories in Montreal. The 
helium-neon laser can be seen in the foreground mounted on the optical bench. The laser and 
associated optics are mounted on a stable platform weighing 4,000 Ibs. The electronics gear 
shown is used in the propgation experiments for signal monitoring. 

laser operates in the phase-locked 
mode, the output of the laser consists 

• 
of a regular sequence of optical pulses 
separated by a time T=2L/c, with a 
pulse width between half-power points. 
of about 1//, where /' is the line width 
of the laser transition. For the Ne-He 
laser, this width is about 0.7 ns. Pulse 
rates of 224 megabits/sec have been 
achieved in operating systems. Besides 
having regular intervals, these pulses 
have a peak intensity which is consid- .. 
erably higher than the power under 
cw operation. 

A recent paper'· drew comparisons be­
tween AM, FM, and PCM as applied to 
transmission of real-time TV pictures 
using a laser system. The conclusion '. 
reached was that analog-FM subcarrier 
modulation is the best practical choice 
for TV pictures. 

Recent studies 

A variety of laser communication sys- • 
tems are being studied in many coun­
tries; only a few examples can be 
mentioned here. A FM link using a CO, 
laser over a 30-km path length is being 
studied in California: They use an IF 
of 30 MHz, and an operational band­
width of 8 MHz. A modulation index • 
of 0.3 is used for a peak-to-peak devia­
tion of 3 MHz. The results are very 
promising, with good signals even in 
poor weather conditions. A group at 
Bell Laboratories has published results 
on a PCM system, using a He-Ne laser." 
They had a pulse rate of 224 MHz 
with pulse widths of 0.9 ns. The peak 
amplitude was about 6 mw. They 
were able to transmit information 
quite successfully at these rates in lab­
oratory tests. 

Transportable systems have been as- • 
sembled and proven in field tests, 
using ruby and neondymium Y AG crys­
tals and GaAs laser diodes. Informa­
tion on ruby and neodymium laser 
systems is primarily for range-finding 
applications, where ranges of the • 
order of 12 miles can be measured 
with accuracies of a few yards. 
Gallium-arsenide laser communica­
tions systems have been developed 
with ranges exceeding 5 miles. 
At the RCA Laboratories in Montreal, 
studies related to the use of lasers in 
communications have been in progress 
for several years with the support of 
the Defense Research Board."" 13 Em­
phasis has been on cw gas lasers. A 



• 
most important parameter insofar as 
communications applications are con­
cerned is that of transmitter noise. De­
tailed measurements have been made 
of the noise emanating from a He-Ne 

• laser and how it is affected by changes 
in pressure, temperature, and geomet­
rical configuration." The results are 
quite startling, showing order of mag­
nitude changes in the noise level for 
small variations in parameters. Noise 

.~ studies of the CO 2 laser are in prog­
ress, these are described in more de­
tail in Ref. 15 and in the article 
"Measurement of Laser Communica­
tions Parameters" in this issue. For a 
FM system, frequency stability is ex­
tremely important. Techniques have 

• been developed in these Laboratories 
to frequency stabilize the CO2 laser to 
about 1 part of 10· (see Fig. 1) .'. 

Use of the CO 2 laser in practical sys­
tems is inhibited by the fact that the 
lifetimes and reliability of sealed laser 

• tubes (as opposed to flowing gas sys­
tems which require resevoir tanks of 
gas and hence are most cumbersome) 
have been poor. Many laboratories in­
cluding RCA are expending consider­
able efforts to improve this situation. 
However, in general the work is aimed 

• at high powers, whereas at RCA 
smaller lasers are being studied for 
compact systems. One sealed laser 
(shown in Fig. 2) is only 15 cm long, 
producing over 1 watt of cw power.17 

A lO-cm-Iong tube gave 650 mW. 

• An experimental laser link (Figs. 3,4, 
and 5) is also operating in Montreal. 
This is a PCM link using a phase­
locked He-Ne laser producing pulses 
less than I-ns wide at a rate of 80 
megabits/sec. The beam is transmitted 

0, approximately 1/4 mile to a retroreflec­
tor and back to the receiver, giving a 
total path length of a lf2 mile. In the 
time during which this link has been 
operating studies of phase jitter and 
absorption effects due to atmospheric 
conditions have been performed, with 

• most encouraging results. The facility 
has now been completed with A-tO-D 
and o-tO-A converters and electro-optic 
modulator to enable the performance 
as a communications link to be deter­
mined. 

• Future prospects 

• 

It is always difficult to predict what 
the future holds for an application 
such as this, where there is intensive 
activity, and a new breakthrough or 

even continuing rapid development 
can alter the picture drastically. How­
ever, it is clear even now that the ap­
plication of lasers to communications 
systems will increase substantially in 
the next few years. In addition to mili­
tary applications, NASA has been pro­
moting studies in this field for many 
years. NASA intends to fly a laser 
communications experiment in an Ad­
vanced Technology Satellite to be 
launched in 1972. This will be a FM 

system using a CO 2 laser, with a 5-
MHz bandwidth; they are already 
considering a second generation exper­
iment with a 100-MHz bandwidth. 

But looking further than these some­
what exotic applications,- there ap­
pears to be considerable scope for the 
use of lasers in more mundane areas. 
For example, remote terminals could 
be linked to a master computer by a 
rooftop laser link using simple optics, 
and the excellent collimation would 
permit many such links without inter­
ference problems. It might also prove 
a very useful system to link mobile 
units with a main TV station, such as is 
required at sports telecasts., etc. Many 
similar possibilities will spring to 
mind. 

In summary then, the potential is ob­
vious and immense, the practicality is 
rapidly being ascertained and im­
proved, and the future appears most 
promising. 
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Measurement of laser 
communication parameters 
A. L. Waksberg I J. C. 80ag 
The Research Laboratories of RCA Limited in Canada are deeply involved in the 
research and development of CO2 laser communication systems in space. Some pre­
liminary parameter measurements are particularly important in defining the communi­
cation systems. These include laser-output-profile measurements, AM and FM laser 
noise, and laser stabilization. These measurements which are undertaken in the labs, 
are described here briefly. 

T HE RESEARCH LABORATORIES of 
RCA Limited are involved at pres­

ent in studying the many aspects of 
CO, laser communication systems. In 
particular, the emphasis is given to a 
FM system which could be used in a 
two-way laser communication link 
between synchronous satellites or sat­
ellite and ground. The bandwidth re­
quirement is 5 MHz, and the power 
output of the transmitter should be 
balf a watt. A camp anion article' de­
scribes the development of the laser 
tube at RCA. This article is concerned 
mainly with the type of measurements 
we are embarking on in our labs to 
measure the laser parameters affecting 
communication. These include laser 
profile measurements, stabilization, 
and AM and FM noise measurements. 

Laser profile measurements 

A true frequency-modulated signal is 
obtained by changing the center fre­
quency of a carrier in proportion to 
the amplitude of the signal being sent. 
If the carrier is emitted by a laser, the 
frequency can be changed by varying 
the optical length of the laser cavity. 
The fundamental relation is 

!'o.v=v!'o.L/L 

where !'o. v is the change in frequency 
required; v is the carrier frequency; L 
is the optical length between the two 
mirrors; and !'o.L is the change in the 
optical length required. 

For the laser we are using, L is about 
40 cm and v is 3xlO13 Hz (the wave­
length is 10.6p,). A change in fre­
quency of 1 MHz will require an 
optical change in length of 0.013p,. 
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This can be obtained at low frequency 
by changing the physical length of the 
cavity by mounting one of the mirrors 
on a piezoelecfric mount. For higher 
modulation frequency, use is made of 
the electro-optic effect of some crystals 
such as GaAs. When this material is 
placed inside the laser cavity and a 
voltage is applied in the proper direc­
tion, the effective optical length of the 
crystal is changed-thus producing 
the required frequency shift of the 
laser. Since the change in length re­
quired to produce appreciable shift 
in frequency is minute, it might be 
thought that the frequency excursion 
to be chosen for high FM improvement 
is limited only by the voltage require­
ment of the electro-optic crystal. A 
more serious limitation occurs because 
of the linewidth limitation of the CO, 
laser. The linewidth is the frequency 
range over which the laser can be 
made to oscillate. Typically, for a CO, 
laser it is about 50-MHz wide while 
for the He-Ne laser, the width is 1500 
MHz. For the CO, laser, if an excur­
sion of more than 15 MHz is produced 
about the center of the line, more than 
half the power is lost. A 25-MHz ex­
cursion will stop the laser oscillating. 
[The laser can be made to oscillate on 
other "lines" but these are many GHz 
away and are therefore of little use for 
!}--given communication channel.] Sim­
ilarly the choice of an intermediate 
frequency is determined, in part, by 
how far from center the LO frequency 
can be while still producing enough 
power for the mixing operation. Fig. 1 
shows a typical "laser output profile'" 
and a possible "fitting" of a transmit­
ter and LO frequency within this pro­
file. By laser output profile we mean 
the laser output as it is varied in fre­
quency around the center of the laser 
line. 
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It is evident that the laser output pro-
file is of extreme importance in select- • 
ing the communication parameters. 
Since some methods of stabilization of 
the frequency are also dependent on 
the exact shape of the profile,'" mea­
surements of these shapes must be 
performed before design of the system. 
is possible. 

Other workers have measured laser 
output profiles.' However, the mea­
surements were done for one set of 
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discharge conditions. To optimize the 
width of the profile, we have em­
barked on a series of measurements to 
determine the width as a function of 
discharge parameters such as current 
and pressure. Fig. 2 shows the experi­
mental apparatus used to measure the 
laser output profile. A sawtooth driver 
forces a piezo crystal mount to change 
the distance between the two laser 
mirrors. The resulting output is then 
passed through a monochromator to 
select the laser line required, and is 
monitored by an IR detector. This 
could be a thermopile when slow 
changes are required, or a Cu:Ge de­
tector for fast response times. The out­
put of the detector is then used to 
drive the Y-coordinate of a scope or 
that of an X-Y recorder, while the 
piezo driver actuates the x axis. Fig. 3 

shows a typical set of curves for a CO,­
gas-mixture pressure of 20 torr and 
currents ranging from 5 mA to 12.5 
mAo It is seen then that the laser pro­
file varies widely with discharge condi­
tions. The result of this investigation 
will therefore help in optimizing the 
system. 

Stabilization 

Many methods are in use for stabiliz­
ing lasers.' These consist usually of de­
riving a discriminating curve out of 
the laser output profile to detect a 
change in frequency of the laser and of 
using a feedback mechanism to read­
just the absolute distance between the 
mirrors to reestablish file required 
frequency. Under certain conditions, 
more complicated methods using ef­
fects such as the Zeeman splitting or 
absorption cells can be employed. For 
a space laser, simplicity is of para­
mount importance. We are therefore 
analyzing, for our system, a stabilizing 
scheme for the transmitter which uses 
a temperature-compensated, stable, 
Faby-Perot cavity as a reference. This 
cavity should be stable to the required 
accuracy (about ± 1 MHz) for the full 
length of an experiment. 

Acquisition of one satellite by another 
brings out some special problem par­
ticular to this mode of operation. This 
arises because a certain amount of un­
certainty exists as to the exact location 
of each satellite. For acquisition then, 
the transmitter beam has to be ex­
panded to illuminate the whole region 
of uncertainty of the other satellite. As 
a result, the power received may be 
reduced by as much as 40 dB. This 
problem is compounded by the fact 
that the sensitivity of the super­
heterodyne system is lower during ac­
quisition because a certain amount of 
uncertainty exists in absolute frequen­
cies between transmitter and LO. The 
bandwidth of the receiver must there­
fore be widened to accomodate this 
uncertainty with a resulting loss in 
sensitivity. This problem was studied 
at our labs and a solution proposed: 
As part of the solution, the LO has to 
be stabilized to only a moderate degree 
of accuracy (of around ± 1 MHz). 
This can be accomplished by using 
the slope of the laser profile as a dis­
criminating curve.' Once the receiver 
"acquires" the transmitter, the LO fre-
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Fig. 1-Laser output profile. 
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Fig. 2-Apparatus used to measure the output profile of a 
CO, laser. 
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Fig. 3-Typical CO, laser profiles as a func­
tion of laser current at 20 torr pressure. 

quency will be slaved to the transmit­
ter via a conventional AFC loop. 

Noise measurement 

Although lasers are usually described 
as "noiseless" generators, they are 
nevertheless a source of noise by them­
selves. The amount of noise can vary 
widely from laser to laser, as it de­
pends on many parameters such as 
pressure, current of the discharge, type 
of electrode used, geometry, etc. It is 
obvious that a noisy source will limit 
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Fig. 4-Apparatus used for FM-noise measurements. In the photograph (top) note the two 
lasers in the center of the setup. The Dewar is the cylindrical shape on the left. 

the siN of a message. Similarly, a 
noisy LO will degrade the sensitivity of 
a receiver. It is therefore very impor­
tant to determine the exact noise con­
tent of the various lasers to be used in 
a communication experiment to evalu­
ate the potential performance of the 
system. Also, finding the cause of noise 
will in many cases allow the applica-

tion of corrective measures that will 
reduce, if not eliminate, this trouble­
some noise. 

RCA Limited has been involved with 
laser noise measurements since 
1966.'·7.8 We are now directing our 
attention to the noise in the frequency 
band of interest in the laser communi-

cation system. This includes both AM 

noise measurement (which can be 
troublesome even in a FM system if it 

• 
is too large) and (of greater impor­
tance) FM noise inside the 5-MHz 
bandwidth of interest. The noise mea- • 
surement setup is shown in Fig. 4. Two 
laser beams are mixed in by a Cu:Ge 
detector which is in a Dewar. The 
resulting IF is analyzed through a dis­
criminator, and then both AM and FM 

noise can be measured. Each of these .. 
lasers is stabilized on the laser profile 
curve.' By beating their output fre­
quencies together, absolute frequency 
stability measurements can also be 
obtained. 

Conclusion 

Although the principle of laser com­
munication is now well established, 

• 

the implementation of a system re­
quired a large number of parameter .. 
measurements. The program under 
way in our laboratories will determine 
many of the required parameters and 
assist substantially in designing and 
fabricating practical laser communica-
tions systems. • 
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• 
The laser in education 
F.S.Philpott 

• A laser kit has been developed to assist in teaching communications at the technical 
school and university levels. The method of operation of the kit is discussed and the 
features of using visible light for teaching are outlined. The appendix contains a basic 
description of the laser that is used with the laser kit; it may be of interest to those 
not familiar with the operation of lasers. 

THE CHINESE, in the earliest re-
.. corded civilization of man, used 

light in the form of signal beacons to 
communicate with distant neighbors.' 
In recent times, it was only with the 
development of the laser,' in 1960, 
that sufficiently bright visible sources 

• have been made available to compete 
with systems which man has de­
veloped using lower frequency electro­
magnetic waves. At the present time, 
communications users demand more 
information carrying capacity, so it 

.- seems inevitable that communications 
systems will be forced into the infra­
red and visible regions of the spec­
trum. 
While sophisticated systems are now 
being developed at RCA and else­
where to realize the full information 

.' carrying possibilities of the laser,' we 
have developed and are now produc­
ing the simple, low cost educational 
kit shown in Fig. 1. This kit utilizes 
the oldest feature of light-visibility 
-in point-to-point communications. 

• Visible electromagnetic waves are use­
ful in educational demonstrations, and 
experiments, particularly for students 
in first-year electrical engineering and 
technical schools, who have not had 
the opportunity of becoming familiar 
with lower frequency electromagnetic 

• radiation. Besides assisting in the vis­
ual demonstration of the basic proper­
ties of electromagnetic waves, i.e. re­
flection, refraction, diffraction, and 
interference, it is possible to examine 
the individual or cumulative effects 

• of these on communications systems. 
Progressing further into communica­
tions theory, effects due to atmo­
spheric absorption, turbulence, and 
scattering may be demonstrated or 
examined experimentally. 

• 

Method of modulation 
To amplitude modulate the light out­
put from the ReNe laser with an audio 
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frequency signal, it is merely necessary 
to place a transformer in series with 
the DC power supply, feed in the ampli­
fied signal, and so cause the laser dis­
charge curent to vary according to the 
information signal. The arrangement 
is shown in Fig. 2. 

The laser light output for 'various cur­
rents is shown in Fig. 3. While most 
lasers would operate in the portion of 
the curve corresponding to 5 mA in 
order to get maximum output, for mod­
ulation by variation of the discharge 
current, the quiescent operating point 
has been selected as 3.3mA. It should 
be noted that the curve at this point, 
while relatively straight, is not linear, 
and it is to be expected that distortion 
will be introduced. Considering the 
nature of the equipment and the neces­
sity of minimizing costs, it was not 
judged necessary to compensate for 
this non-linearity. The distortion intro­
duced at this point is typically less 
than 3%. 
This intra-cavity method of amplitude 
modulating the laser is useful in educa­
tional equipment because of its simplic­
ity and low cost. In practical systems, 
however, its information carrying 
ability is extremely limited when 
compared with established methods 
using lower frequency carrier waves. 
This is because the relevant decay time 
of the helium gas is of the order of 
5/-Ls, preventing the laser from being 
modulated at frequencies higher than 
about 50 kHz.' To make fuller use of 
the laser'sjnformation-carrying capa­
bility, it is necessary to use more so­
phisticated modulation techniques, 
such as using the laser as a stable 
oscillator to supply the carrier wave 
and applying high frequency modula­
tion using one or more electro-optic 
crystals.' 

As an alternative for institutions al­
ready possessing a suitable low-noise 
laser, electro-acoustical methods of 
modulating the laser beam are being 
developed. 

Frank S. Philpott 
EC Product Development 
RCA limited 
Montreal, Canada 
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lasers. He joined RCA in 1968 and since then has 
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Use in education 

The complete communications kit 
is shown in Fig. 1. I t consists of the 
laser, a modulator unit, and a receiver 
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Fig. 1-Complete Laser Communications Kit, LK71. 

unit. The modulator is simply a power 
amplifier supplying the signal at a 
suitable power level to the modulation 
transformer of Fig. 2. The detector for 
the laser light is a silicon photodiode 
mounted on a standard optical bench 
pin. The receiver unit consists of an 
amplifier feeding a loudspeaker out­
put and an oscilloscope monitoring 
output. 

To demonstrate the basic properties 
of light, a laser is particularly useful 
because of the nature of the light 
which it can be designed to emit. The 
laser used in the communications kit 
emits a single beam of red light, 
2.5mm in diameter, which has been 
collimated to the diffraction limit so 
that its angle of divergence is 0.8 milli-

radian or 21J2 minutes of arc. To an 
observer at anyone location, the beam 
appears to be not diverging at all, and 
for this reason it is suited for use as a 
single ray in geometric optics to dem­
onstrate the action of various optical 
elements. Because the light is both 
bright and monochromatic, it is also 
possible to demonstrate the diffraction 
patterns of wave optics to an entire 
class. 

Turning now to basic communications 
theory, the necessity of modulation 
for transmitting information may be 
demonstrated as well as the obvious 
method of modulating-by simply 
chopping the beam with a hand to 
send a coded message. With the basic 
idea hopefully absorbed by the 

LASER TUBE 1'/, TRANSMITTING 
MIRROR 

BALLAST 

3000 VOU DC 

POWER 
SUPPLY 

INPUT =:J 
FROM 

MODULATOR 

Fig. 2-Circuit for amplitude modulating laser by variation of discharge current. 

students, electronic modulation may 
be demonstrated with the de­
modulated signal heard at the receiver 
loudspeaker. The effects on signal 
transmission of the basic properties of 
electromagnetic waves, i.e., reflection, 
refraction, diffraction, and interfer­
ence, may be demonstrated using the 
laser modulated with an appropriate 
signal. These phenomena are of im­
portance in many communication sys­
tems. For example, refraction and 
interference must be carefully con­
sidered in the design of high frequency 
communications systems ultilizing sky­
wave propagation. Progressing still 
further into communications theory, 
laser beams transmitted through ink­
in-water and soap-in-water simulate 
absorption and scattering in the at­
mosphere. 

The radar anti-clutter technique using 
polarization discrimination to elimi 
nate unwanted back-scattered radia­
tion may also be demonstrated. This is 
shown by passing the plane polarized 
laser light through soapy water and 
observing back-scattered radiation 
through a Polaroid sheet. As the sheet 
is rotated, the back-scattered signal 
can be eliminated. 

Significance of antenna patterns may 
be demonstrated using a neon lamp to 
simulate an omnidirectional pattern 
and the laser to simulate a pattern of 
high directivity. Modulation of the 
neon source allows measurements to 
be taken under conditions of normal 
room lighting. 

Finally, in studying optical communi­
cations, the effects of air turbulence 

• 

• 

• 

• 

• 

on a system may be examined experi- • 
mentally. Typical results of noise 
measurements are shown in Fig. 4a 
and 4b. 
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Fig. 3-Variation of tube voltage and laser 
light output with tube current. 
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Development objectives 

Low-noise laser tube 

To create a kit with an acceptable 
quality of reproduction, it was neces­
sary to develop a new low-noise, low­
cost HeNe laser tube. This was a 
major obstacle in the development 
program. While HeNe tubes are used 
in other educational kits, such as the 
Classroom Optics Demonstration Kit, 
it was found that the light output from 
these was already modulated with 
noise, giving a photo diode signal 
which was from 5 to 30% noise. Tubes 
of other manufacturers were similarly 
noisy and thus entirely unsuitable for 
use in a communications kit. The 
noise, however, dropped to a level 
which is tolerable, less than 1 %, at a 
definite threshold depending both on 
current and pressure, as shown in Fig. 
5. The fact that a noise threshold 
exists depending on current has been 
observed by others.' Although reduc­
tion of pressure to allow low-noise 
operation is a simple matter, an excess 
of gas, or over-pressuring, is necessary 
to offset gas cleanup and thus enhance 
tube life. After considerable investiga­
tion into the possible causes of the 
noise, and by process of elimination, 
discharge turbulence appeared to be 
responsible." As considerable experi­
mental work seemed inevitable in 
quieting the instabilities, the obvious 
solution of lowering the pressure was 
adopted. To solve the life problem, an 
obsolete tube design was rejuvenated 

having a concentric reservoir, larger 
in volume by a factor of 3.5. 

Simulation of Ionosphere 

In the demonstration of sky wave 
propagation, it would be useful to 
simulate the conditions present as a 
wave rises through the ionosphere, ex­
periencing a gradually decreasing re­
fractive index. Although critical angle 
reflection is presently used to simulate 
the phenomenon, it is not strictly cor­
rect. To the present time, we have been 
unable to develop a simple simulator 
for the upper atmosphere. 

Acknowledgements 

The author is indebted to -members of 
the Research Laboratories in Mon­
treal, who contributed valuable ideas 
and useful discussion in the develop­
ment of this kit. Mr. B. Griffin has pro­
vided diligent technical assistance. 

References 
1. Belloc, Alexis,·" La telegraphie historique de­

puis les temps les plus recu/es iusqu'C/ nos 
iours" (Firmin-Didot, Paris, 1888). 

2. Maiman, T. H., "Stimulated Optical Radia­
tion in Ruby", Nature, Vol. 187, No. 4736 
(Aug 6, 1960) pp. 493-494). 

3. Green, R. M. and Waksberg, A., "Lasers in 
Communications" J in this issue. 

4. Bennett, W. R. Jr.: "Gaseous Optical 
Masers", App/. Opt. Supp/. (Sept 1962) pp. 
24-61. 

5. Bolwijn, P. T.: "Further Measurements all 
the Noise of a D.C. Excited HeNe Laser Os­
cillator", Phys. Lett., Vol. 13, No.4 (Dec 
15, 1964) pp. 311-312. 

6. Crawford, F. W. and Kino, G. S.: "Oscilla­
tiOllS and Noise in Low-Pressure DC Dis­
charges". Proc. IEEE, Vol. 49, No. 12 (Dec 
1961) pp. 1767-1788. 

Appendix: a brief introduction to the laser 

The laser used in the communications 
kit may be considered as a discharge 
tube containing helium and neon gases 
with highly reflecting mirrors placed 
at each end of the tube. This is illus­
trated in Fig. 2. The tube is manufac­
tured with the mirrors aligned parallel 
to each other and these form the ends 
of a resonant cavity for the light fre­
quency radiation which is characteris­
tic of the gas mixture used. The mirror 
spacing is not critical because the tube 
is able to supply useful gain over suffi­
cient bandwidth for the frequency of 
oscillation to shift according to any 
change in mirror spacing. It should be 
noted that the cavity is nearly one mil­
lion wavelengths long; therefore only 
a change in wavelength of one in two 
million need be accommodated. 

When the gas is excited by the passage 
of a DC electric current, some of the 
excess energy appears as light. Light 
travelling between the two mirrors in­
creases in intensity by extracting more 
light energy from the excited gas, a 
process called Light Amplification by 
Stimulated/ Emission of Radiation. 
hence the acronym: laser. When the 
gain in light energy derived from 
stimulated emission exceeds the losses 
in the system, oscillation is achieved, 
and the light intensity within the laser 
cavity may rise by many orders of mag­
nitude. 

The mirror at one end of the tube is 
designed to transmit 1 % of the light 
incident upon it, and this is useful out­
put from the laser. After changing the 
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Fig. 4a-Noise spectrum of the laser operat­
ing in quiet air: vertical sensitivity=O.05 
VRMSjdiv; horizontal =1 kHzjdiv; center fre­
quency=5kHz; resolution=100Hz. 

Fig. 4b-Noise spectrum of the laser operat­
ing through turbulent air stimulated by hot 
air blower (recording conditions are as in 
Fig. 4a). 
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Fig. 5-Three regions of operation of a 
typical 50-em-long HeNe laser. 

shape of the wavefronts using a built­
in lens, the light emerges from the 
laser as a narrow beam (in this case 
red in color) . 

Lasers of this type operate in the nor­
mal glow region of discharge and 
hence exhibit a negative dynamic im­
pedance as illustrated in Fig. 3. To 
operate a tube of this type from a volt­
age source, it is necessary to place a 
series ballast resistor in the circuit for 
stable operation, as shown in Fig. 2. 

.-•• 
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• 
Machining with the 
carbon dioxide laser 

• Dr. D. Meyerhofer 

Machining with laser beams has become a practical reality in recent years. It has been 
used for difficult precision micro-machining jobs, particularly in cases where it is 
necessary to disturb the machined element as little as possible. The carbon dioxide 
laser is particularly attractive for such work because of its high average power and 
efficiency and because it can produce pulses at high repetition rates. We have studied 
the drilling of holes with the carbon dioxide laser in metals and insulators theoretically 
and experimentally. The measured drilling efficiency is in good agreement with the 
calculated one for metals. The fabrication of rotogravure cylinders with this type of 
laser was investigated and found to bea promising process if metal-plated plastic 
cylinders (or sleeves) can be employed. Some other specialized applications are also 
described. 

\ 

'. • 
ONE OF THE MAJOR INDUSTRIAL 

APPLICATIONS of lasers is the 
area of machining. By this we mean 
the removal of material from a solid 
by concentrated high power optical 
energy.' The solid may be a metal or 
an insulator, amorphous or crystalline. 
A related field is laser welding which 
will not be discussed here. 

Lasers generally remove solid material 
by heating it to the boiling point and 
evaporating it- With regards to the 
energy used, this process is very in­
efficient compared to conventional ma­
chining. The situation is even less 
favorable for certain insulating mate­
rials that may be transparent to low 
power light of the laser wavelength, 
In that case, the absorption takes place 
due to nonlinear higher order pro­
cesses that are always present at suf­
ficiently large power densities. Laser 
machining will therefore be restricted 
to specialized applications where it 
provides compensating advantages. 
Examples are micro-machining where 
conventional techniques become very 
difficult and time consuming; intricate 
rtlachining operations, that have to be 
very precise and computer controlled; 
or very high speed applications, which 
are ordinarily restricted by mechanical 
limitations. In this way, lasers have 
been used for drilling of diamond dies, 
wheel balancing, and resistor trim­
ming. A somewhat different machin­
ing job was performed in the drilling 
of holes in plastic tape at very high 
rates to produce an optical memory. 
Lasers have also been used in the re­
lated areas of vapor deposition where 

evaporation of a solid has to take place 
in a protective atmosphere, or a vacu­
um, with a minimum amount of con­
tamination. 

The lasers used in the machining op- .. 
erations described have generally been 
high powered crystal lasers operating 
in the visible (ruby) or near infrared 
(neodymium) spectral regions. They 
are capable of high power and energy 
pulses that can be focused to produce • 
extremely large power densities. They 
suffer from low efficiency and limited 
repetition rate of the pulses. In con­
trast to this, the CO,-N,-He gas laser 
(carbon dioxide laser) operates at a 
high efficiency (to 20%) and can be 
pulsed at very high repetition rates.' • 
Because the low gas density limits the 
number of active molecules, the maxi­
mum pulse energy and power are not 
as high as for the crystal lasers. The 
CO, laser will therefore complement 
the crystal lasers in machining appli- • 
cations and will be used in situations 
where the drilling of small holes at 
very high rates is required. The laser 
operates in the far infrared (l0.6/lm) 
and the interaction of the radiation 
with solid surfaces will therefore be 
somewhat different from that of the • 
visible and near infrared lasers. 

In this paper, we will discuss machin-
ing with a CO, laser. First, we con­
sider the general problem of forming a 
cavity in a metal surface with a laser 
pulse. The size of the cavity will be • 
calculated from theoretical considera­
tions and compared with the measure­
ments. This will be followed by con­
sideration of nonmetallic solids. Fi-

• 



• 
nally, we discuss application of theCO, 
laser to actual drilling problems. Dur­
ing the period in which the experi­
mental work of this report was being 

• undertaken, considerable improve­
ments in the performance of one of 
the near infrared lasers have taken 
place. Consequently, the Nd-YAG 
laser could now perform some of the 
continuous or quasi-continuous drill-
ing operations of the CO, laser at 
lower efficiency but with more com­
pact equipment. 

The CO, laser used in this work is a 
flowing gas later with NaCI Brewster­
angle windows and external cavity 
mirrors. Maximum output was 120 W 

• cw at 15 % efficiency and about half 
that in a fundamental-mode Gaussian 
beam. The discharge was always op­
erated continuously, but the output 
could be Q-switched by a mechanical 
chopper located at a focal point in the 

• cavity (Fig. 1). This produced pulses 
of up to 6-mJ energy (multimode) and 
0.2- to 1.0-)LS length at low repetition 
rates and pulses of smaller energies at 
higher repetition rates (up to 100 
kHz) . To produce shorter pulses with 
higher power, a rotating-mirror Q-

• switch could be used. The pulse rate 
was then restricted to less than 300 Hz. 
Using a f /1 germanium lens, the laser 
beam could be focused into a spot of 
about 100-)Lm diameter for the muIti­
mode case and of 40-)Lm diameter for 

• the single-mode case. 

Effect of laser pulses on 
metal surfaces 

This section describes what happens 
when a pulse of radiation impinges on 

• a metallic surface. Metals are a good 
starting point for the discussion of 
laser machining because the events 
taking place on their surfaces can be 
described by a simpler model than is 
the case for insulators. The descrip­
tion follows some of the considerations 

• of Ready3 who first discussed and in­
vestigated this problem. 

• 

Due to the generally high reflectivity 
of metals, only part of the incident 
, 
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Fig. 1-Schematic diagram of CO, laser with 
chopper Q-switch for high-repetition-rate 
pulses. 

Table I-Reflection and absorption coefficients of selected metals. 

Measured' 
values 

20°C 

I-R " (J 

(/lm-') 1()6(llm)-' 

Al 0.020 110 38 

Cu 0.012 60 58 

Ni 0.044 60 IS 

Fe/Steel 0.060 50 10 

light flux will penetrate into the solid. 
That energy will be absorbed very 
near the surface so that a simple model 
can be used to describe the thermal 
history. For the high-power pulses be­
ing considered, most of the energy 
will go into vaporizing solid material 
so that the size of the cavity and the 
drilling efficiency can be calculated. 
For other kinds of irradiations, this 
simple model must be extended lead­
ing to either lower or higher effi­
ciencies. 

The light energy falling on the metal 
surface will be partly reflected and 
partly absorbed. This process is de­
termined by the two material param­
eter values: R, the reflectance, and d', 
the absorption coefficient. Room tem­
perature' values for the four kinds of 
metals being considered in detail are 
tabulated in Table I. Use has been 
made of the relationship between d' 
and the extinction coefficient k: 
a = 47Tk/Ao ; Ao is the wavelength in 
vacuum. While the absorption coeffi­
cients have not been measured at 10.6 
)Lm, that they are approximately wave­
length independent in the near infra­
red and the values measured in that 
region can be used. 

Measured values of these parameters 
are not available at elevated tempera­
tures. However, in the far infrared 
region, at least, they may be derived 
fom the electrical conductivity': 

k =[_1 ] 'h [~J 'h 
471" eo C 

(1) 

a = [ 471" ] 'h [~J 'h 
eo C Ao (2) 

1 - R = -= - = 2 (471" Eo) ~ -2 871" ,[ C ] 'h 

k Aod' a Ao 

(3) 

Here, c is the wavelength of light, and 
eo is the permittivity of vacuum. From 
measured values of high temperature 

Calculated values 

20°C Boiling point 

I-R " (J I-R " (/lm-') 1()6(llm)-' (/lm-') 

0.018 130 3.9 0.057 42 

0.D15 160 2.7 0.069 34 

0.029 82 0.57 0.15 16 

0.036 66 0.23 0.23 10 

conductivity, (1, some of which were 
taken in the liquid phase, we extrapo­
late to the values at the boiling point 
using the simple relationship that (1-' 

is proportional to the absolute temper­
aure.' These extrapolated values are 
recorded in Table I, along with the cal­
culated values of the a and 1 - R from 
Eqs 2 and 3. For comparison with the 
measurements, the quantities were 
also calculated for room temperature. 
Table I shows that the agreement is 
reasonable, thus confirming the ap­
plicability of the equations. It is ap­
parent that, even at the boiling point, 
(1- R) is still much smaller than 1, 
and only a small fraction of the incom­
ing light is absorbed. This is in con­
trast to the effect of light in the visible 
region of the spectrum. While we can­
not calculate (1-R) from Eq. 3 in 
that region, we know from the results 
of Ready' that almost all light is ab­
sorbed. 
The temperature rise in the metal due 
to the surface irradiation may now be 
calculated. We assume that at time 
t=O, the entire surface starts absorb­
ing energy at a rate of Q per unit area. 
Q is related to the incoming power 
density Qo by Q = Qo (1-R). This sim­
plifies the problem to a one-dimen­
sional heat-flow calculation. Also, it is 
assumed that the thickness of the ab­
sorbing region (a-') is small compared 
to the region over which heat flow is 
taking place so that all the energy can 
be considered to be absorbed on the 
surface. These assumptions will be 
justified below. As a further simplifica­
tion for the calculation, we first take Q 
to be constant during the light pulse. 
The solution to the heat-flow equations 
is then straightforward and leads to 
the following relationship for the 
temperature of the surface": 

For x=O 

(T-To) = 2Q (~) 'h 
K 71" 

(4) 

53 



54 

where 

(5) 

Here, K is the thermal diffusivity, K 
the thermal conductivity, C the spe­
cific heat, and p the density. Parameter 
values are listed in Table II. The dis­
tribution of temperature with x is 
given by a combination of Gaussian 
exponential and error functions in the 
parameter x/2 Yd so that the depth 
to which the heat has flowed substan­
tially at time t is xv = 2 y--;:t: After 1 p.s, 
this value ranges from 24 pm for Ai to 
6 pm for steel, and less at higher 
temperatures. The CO 2 laser used in 
these experiments could be focused to 
a minimum diameter of about 40 pm. 
This means that for laser pulse lengths 
shorter than 1 ps, the thermal penetra­
tion is smaller than its lateral extent 
so that the one-dimensional model is 
justified. Also, one sees that a-' is al­
ways much less than the penetration 
distance Xv thus justifying the above 
assumption. 

The values of thermal conductivity 
listed in Table II are the bulk, room­
temperature values. The temperature 
dependence is not expected to be sig­
nificant. However, Harrington" found 
that the apparent thermal conductivity 
at the surface was anomalously low 
during high power irradiation. Values 
10 to 1000 times smaller than the bulk 
values must be assumed to apply un­
der our experimental conditions. 

We now calculate the temperature of 
the metal surfaces in our experiments. 
The CO 2-N2-He laser with the chopper 
Q-switch was usually operated to pro­
duce pulses of 5-mJ energy and 500-ns 
length resulting in average power of 
10' W during the pulse. When this 
power is focused into the smallest 
(40pm) spot, a power density of 
Q,=5xl08 W/cm2 results. The time re­
quired to heat the surface to the boil­
ing point (tH) is [refer to Eq. (4)]: 

'IT' K pC (6) 
tB = 4 Q,"(1_R)2 (Tn-T,)

2 

Values of tB are listed in Table II. 
When the change of (1-R) with tem­
perature (0: T-lh) is taken into account. 
the heat flow equations become more 
complicated but it can be shown that 
the values of tB are reduced by ap­
proximately a factor of 2 from those 

given in Table II. If the anomalous 
values of thermal conductivity are 
used in Eq. 6, tB is even less. It is seen 
that, even for these long pulse lengths, 
the surfaces of Ni, Fe, and Ai heat up 
in a much shorter time than the dura­
tion of the pulse. For CU (tB < 600 
ns), this is not the case unless the 
anomalous thermal conductivity ap­
plies. Since the experimental results 
for copper given later in this paper are 
consistent with those of the other 
metals, the latter does appear to be the 
case. 
It is now safe to assume that the sur­
face reaches the boiling temperature 
at the very beginning of the incident 
light pulse. If ~l the absorbed power 
goes into vaporization of material, the 
rate of material removal is 

ds Q 
at = H. 

(7) 

where Hv is the heat of evaporation 
plus smaller contributions from the 
heat capacity and the heat of fusion. 

The depth of the cavity Xc formed un­
der these conditions during the pulse 
length tp is 

Q, (1-R) B.P. (8) 
Xc = H. tp 

Because the energy density at the fo­
cused beam is difficult to determine, it 
is more convenient to express the effi­
ciency of drilling ('YJd) in terms of the 
volume of material (Vc ) removed by 
the total pulse energy incident (Eo) 

'YJd= ~ = ~ = (1-R) B.P. (9) 
E, Q,tpA. H. 

As long as Xc is larger than XD, most 
of the pulse energy will go into evapo­
ration of material and only a small 
amount into heating of the surround­
ing solid, and Eq. 9 will apply. As the 
pulse of a constant energy (constant 
xc) becomes longer, this relationship 
will reverse, and the efficiency of re­
moving material will decrease. The 
same is true as the pulse energy is de­
creased which explains why there is a 
threshold for cavity formation. For the 
measurements reported here, Xc is gen­
erally much larger than Xv when the 
true anomalous thermal conductivity 
value is used. 

Experimental results of drilling 
in metals 

With the CO 2 laser described in the 
introduction, we have drilled holes in 

• 
polished metal samples. As the laser is 
operated at a high pulse repetition 
rate, the sample was moved mechani­
cally in the focal plane of the focusing 
lens. The resulting individual holes 
were well separated. An example of a • 
hole formed is shown in Fig. 2. The 
pulse energy was 6 mT, and the dimen­
sions of the cavity were 93 pm diam-
eter and 15 pm deep. It can be seen 
that the cavity is of uniform depth but 
that a rim has been formed around it, .' 
5 pm high. This must be due to some 
molten metal splashing out. 

The drilling efficiency 'YJd derived from 
these measurements is shown in Table 
III for various metals. Also listed are 
the calculated values from Table II. • 
The agreement is seen to be quite 
reasonable, except for Ai where it ap­
pears that a higher fraction of the in­
coming energy is absorbed, i.e., the 
extrapolated value for 1 - R at the boil-
ing point is too low. In general, we 
find no differences in drilling efficiency 
for different kinds of surface prepara­
tion. Certainly, blackening the surface, 
for example, increases 1-R greatly at 
low temperature but by the time the 
sample has melted and the boiling 
point is reached, the surface prepara- • 
tion no longer has any effect. 

Among the metals tested, Zn and Cd 
have lower heats of vaporization 
which accounts for the higher effici­
encies observed. No cavities could be 
formed in Cr layers and in Ta sheets 
with the largest pulses used, suggest­
ing that the boiling point cannot be 
reached. In contrast to this, it appears 
from the measured efficiency that the 
copper surface reaches the boiling 
point in tp < 100 ns which confirms 

• 

the anomalous value of the thermal • 
conductivity. 

For comparison, Table III also shows 
the drilling efficiency for visible laser 
light. The calculated value assumes 
that R goes to zero at the boiling 
point and the entire pulse energy 
vaporizes material. The experimental • 
results are those of Ready' which have 
been confirmed by other workers.' 
While Ready' assumes a different drill-
ing mechanism for the non-Q-switched 
ruby pulses (tp = 600 ps) and the 
Q-switched pulse (tp = 44 ns), the • 
results are similar enough so that the 
simple model used here appears to be 
just as valid for both cases. They also 
imply that (1- R) is at least 112 and 
probably close to 1. 

• 



• 
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Table II-Thermal parameters and calculated drilling efficiency of metals. 

K P 
(J/cm SOC) (gr/cm') 

Al 3 2.7 

Cu 3 9 

Ni 0.3 9 

Fe/Steel 0.4 8 

Drilling in nonmetallic materials 

The effect of a laser beam on non­
metallic solids is more complicated 
and more varied than in the case of 
metals. The absorption at 10.6 pm can 
vary from zero for alkali halide crys­
tals to very high values for such crys­
tals as quartz or for most glasses. In 
the latter cases, the energy is all ab­
sorbed at the surface. For intermediate 
values of absorption coefficient, say 
1 to 100 cm-", the energy is absorbed 
throughout a large volume and drilling 
becomes difficult. All insulators have 
lower reflection coefficients than 
metals so that larger fractions of the 
incoming radiation are available for 
absorption. The thermal conductivities 
are generally much smaller than for 
the metals. This means that the ab­
sorbed energy will move much more 
slowly from the place of absorption 
and long pulses of light can be used. 
The high purity semiconductor crys­
tals are exceptions. It is clear that each 
glassy, crystalline, and ceramic mate­
rial must be considered separately. 

Boiling point 
C K TB 

(J /grOC) (cm'/s) (OC) 

0.8 1.4 2000 

0.4 0.83 2300 

0.5 0.07 3000 

0.5 0.10 3000 

We studied another class of materials, 
the organic plastics, because of their 
applications to gravure cylinders. They 
do not melt and vaporize when heated 
but rather decompose and react chem­
ically. This makes the drilling process 
difficult to predict. 
Among the materials we investigated 
with Q-switched pulses, polyethylene, 
lucite, and polystirene had low ab­
sorption coefficients at 10.6 /Lm. This 
caused heating throughout the volume 
and the formation of bubbles. 

Materials which formed good cavities 
were Bakelite, Nylon, Teflon and eel­
con. In all cases, there was a threshold 
energy below which there was no evi­
dence of cavity formation. Above that 
energy, the efficiency increased steadily 
up to the maximum energy the laser 
could supply. This is shown for Bake­
lite in Table IV. The peak efficiency 
is one to two orders of magnitude 
higher than for metals. Apparently, 
with increasing energy, more and 
more of the material is removed ex­
plosively without melting and decom­
posing. 

Table III-Measured and calculated drilling efficiencies (7Jd-units are 10-6 cm'/J). 

Metal CO, laser Visible laser 

Mea&urements' 

Measurement 
Calc. 

Calc. (l-R) =1 Long 
pulse Q-switched 

Al 1.6 3.25 to 4.0 30 16 35 

Cu 1.3 1.5 to 2.0 18.5 18 15 to 20 

Ni 2.1 14 12 10 

Fe/Steel 3.3 2.5 -14 12 

AI-Mg 7.5 
_/ 

Zn 6.5 

Cd 12 

Table IV-Variation of drilling efficiency in bakelite with laser pulse energy. 

Pulse energy (mf) Cavity volume (10-6 cm') Efficiency (10 6 cm'/J) 

7.4 1.9 260 

4.6 0.50 110 

1.95 0.18 90 

0.54 0.013 24 

tB Hv 7Jd 
(JLsec) (kJ/cm') (10-6cm'/J) 

0.2 35 1.6 

1.2 54 1.3 

0.02 70 2.1 

0.013 -70 3.3 

Fig. 2-Cavity produced in AI-Mf!. all<?y by focused. 6-mJ 
of 10.6-JLm radiation (400X m~g~lflca!ion): The maximum 
of the cavity is 15 JLm and the lip IS 5 I'm high. 

Fig. 3-Cross-sections of cavities drilled in plastiCS (400X mal 
nification); (top) Bakelite (bottom) Nylon. 
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Bakelite formed the best cavities of 
any material studied, as can be seen 
from a cross-section (Fig. 3a). Nylon 
has about the same efficiency and 
threshold values but shows some 
cratering (Fig. 3b). The latter effect 
is larger for Teflon. On the other hand, 
Ceicon, which decomposes at a low 
temperature, produced relatively good 

cavities with twice the efficiency of 
the other materials and a threshold of 
less than 0.1 mT. 

Machining of gravure cylinders 

The work described in this paper re­
ceived its impetus from the question 
whether it would be possible to ma­
chine a conventional rotogravure 
cylinder with a laser beam.'o The prob­
lem arises because the electronic 
photocomposition equipment produced 
by the Graphic Systems Division pro­
duces a composed page as a serial 
string of dots or lines. Presently, these 
are converted to a picture of a page 
by writing them on a CRT. However, 
it would be much more efficient if the 
same information could be used in ma­
chining a printing plate or cylinder in 
point-by-point fashion. Here, we are 
interested in the gravure printing plate 
where the cavities in the printing cyl­
inder are filled with ink which is sub­
sequently transferred to the paper. 
The largest cavities required are ap­
proximately 120-ltm square and 60-ltm 
deep, and they must vary in size and 
depth in the lighter areas to produce 
the best results. To form a cylinder in 
a practical time, say 5 minutes per 
page, it is necessary to form about 5 to 
10,000 cavities per second. From Table 
III, CO, laser energy required per large 
cavity varies from 700 mT for copper 
to 110 mT for Al/Mg so that an average 
power of 500 to 7,000 W must be sup­
plied. Clearly, our present CO, laser is 
much too small. Higher power lasers 
can be produced by lengthening the 
discharge region. and a 1 to 2-kW 
laser is certainly possible. However, 
the problems of the other optical ele­
ments, windows, mirrors, and lenses 
become very severe at these high 
power levels. Electro-optic modulators 
are not yet very good at 10.6 Itm and 
reduce the available power. 

While the efficiency is 5 to 10 times 
higher at the ruby wavelength, the 
average power available is much less. 

As an alternative, the possibility of 
using plastic gravure cylinders or cyl­
inders with plastic sleeves for printing 
was considered. In that case, the power 
required for machining would be­
come a more practical quantity. The 
main difficulty is the softness and poor 
abrasion resistance of plastics allow­
ing scratches to form by the doctor 

blade (which wipes the printing plate 
during the printing process). However, 

• 
it is well-known that many plastic 
materials can be plated with metallic 
layers which should produce surfaces 
equivalent to those of solid metal cyl- • 
inders (copper, or chrome on copper) . 
We therefore experimented with some 
of the plastics that formed nice cav-
ities and found that Bakelite, ABS, i 

I and Nylon could be plated by con­
ventional techniques, after drilling of 
the holes. 

I .-i 
As an example, we engraved a random 
pattern of cavities in a small bakelite 
cylinder. Pulses varying from 1 to 3 
mT were used so that the cavity size 
varied. This cylinder was plated with ., I 

Ni and Cr and then demonstrated good 
abrasion resistance when run on a 
small press. An enlarged photograph 
of a printed sheet is shown in Fig. 4. 
For comparison, a conventional gra-
vure printed sheet is shown in Fig. 5 
at the same magnification. In the latter • 
case, the cavities are uniform size and 
evenly spaced. 

Another approach also was found to 
work and may have some additional 
advantages. The fresh cylinder is • 
coated first with a thin layer of Ni 
(about 1 {Lm). The CO, laser readily 
penetrates the Ni creating a cavity in 
the plastic almost as big as without the 
Ni. After drilling, further electroplat-
ing is performed but only on the un- • 
touched surface. The interior of the 
cavities is not plated so that they do 
not change size. In addition, it may be 
possible to take advantage of the dif­
ferent wetting properties of the plastic 
and the metal to improve the ink 
transfer. • 

Other machining experiments 

We have investigated a number of 
other drilling problems where the CO, 
laser might have certain advantages 
because of its high average power and 
freedom from mechanical contact with 
the machined surface. We will briefly 
describe and discuss some of the 
results. 

Cutting of semiconductor and 
insulator substrates 

For various semiconductor device ap­
plications, it is necessary to cut thin 
semiconductor wafers or glass, cer-

• 

• 

• 
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amic, or crystalline substrates. These 
cuts should be precise and small and 
should not disturb the surrounding 
areas. Laser drilling can fulfill these 
requirements, but because of the large 
amount of cutting required, a high 
power CO, laser would be necessary. 
For insulating substrates that have rel­
atively low thermal conductivities, 
Q-switching is no advantage because 
the short spacing of pulses produces 
the same result as cw applications of 
the same power. At the lower levels 
needed for drilling, this tends to cause 
excess heating so that the duty cycle 
must be reduced by pulsing in long 
pulses of the order of milliseconds. As 
we could not pulse the discharge, we 
used a slow mechanical chopper to 
interrupt the cw beam. 

Experiments with glass, ceramic, and 
sapphire wafers showed that smooth 
cuts were difficult to obtain because 
of regions of molten material. How­
ever, it was found that below the 
threshold for drilling, these materials 
could be scored just by heating the 
surface. Because of the brittleness of 
the samples and the differential ex­
pansion, they would break cleanly 
upon completion of the cut. For ex­
ample, a 0.25 mm thick wafer of sap­
phire (with an epitaxial Si layer on 
the surface) was cut at a speed of 3 
mml sec. The threshold for visible 
drilling was 14 W into a 100-/Lm­
diameter beam while the threshold for 
scoring without damaging the surface 
was 10 W cwo The cutting speed 
could be increased by using higher 
powers. The scoring technique works 
in the entire region between the thres­
holds and gives clean reproductible 
cuts. 

In contrast to these insulating mate­
rials, Si wafers are much more difficult 
to cut. They are poorly absorbing at 
10.6 /Lm so that the energy is absorbed 
throughout a large region. In addition, 
they have a much higher thermal con­
ductivity so that continuous irradiation 
and long pulses lead to heating of too 
large a region. We were able to cut 
silicon wafers with the laser operating 
in the Q-switched mode, but only at 
relatively low speeds. For example, 
with a 100-/Lm-diameter beam, 2-mJ 
pulses, and 10-W average power, com­
plete cutting of a 0.25-mm-thick Si 

wafer could only be performed at 0.1 
mml sec. At twice that speed, the cut 
was deep enough so that the wafer 
could be broken reliably. Considerable 
improvement can be obtained by high 
energy pulses (10 to 100 /LS long) pro­
duced by pulsing the discharge rather 
than by Q-switching." 

Drilling of holes in evacuated kinescopes 

For certain repairs, it is necessary to 
break open sealed picture tubes. This 
must be done without letting any glass 
dust or particles reach the delicate 
aperture mask. By slowly drilling a 
hole with a Q-switched laser, the 
vacuum can be broken with minimal 
damage. A 2.5-mm-thick glass wall 
was drilled through with 15 long 
pulses of 3 J energy (produced by in­
terrupting the cw laser operating at 
80 W) . A picture of the hole is shown 
in Fig. 6. The diameter is 0.7 mm on 
the upper surface and 0.1 mm on the 
lower surface. 

Holes in printed circuit boards 

Producing holes in multiple-layer in­
tegrated-circuit boards is one of the 
more difficult drilling jobs because of 
the alternating layers of copper and 
fiberglass which cause rapid wear of 
mechanical drills. Lasers can readily 
punch holes through such combina­
tions; however, because of the size 
and number of holes required, high 
average powers are required. Conse­
quently, we attempted to use the CO, 
laser for this purpose. Because of the 
copper layers, Q-switching must be 
employed. Drilling could then be per­
formed at a reasonable rate, but be­
cause of the quasi-cw operation, the 
fiberglass surrounding the hole got 
much too hot and swelled up. A higher 
powered long pulse operation would 
probably be more promising. 

/' 

Conclusions 

The CO, laser is already being used in 
some industrial machining applica­
tions such as wafer cutting, resistor 
trimming, microwelding and bonding. 
More recently, the very high power 
versions with oxygen assist are being 
used to make large cuts in exotic 
metals that are difficult to machine 
with conventional techniques. We 

have studied the applications of the 
Q-switched CO, laser with its high 
repetition rate of short pulses. In all 
these applications, the high power 
available and its efficiency make it 
superior to other lasers. The far­
infrared wavelength is generally a 
disadvantage but can also be an ad­
vantage such as in the case of glass 
and sapphire. It does, however, re­
strict the minimum size that can be 
drilled to 20 to 40 /Lm. Where modula­
tion is required, this becomes difficult 
at this wavelength. Also, the powerful 
versions of the laser have a very large 
physical size. 

During the time that these investiga­
tions were performed, the performance 
of the Nd-Y AG crystal laser (1.06 
/Lm) has been greatly improved. Con­
tinuous power outputs of up to 200 W 
are now commercially available, and 
Q-switching at high repetition rates 
has also been demonstrated. The small 
physical size makes it more attractive 
for industrial use than the CO, laser, 
however, the overall efficiency is an 
order of magnitude lower. It should 
therefore be considered for applica­
tions such as described in this paper. 
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Gated vision techniques 
D. G. Herzog 

Backscatter reduces the effectiveness of optical imaging systems by masking target 
returns. Without physically separating the transmitter and receiver, backscatter 
effects can be negated by pulsing the transmitter and "gating" the receiver-selec­
tively turning the receiver on in time to receive the target returns and turning it off to 
block all other returns. This technique enables detection through obstacles with even 
less than 10% transmission without a significant loss of operating range. This paper 
describes the gating concept and implementation, and discusses the requirements of 
gated systems in terms of rise and fall times, covertness, contrast, power, and resolu­
tion. It presents examples illustrating typical requirements and tradeoffs and the 
power savings with gated systems. 

ANYONE WHO HAS driven in a 
foggy or hazy night knows that 

objects often can be seen better when 
they are lighted from a streetlight than 
from his headlights. This is because 
fog causes backscatter and masks the 
light reflected from more distant ob­
jects. This effect is shown in Fig. 1 
which shows the fog giving a strong 
light return, superimposed over the 
light return from the bike. In Fig. 2, 
the bike is illuminated by the street­
light-the light is from a different 
direction than the field-of-view. Here 
the primary return due to backscatter 
is displaced from the field-of-view, 
thus making the object easier to see 
than in Fig. 1. 

To generalize the effectiveness of the 
light in the previous example, relative 
distances are assigned in Fig. 3. The 
backscatter due to the fog will be con­
sidered on a fog particle. The head­
lights and streetlight are assumed to be 
of equal intensity. The light intensity 
from a light source varies as the in­
verse square of the distance from it. 
Therefore, the fog particle will be 100 
times brighter than the bike consider­
ing only illumination by the headlight. 
The contrast of the bike to the fog 
may be said to be 1;100. Illumination by 
the streetlight produces the inverse 
condition where the bike appears 100 
times brighter than the fog particle. A 
figure of merit for the ability to see the 
bike better with streetlight illumina­
tion rather than with headlights would 
be the ratios of the contrasts (10%;100) 
which is 10,000. Although many liber­
ties were taken in this analysis, it does 
point out the deleterious effect of scat­
tering. 
Reprint RE-1S-S-23 
Final manuscript received November 25, 1969. 

There is a similar problem in radar, 
referred to as -ground or sea clutter. 
The problem is negated by pulsing the 
radar transmitter and gating the re­
ceiver. This same corrective approach 
can be taken in visual systems with the 
aid of electronic devices. 

Gating concept 

With continuous transmission of en­
ergy-be it radar or light-energy will 
be continuously received at the same 
time from all ranges. Without physical 
separation between the transmitter 
and the receiver, it is difficult to 
discriminate between the energy re­
turned from the target and that from 
other objects or due to bankscatter. 
However, if the energy is transmitted 
in pulses, the return energy from dif­
ferent ranges will be received at differ­
ent times. In this case, it is possible 
selectively to turn on the receiver to 
receive the target signal and to turn 
off the receiver to block all other sig­
nals. This technique is known as 
"gating" and requires an approximate 
knowledge of the target range in order 
to set the on and off times of the re­
ceiver. The length of time the receiver 
is activated is known as the gate width 
of the receiver and is at least as wide 
-(time interval) as the transmitter 
pulse in order to receive the full power 
of the reflected transmitted pulse; 
power received when the receiver is 
gated off is wasted. 

Since the speed of light is constant, a 
pulse width can be thought of as a dis­
tance. The elapsed time-from pulse 
transmission, to the time the receiver 
is turned on, to receive the return-is 
the delay time, which can also be 
thought of as a distance. No returns 
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can be seen until the delay distance 
is reached and then only for as long 
as the pulse-width distance. Taking 
this one step further, the active pulse­
width region is then actually a section 
of a cone or tube (a section of the 
beam) which is moved back and 
forth in range as the delay distance is 
changed (see Fig. 4). The minimum 
active pulse-width volume is deter­
mined by the gate width of the re­
ceiver. 

• 
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With gating, nothing is seen unless it 
is within the active pulse region. If the 
entire energy has been blocked short 
of the active pulse region, no return 
will be seen. But if the slightest energy 
gets through or around the obstacle, 
this will be returned and seen without 
being obscured by the signal from the 
obstacle. 
Most smoke, fog banks, and trees will 
pass a considerable amount of light. If 
a target were in back of such obstruc­
tions, the target could not be seen be­
cause ordinary vision cannot dismiss 
the primary image to concentrate on 
the target image behind. But with 
gating, the receiver can be made to 
see only the target. Considering a 
transmission through trees of approxi­
mately 10%, only ten times the power 
would be required to achieve the same 
unobstructed maximum range. Stated 
in more significant terms, the range 
performance for the same power 
would be reduced by a factor of only 
1.8 for small targets. 
The shadow cast by a target can also 
be detected. In fact, the shadow cast 
on a background (such as smoke, fog 
or trees) often has greater contrast 
than the target itself viewed directly 
against the background. When such is 
the case, gating on the background will 
produce a higher contrast image of 
the target (see Fig. 5) . 

Gating implementation 
Fig. 6 illustrates the gating implemen­
tation in a gated image intensifier. In­
coming light is focused to form an 
optical image on the photoemissive 
surface. The light is converted to elec­
trons which pass through the grid as 
they are accelerated to the phosphor 
by the high B+voltage (15,000 V), 
and are reimaged by electron-optics. 
The electrons, now at a higher energy 
because of the acceleration, strike the 
phosphor producing light which is 
brighter than the incoming light. With 
the grid open, image intensification 
takes place as described; the intensifier 
is in the gated-on condition. With the 
grid at a negative potential, the ini­
tially emitted electrons would be re­
pelled back to the photoemissive 
surface, and the intensifier would be in 
the gated-off condition. 

Requirements of gated systems 
Rise and fall times 

Since most of the backscatter effect is 
strongest in the immediate range of 

Fig. 1-ln fog, a strong backscatter light return will mask light return from object. 

100 feet or less, rise and fall times of 
both the receiver detector and the 
transmitter must be very fast. The 
gated intensifier with rise and fall 
times in the order of V2 to 1 micro-
second meets the requirements for a 
gated receiver. The only light sources 
available with the required fall times 
are lasers and spontaneous light-
emitting diodes. 

Covertness 

The military requires that illuminat­
ing sources be covert (invisible, un­
detectable) in order to avoid detection 
by the enemy in reconnaissance, 
search, or observation missions. The 
point above which wavelengths are 
covert is not exactly defined. The vis­
ual bandwidth is generally considered 
from 4000 A to 7000 A with the peak 
sensitivity at 5500 A. However, the eye 
is still sensitive at the higher wave­
lengths; its sensitivity decreases about 
20 dB for each 500 A increase from 
5500 A. The absolute visual cut-off is 
generally taken to be 8500 A; at 
higher wavelengths, the brightness 
must be sO high to be detected that 
eye damage may take place. 

The light sources to date have used 
Nd-doped lasers, ruby lasers, GaAs 
lasers and spontaneous diodes. Ruby 
(6900 A) is not covert. Nd-doped and 
GaAs lasers are both covert, light­
weight, efficient sources. 

Contrast 

Radar and optical imaging differ in the 
attainable image contrast. Radar is 

Fig. 2-When light source is removed from line of view and 
near the viewed object, the deleterious masking effects of 
backscatter are eliminated. 

4 ~ICLE \ot~STREETLIGHT 
,,~OBJECT 

/1--1-1-91-1 
HEADLIGHTS 

Fig. 3-Geometry of example to illustrate the effects of 
backscatter. 

Fig. 4-Active pulse width region concept of gating . 
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Fig. 5-Gating on shadow of low contrast target. 
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Fig. 6-Schematic representation of gating image inten­
sifier. 
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usually high contrast imaging due to 
high reflectivities to microwave energy 
and imperviousness to weather con­
ditions. At optical wavelengths, the 
contrasts are not as high and are fur­
ther degraded by weather conditions. 
For example, in haze or fog, a distant 
building or tower, although visible, 
will appear as an outline image of low 
contrast. 

Power 

The following equation approximately 
defines the parameters that affe\.:t trans­
mitted power: 

4hcN;k' (2-C) R' tan' 8/2 
Pt=--~------------~ 

K,K.'D' QT C'T' p">-. 

( lOOT') 
1+ 'IT'R' tan' 8/2 

where Pt is the transmitted power 
(w); h is Planck's constant (J • s): 
c is the speed of light (mjs); N. is the 
number of effective TV lines on target; 
k is the Morton (k) factor (SNR re­
quirement); C is a contrast factor; 
R is the range (m); 0 is the illumina­
tion beamwidth (assumed conical) 
degrees) ; K, is the transmission of the 
optics; K. is the transmission of the at-

mosphere; ,\ is the operating wave­
length (m); D is the diameter of 
receiving optics (m); Q is the quan­
tum efficiency of the detector; T is the 
integration time of the observations 
(s); p is the reflectivity of the target; 
and T is the linear dimension of the 
target (assumed square) (m). 

The factors affecting the power trans­
mitted are better seen in Fig. 7. The 
density and magnitudes are indicated 
at significant steps up to projection on 
the image intensifier. At that point, the 
factors to convert the power into pho­
tons and then electrons are introduced. 
Finally, the relationship of the number 
of electrons, resolution, and visual dis· 
crimination is shown. This illustrates 
the significance of the various factors 
(tradeoffs) in achieving operation at 
specific discrimination and range. 

Keeping all terms in the equation con· 
stant except for target area T' and 
transmitted power Pt, linear relation­
ship results between T' and Pt. This is 
true only for targets that are very 
small compared to the entire field·of· 
yiew. A target will be easier to detect 
as its size increases with respect to the 
field-of-view. However, there is a crit­
ical size relationship, beyond which 
very little improvement in detection 
results-this is arbitrarily defined and 
inserted in the equation as 1 % of the 
field-of-view. 

Ntis the number of resolution lines 
discernible across the target, and not 
the number of resolution lines that the 
image system is capable of providing 
across the target. Noise effectively de-

grades the resolution of the device. 
This effect can be noted on a very 
snowy TV picture-the number of scan 
lines and the beam size are the same, 

• 

but the amount of discernible picture 
content is drastically reduced. The .­
military generally defines the follow-
ing functions in terms of Nt values: 

Target detection 2 to 4 
Target recognition 4 to 6 
Target identification 8 to 12 

However, the range of definition varies • 
with different military organizations. 

Detection denotes that which warrants 
additional investigation, is different 
from normal; recognition denotes a 
target (truck, jeep, tank, etc.); and 
identification denotes the specific type 
of target (such as truck) . 

System example 

Consider a system using an S-25 photo­
cathode, a GaAs laser illuminating 
source, and the reflectivities in Fig. 8. 
The reflectivity of foliage is very high 
in the infrared due to the chlorophyll 
content. Man-made objects generally 
have uniformly low reflectivity 
through the visible and infrared. The 
high contrast due to the differences in 
reflectivities enable better detection of 
man-made objects against a foliage 
background in the infrared, than in the 
visible. Fig. 8 also indicates that a good 
tradeoff between target contrast and 
S-25 sensitivity exists at the covert 
GaAs wavelength. 

Assume the following parameters for 
the example: 

K.=0.7 
K,=O.5 
">-.=8500 A=0.85XI0·'m 
D= Vg m 
8=3.5° 
Q=l% 
k=3 
T=O.l s 

The remaining parameters in the equa­
tion are varied and the results are 
shown in Fig. 9. 

Fig. 9 demonstrates the very wide 
variation in transmitter power that 
may be required for targets of similar 
nature. For example, curve A might 
represent the "detection" of a small 
vehicle, whereas curve D might be the 
"identification" of a man-size target 
with lower reflectivity and contrast. 
For these two cases at a range of 1.5 
km, 100,000 times more transmitter 
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power is required by curve D than by 
curve A. 

Too often, systems of this type are 
specified on the basis of the most 
stringent target and detection criteria. 
Such a worst-case design will result in 
equipment over-design for the usual 
range of performance criteria and tar­
gets. Instead, the transmitter should be 
designed to provide sufficient power 
for most of the problems encountered. 

Power savings with gating 

1 Power densitY at 1arget IW/m2) 

Power intercepted by target (Wi 
Power reflected from target (WI", 

4 Power density at receiver IW/m2) 

6 Power collected by klns (Wi 

6 Power projected on photocathode surface (WI 
7 Photon rate (photons/sl 

Total electrons over eye integration lme 
Number of electron, per resolution element 

10 Number of electrons required for vilUal discrimination 

Gating enables a reduction in required 
transmitter power. Consider a target to 
be detected at a range of 3 km with a 
standard atmospheric visibility of 3 
km. The contrast of the target to its 
background is 2% of that of clear air. 
If the contrast in clear air (Co) is 0.4, 
the contrast for the 2% case (C,) is 
0.008 (0.02x0.4). The ungated trans- Fig. 7-Round trip of light showing relationships from transmitted power P, at laser to number of electrons 

required for visual discrimination at display. 

100% 

0.10 

./" __ 0",,7.;;.5 __ FOLIAGE 

2540 FILTER COVERT 
~---SEARCHLlGHT 

., /NIGHTSKY 

_ __ MAN-MADE OBJECTS 

Fig. 8-Detector sensitivity, reflectivities, and illumination sources plotted against wave­
length in the near visible spectrum. (Reference: Electronic Design, vol, 19, p. 139, Sep. 13, 
1969.) 

Fig. 10-Laser illumination imaging viewer. 

mitted power required for the 2 % 
case, not considering absorption and 
scattering losses, is then 

( 2-CI)( Co2 

) p, (ungated) =Po --2- ---

C, 2-Co 

=3000 Po 

where Po is the transmitted power re­
quired in clear air. 

For the gated system, the transmitter 

Fig, 11-GaAs illuminator for use with wide 
angle gatedyiewing, 

power required for the 2% case, not 
including absorption and scattering 
losses, is Po. This shows that even 
though the conventionally thought of 
backscatter is not significant, the loss 
in effective contrast has required an 
enormous amount of additional power 
for the ungated case. The visibility (3 
km) used in the example is sometimes 
obtained in the Camden area during 
the day; night visibilities can be lower. 

Fig. 9-Power and range relationships for 
four different target/detection criteria. 

RCA Gated systems 
RCA has constructed many types of 
gated vision systems and transmitters. 
Fig. 10 shows a small hand-held unit. 
The top section is the transmitter; the 
bottom section with the handle at­
tached is the receiver. The transmitter 
pulse width is fixed at 100 ns, and the 
receiver gate width and delay are ad­
justed with calibrated lO-turn poten­
tiometers. Fig. 11 shows a GaAs 
illuminator developed for use with 
wide angle gated viewing. It is capable 
of high peak and average powers as 
well as adjustable transmitted pulse 
width for optimum range gating per­
formance of the system. 
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THE LASER TRACKING AND RANGING 

SYSTEM (LTRS) is an optical track­
ing radar that continuously provides 
the range, azimuth, and elevation of 
a cooperative target relative to the 
tracking unit. The transmitting source 
is a GaAs injection laser; the coopera­
tive target is a small retrodirective 
corner-reflector array, called a retro­
reflector. 

The development effort was directed 
toward providing small, compact, and 
relatively lightweight instrument main­
ly as a part of the Lunar Surveying 
System for tracking the movement of 
an astronaut on the lunar surface. In 
this application, the astronaut carries 
a staff to which the retroreflective tar­
get is attached. Other possible appli­
cations include the LTRS as a naviga­
tion instrument for a Lunar Flying 
Vehicle and as an emergency commu­
nications device while monitoring an 
astronaut during any extra-vehicular 
activity. 

Since demonstration of system feasi­
bility and minimum cost were equally 
important in developing the engineer­
ing model, the design made use of 
many commercial and readily available 
components. As a result, equipment 
size and weight are not representative 
of a flight-weight configuration. For 
example, the tracking pedestal weighs 
45 lb; in its flight configuration, it may 
weigh only 20 lb. 

The components of the LTRS are 
shown in Fig. 1. The tracking pedestal 
contains the laser transmitter, receiver, 
and servo-driven azimuth and eleva­
tion drives. The pedestal also contains 
a dummy camera substituted for the 
government-furnished TV camera used 
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in the Lunar Surveying System appli­
cation. Supplementary servo ampli­
fiers, logic circuits, power supplies, 
and operating controls are separately 
rack-mounted. A miniature range com-

• puter and the retroreflector complete 
the system. 

Functional description 

Functionally, the LTRS consists of two 
major subsystems-the laser/ranging 
subsystem and the tracking and acqui­
sition subsystem (see Fig. 2). The 
laser/ranging subsystem includes the 
transmitting and receiving sections, 
ranging computer and electronics, 
tracking circuitry, and retroreflector. 
The tracking and acquisition subsys­
tem includes the pedestal structure, 
the optical encoders, the servo drives, 
and the acquisition and data buffering 
logic. 

Laser/ranging subsystem 

,. A 300-amp, 75-ns pulse is passed 
through a large area GaAs laser diode 
to generate the transmitter output light 
pulse of about 30 W peak. The laser 
transmitter is operated at a PRF of 360. 
The narrow, high-current drive pulse 

• 

is obtained by discharging a bank of 
capacitors with three SCR's operating 
in parallel; the capacitor bank is 
charged to an AGe voltage. Fig. 3 
shows the variation of the power out­
put of the laser transmitter with this 
AGe voltage. Fig. 4 shows the laser 
output pulse for an AGe voltage of ap­
proximately 500 V. 

The power was measured at the out­
put of the transmitter with a calibrated 
photodiode detector. The curve in Fig. 
3 shows that the transmitter output 

• can be controlled from a practical 
upper limit of 31 W to a minimum of 
less than 1 W. Operation at AGe 

voltages exceeding 560 V (31-W out­
put) could cause the laser diode to 
fail. At output levels below 3 W, the 

• junction of the laser diode is partially 
shut off and the laser beam intensity 
is not uniform. However, system oper­
ation under this condition will still be 
good. 

The laser transmitter radiates in a 
narrow, rectangular beam. A convex 
objective lens, slightly defocused, pro­
vides the basic lOx 30 output pattern 
(see Fig. 5). The beam is wider in 
elevation than in azimuth to assist in 
acquiring targets in elevation (in azi-

RETROREFLECTOR 

SUPPORTING ELECTRON ICS 

RANGE COMPUTER 
TRACKING PEDESTAL 

Fig. 1-Components of laser tracking and ranging system (LTRS). 

muth, the narrow I-degree beam is 
scanned to acquire targets). A supple­
mentary cylindrical lens in a remov­
able assembly can be slipped over the 
basic lens to spread the vertical angle 
to 5 degrees. This provides better 
coverage in elevation but reduces the 
maximum range because it spreads the 
radiated power over a wider angle. 

The transmitter mirror directs the 
laser beam toward the retroreflector 
target (see Fig. 2). A very small por­
tion of the laser energy passes through 
this mirror and strikes the start-pulse 
photodiode detector. The detector out­
put pulse is used as a trigger for indi­
cating the time of transmission of the 
laser pulse. When the laser beam 
strikes the retroreflector, a portion of 

the light energy will be reflected to­
ward the source. The intensity of the 
light reflected back to the source is 
proportional to the beam intensity at 
the point of interception and the effec­
tive retrodirective cross-section of the 
reflector array. The retroreflector has 
a relatively constant (within 10%) 
retrodirective cross-section for any 
array orientation. Fig. 6 shows the 
retrodirective cross-section for three 
different viewing angles. 

Most of the return from the retrore­
flector will pass around the transmitter 
mirror and be collected by a 5.5-inch 
mirror located at the rear of the laser 
telescope. This light energy will be 
focused onto the face of the quadrant 
photodiode detector. If the retroreflec-
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tor target is located on the optical axis 
of the receiver mirror, the four sec­
tions of the quad detector will be 
equally illuminated, and the electrical 
output pulse from each section will 
have the same amplitude. When the 
target is located slightly off-axis, the 
outputs from the detector quadrants 
will be unequal; the amplitUdes will 
be determined by the direction and 
amount the target is off-axis. 

The electrical outputs from the re­
ceiver quad detector and the start­
pulse detector are processed to yield 
angular position and range of the ret­
roreflector relative to the laser unit. 
The outputs from the quad detector 
are amplified by four matched pre­
amplifiers (A, B, C, and D). Over the 
operating range of 12 to 700 m, the 

LASER/RANGING SUBSYSTEM 

Fig. 2-LTRS block diagram. 

output level from these amplifiers will 
vary approximately 66 dB. 

The tracking circuitry contains four 
matched voltage-controlled pulse am­
plifiers whose gain can be varied ap­
proximately 66 dB. The gain of these 
amplifiers as a function of AGC voltage 
is matched to within 20%. The pulse 
outputs from these amplifiers are peak 
detected to yield DC levels proportional 
to the amplitude of the pulses. The 
elevation and azimuth error signals 
are then given by: 

elevation error= (A+B) - (C+D) 
azimuth error = (A + C) - (B + D) 

where A, B, C and D represent the DC 

outputs from the four-amplifier peak 
detector channels in the tracking cir­
cuitry. 

Peak detector outputs A, B, C, and D 

are summed and fed into the AGC cir­
cuitry. This circuitry adjusts the gain 
of the four-amplifier peak-detector 
channels to keep the sum of the peak­
detector outputs constant. This makes 
the tracking error signals relatively 
independent of target range, thus 
maintaining system accuracy over a 
wide range of signal amplitudes. 

The AGC is also applied to the laser 
transmitter to vary the power output 
inversely as a function of return signal 
strength from the retroreflector. This 
action reduces the variation in signal 
strength that the receiver must handle 
to the 66-dB range (as previously dis­
cussed) at the outputs of matched pre­
amplifiers A to D:' 

Ranging is accomplished by measuring 
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the transit time required for the laser 
pulse to reach the retroreflector and 
return. Every 6.6712 ns of round-trip 
transit time corresponds to 1 m of 
range. The signals from the start-pulse 
detector and summing amplifier are 
used to generate the START and STOP 

trigger pulses to the counter in the 
range computer. An overall system 
r-fitlge accuracy of ± 1 m is attained by 
measuring the transit time of the laser 
pulse to within3.33 ns and processing 
in the pulse circuitry to within an 
additional 3.33 ns. A unique pulse­
processing technique was employed in 
the ranging electronics to achieve this 
accuracy. The signals out of the start­
pulse detector and summing amplifier 
are differentiated to obtain a bipolar 
signal with a zero crossing correspond­
ing to the peak of transmitted and 
received laser pulses. These bipolar 

signals are passed through limiting 
amplifiers which clip the peaks of the 
signals but do not disturb the zero 
crossing. Schmitt triggers then sense 
the zero crossings and trigger two 
high-speed monostable multivibrators 
which generate the very sharp START 

and STOP pulses to the range counter. 
This pulse-processing technique has 
produced excellent results even though 
the level of the signals into the sum­
ming amplifier and start-pulse detector 
varies over a very wide range. The 
transmit and receive ranging electron­
ics were designed to be identical to 
cancel time-shift errors due to temper­
ature and other effects. 

The range computer measures the time 
delay between the START and STOP 

pulses (pulse transit time) to an accu­
racy of ±3.33 ns (± 1/2 m of range). 
The range computer consists of an in­
terpolating time-interval counter (pur­
chased from Nanofast, Inc.) and con­
trol circuitry that permits averaging of 
measurements. This unit can average 
the results of 32 measurements to re­
duce quantizing errors and random 
errors. The range computer generates 
a range "read" signal only if all of the 
averaged measurements are less than 
1536 meters, permitting transfer of the 
range data to the data buffering logic. 
(The limit of 1536 m was selected to 
allow for possible system operation 
out to approximately twice the re­
quired range of 700 m.) 

A range function generator is activated 
by the START pulse to establish the 
minimum return signal amplitude nec­
essary to enable the counter STOP pulse 
for ranges up to 100 m (667 ns). The 
threshold level was determined by 
comparing the return from the retro­
reflector with that from background 
objects at the same range. Returns 
from the retroreflector target at various 
ranges will exceed the range function 
generator output and enable the 
counter STOP pulse. Returns detected 
from background objects will be 
smaller than the range function gen­
erator output, and the counter STOP 

pulse will not be generated. The STOP 

pulse is used to set a flip-flop in the 
range computer. The output from this 
flip-flop is the track command which 
indicates to the acquisition logic in the 
tracking and acquisition subsystem 
that a valid target is within the field 
of view. 
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Tracking and acquisition subsystem 
The tracking pedestal structure shown 
in Fig. 7 is designed to mount and aim 
the laser transmitter and receiver and 

• the boresighted TV camera. A dummy 
TV camera and sighting scope are 
shown mounted in the structuralloca­
tion designed for the government-fur­
nished operational TV camera. The 
tracking pedestal is connected to the 
mounting base through a ball joint 
and is held in position by four leveling 
screws. The ball joint and intercon-
necting cables are maintained dust-free 
by enclosure in a plastic bellows. 
The azimuth-drive and azimuth en­
coder are contained within the cylin-

.. drical assembly above the leveling 
plate. This assembly has an annular 
construction, with all electrical cabling 
in the open center. This construction 
provides the required azimuth free­
dom without the need for slip rings. 
The azimuth axis has a mechanical 

.. travel of ± 185°, with urethane-faced 
shock isolators at the limits. Electrical 
drive limit switches are actuated at 
± 180° of travel. The electrical and 
mechanical limiting devices are lo­
cated externally just under the azimuth 

,. turntable. The azimuth axis uses a 
single, four-point-contact ball bearing, 
which is permanently lubricated and 
sealed with a teflon ring and a garter 
spring. A lock pin is provided to fix 
the azimuth axis during handling and 
setup of the tracking pedestal. Two 

,. bubble-levels are provided for accu­
rate leveling of the instrument. 
The elevation axis has a mechanical 
travel of + 90° to - 50° , also limited by 
shock isolators. The +90° position 
allows access to the tracking receiver, 

• which is located on the underside of 
the laser transmitter and receiver unit. 
Electrical limit switches are actuated 
at ±45°, which inhibit electrical drive 
beyond these points. Freedom in eleva­
tion is provided by two bearings sup-

.. ported by a yoke assembly, which is 
mounted to the azimuth axis. Four­
point-contact bearings are used and 
are sealed in the same manner as in 

• 

the azimuth axis. The elevation drive 
and encoder are located on one side 
of the yoke. A lock is provided on the 
elevation axis to hold the assembly in 
position during setup. 

Servo Design 
Azimuth and elevation servos were 
designed for 1) a dynamic target-
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Fig. 3-Effect of AGC voltage on laser trans­
mitter output. 

following error of less than 0.5° when 
tracking a target at 20° /sec., and 2) a 
capability to acquire and lock-on to a 
stationary target from a 10° /sec. scan­
ning velocity. This latter requirement 
established the servo motor sizing and 
power consumption. The azimuth axis 
will be described here since it has 
greater inertia and a smaller beam­
width and, thus, provided the more 
difficult design. 

Lock-on 

The size of the azimuth motor was 
established on the basis of the torque 
needed to stop the azimuth axis inertia 
within 0.5° upon receipt of a lock-on 
signal. The track signal is obtained 
from the ranging circuitry in the range 
computer and has a time constant of 
less than 20 ms. The angular stopping 
distance is determined by the pedestal 
angular momentum and the motor and 
friction torques available for stopping 
the pedestal. 

Inertia 

Since azimuth inertia affects stopping 
distance directly, the pedestal was de­
signed for minimum inertia. In the 
original configuration investigated, the 
azimuth axis was a column which sup­
ported the elevation drive unit directly 
above, with the TV camera and laser 
transmitter and receiver unit mounted 
outboard to either side of the drive 
unit. The ~muth inertia for this con­
figuration was at least 5 in-lb/s2

• It 
was reduced to 3 in-Ib/s2 by changing 
to the current yoke design in elevation 

10 W/div 

50 ns/div 

Fig. 4-Laser output at SOO-V AGC. 

in which the greatest inertia member 
(the laser transmitter and receiver 
unit) is mounted directly over the 
azimuth axis. 

Motor selection 

An Inland Motors T4424 torque motor 
was chosen for its high torque, good 
torque-to-weight ratio, and favorable 
diameter. Before friction and inertia 
levels were well established, it was 
decided that one motor should be used 
in elevation and one in azimuth, but 
with provision for an additional motor 
in azimuth if required. (On a weight 
basis, two T4424's in azimuth are bet­
ter than a single motor with equivalent 
torque output.) The azimuth power 
amplifier was chosen to provide the 
power reserve. Subsequent estimates 
of inertia and friction indicated that 
only one motor was required in azi­
muth. 

Tachometer loop 

High gain is desirable in the tachom­
eter loop for saturation of the power 
amplifier resulting in maximum torque 
for lock-on, and for high torque sen­
sitivity to minimize static error due to 
friction and wind torques. Tachometer 
loop gain is limited by 

1) The effect of the pedestal resonant 
frequencies, 
2) The tachometer ripple voltage at 
maximum tracking rate, and 
3) The laser receiver noise level. 

Inland Motors TG-4401-B tachometer 
is dimensionally compatible with the 
torque motor and has the highest gain 
of any standard winding. The spatial 
ripple frequency is 71 cycles/revolu­
tion. At 20° /sec., this frequency is 4 
Hz; at lower tracking rates, it is 
proportionally lower. A significant re­
duction in ripple by filtering was not 
feasible. The design value for the 
tachometer loop gain was established 
at 427, which is just below the value 
that would cause saturation of the 
servo amplifier from the ripple. 

Tracking loop 

The azimuth tracking loop employs 
typical lag-lead compensation for sta­
bilization. The bandwidth of the sys­
tem is low (slow servo response) 
consistent with the target dynamics 
because: 

1) Fast servo response might adversely 
affect TV image quality when tracking 
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Fig. 5-Laser diode assembly and basic 
optics. 

an astronaut moving erratically or in 
short jerky motions. 
2) Wide bandwidth would cause 
greater noise perturbation of the axis 
with the target stationary at maximum 
range. 
3) Low bandwidth aids in maintaining 
lock-on near maximum range where 
noise is most significant. 

The operational reasons for using a 
low bandwidth are supplemented by 
power and weight considerations. If 
the structural resonant frequency in 
either axis is to be a decade above the 
loop cross-over frequency, it is clear 
that increasing the crossover frequency 
results in increasing the minimum 
structural resonance by the same ratio. 
For a given structural configurati<m, 
this is reflected in greater weight. For 
an increased weight, increased power 
is also required to maintain the same 
lock-on performance. Therefore, to 
arrive at a lightweight, smooth-track­
ing pedestal design for flight use, the 
bandwidth is designed as low as pos­
sible, consistent with the maximum 
target dynamics. 

Servo operation 

The azimuth and elevation servos dif­
fer only in that the azimuth axis has a 
scan velocity input for acquisition 
scanning and the azimuth servo am­
plifier has a higher drive capability 
than the elevation servo amplifier. 

For each axis, the tracking servo sig­
nal is amplified in a compensation 
amplifier and then supplied to the 
servo amplifier. The compensation 
amplifier gain establishes the dynamic 
following error of 0.5 0 for a scan rate 
of 20 0

/ sec. and provides balance and 
gain controls. 

The output of the compensation am­
plifier is gated by the track command 
and the slew control relay to the servo 
amplifier which drives the torque 
motor for that axis. Velocity feedback 
is provided to the input of the servo 
amplifier by a DC tachometer. 

A. SINGLE REFLECTOR VIEW 
NORMAL TO EXIT-ENTRY 
FACET 

B. OCTAHEDRON ARRAY­
VIE W PARAL LEL TO 

TWO REFLECTING 
SURFACES 

C. OCTAHEDRON ARRAY­
VIEW INTO APEX 

(NOT DRAWN TO SCALE 
OF VIEWS a AND b) 

• 

• 

Fig. 6-Retrodirective cross-section of retroreflector for three viewing angles. 

When the track command or slew con­
trol relay opens the tracking loop, the 
velocity loop acts as a speed-control 
servo for acquisition scanning or slew 
control. When the tracking loop is 
closed, the system acts as a position 
servo stabilized by velocity feedback. 

Operating modes and logiC 
Operating modes 

The azimuth and elevation servos and 
acquisition logic are designed to pro­
vide 1) target tracking and 2) acquisi­
tion scanning when the target track is 
lost. The tracking and acquisition sub-

.......-system functions in four basic modes 
of operation: 

1) Tracking and acquisition scanning 
mode. This is the primary mode used 
for tracking and reacquiring a lost tar­
get. The target is tracked within azi­
muth and elevation limits if the re­
ceived signal is above the threshold. 
If the target is lost, the azimuth and 
elevation axes are stopped at the point 
of target loss. After a 10-second inter­
val, if the target has not been reac­
quired, an azimuth search is begun 
which scans an ever-increasing angle 
until the target is reacquired or the 

electrical limit is reached. When the 
target is reacquired, normal tracking 
resumes. 
2) Limit scan mode. When an azimuth 
electrical limit is reached during ac­
quisition scanning, the scanning mode • I 
changes to one where the pedestal 
scans between the electrical limits un-
til the target is reacquired. This limit 
scan mode is also entered if an electri-
cal limit is reached during tracking and 
the target is subsequently lost. This 
allows the system to follow a target 
through the azimuth limits. There is no • 
time delay before this scan begins. 
3) Acquisition scan disable. A control 
is provided that disables the acquisi­
tion scanning mode. With the scan dis­
abled, if the target is lost, the tracker 
remains indefinitely at the position it 
had when the target was lost. However, 
if track is lost beyond an electrical • 
limit, the limit scan mode, which is not 
disabled, is entered, allowing the L TRS 
to "track through" the azimuth limit. 
4) Manual remote positioning. The ped­
estal may be manually positioned by 
the actuation of a slew control and 
operation of a two-axis joy stick, which • 
is used to insert small, variable veloc­
ities into the azimuth and elevation 
axes. The slew control overrides all 
other operating modes (tracking, ac­
quisition scanning scanning, and limit 
scanning). When the slew control is 
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Fig. 7-Tracking pedestal structure. 

released, tracking resumes if the target 
is within the receiver field of view; 
otherwise acquisition scanning starts 
after a lO-second delay. 

Acquisition control logic 

The acquisition control logic provides 
the control for the acquisition scan­
ning, limit scan, and manual remote 
positioning. Control of the acquisition 
scan pattern is determined by the track 
signal from the range computer. With 
a track condition, all acquisition logic 
is held in a reset state which keeps the 
azimuth and elevation tracking loops 
closed. 

When the track command is lost, the 
reset condition is terminated and two 
one-shot multivibrators are triggered 
in sequence, providing a time delay of 
12 seconds. At the end of this time, a 
scan control flip-flop is triggered and 

an output of the azimuth encoder is 
gated into a divide-by-eight counter. 
The output of the divide-by-eight 
counter cycles every lilA 0, which is 
the basic increment of the acquisition 
scanning pattern. 

The acquisition scanning pattern is 
shown in Fig. 8. The azimuth servo is 
activatedvntil the retroreflector has 
been detected or until the system has 
rotated lilA o. If the lilA ° mark is 
reached without detecting the retro­
reflector, the acquisition logic reverses 
the azimuth servo, and the unit will 
scan in the opposite direction until 
the target is detected or the unit has 
rotated 22V2 ° past the point of target 
loss. If the 22V2° of rotation mark is 
reached without detecting the retro­
reflector, the unit will again change 
direction and scan for an angular rota-

Fig. 8-Acquisition scanning pattern; pattern 
continues until retroreflector is detected or 
electrical limit is reached. 

tion of 333/4 0 past the point where the 
target was lost. 

This scan pattern is repeated, each 
time incrementing the amount of rota­
tion, until the retroreflector is detected 
or an electrical scan limit is reached. 
When the scan limit is reached, the 
limit scan mode is entered. 

Data buffering logic 

The data buffering logic provides a 
temporary store of azimuth, elevation, 
and range data to be sampled by an 
external data subsystem. Upon receipt 
of a sample-and-hold signal, azimuth 
and elevation data are transferred 
from the encoders into the first 25-bit 
positions of the buffer. Range data, 
which is computed continually, is 
transferred into bit positions 26 to 37 
as soon as computed. However, the 
sample-and-hold signal inhibits the 
transfer to prevent erroneous range 
data if sampling were to take place 
during a range data transfer. Bit posi­
tion 38 is a status indicator, showing 
whether or not the range data has 
been updated since the preceding 
sample-and-hold pulse. The remaining 
two positions are status indicators 
which are made available to the exter­
nal data subsystem from the acquisi­
tion logic-bit 39 indicates the track 
condition and bit 40 indicates acquisi­
tion scanning. 

Results and conclusions 

The LTRS design approach attained a 
compact, rugged, lightweight system 
with high accuracy and low power 
consumption. Performance met the re­
quired specifications. Tracking of the 
retroreflector target from 12 to 700 m 
was demonstrated with azimuth and 
elevation angular accuracies of ± 1 
mrad and a range accuracy of ± 1 m. 
Extension of the range capability to 
8000 m with a ranging accuracy of 
±0.5 m is considered possible for a 
flight instrument. 
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I N MANY APPLICATIONS OF ELECTRO­

OPTICS NIGHT-VISION TECHNOLOGY, 

the available natural illumination is 
insufficient to provide the desired reso­
lution or image quality. In those cases, 
it is frequently desired to provide illu­
mination which is covert and cannot 
be seen by the unaided human eye. In 
addition to providing illumination, 
lasers can provide a covert means of 
measuring range and of designation. 
The question is "how covert are these 
devices?" It is hardly surprising that 
the human eye can see to some degree 
in the infrared spectrum. Fig. 1 shows 
the sensitivity of a standard human 
eye. The lumen unit is devised specifi­
cally to express the characteristics of 
the human eye. By converting any 
given monochromatic light power 
from watts to lumens, its effectiveness 
in providing illumination to the hu­
man eye is determined. Whereas the 
number of lumens/watt in the red 
spectrum falls steeply, it does not go 
suddenly to zero. Several investigators 
have reported the sensitivity of the 
human eye to IR energy. Walraven and 
Leebeck give a good summary, which 
is reproduced as Fig. 2: 

It has been possible to obtain field test 
data points (Table 1), which provide 
remarkably close agreement with 
theoretical estimates. Although addi­
tional test points would be welcome, 
it is to be suspected that the human 
ability to see infrared radiation varies 
widely and is effected by race, age, and 
diet; thus it is not worthwhile to try to 
achieve a high degree of accuracy 
based on test data on several human 
subjects which are probably fairly 
homogeneous in any event. 

Table I-Field test data points. 

A B 
Wavelength (I'm) 0.945 0.85 
Power output (watts) 1/6 0.85 
Beam size (degrees) 16 15 
Visibility range (m) 4/5-8 120 

This paper provides a practical ap­
proximation to the visibility of infra-

Effectiveness of IR covert 
illuminators 
F. J. Gardiner 

Both theoretical and experimental data are presented which lead to a method of 
estimating the visibility of IR "covert" light sources by human obserVers. Good 
agreement is found for a simple formula between its 'theoretical derivation from 
standard photopic and scotopic vision data and some field measured data. Means of 
estimating covertness are presented for GaAs and Nd lasers as well as tungsten and 
xenon filtered IR/CW sources. These same illuminators are also analyzed for the 
illumination capability with 8-25 photo-emitter receivers and the covert effectiveness 
of each type of illuminator is assessed. Eye safety for these illuminators is also dis­
cussed. It is concluded that near IR sources are, in general, not really covert, but 
are rather simply less visible tha'n so-called visible sources. 

Frank J_ Gardiner, Mgr. 
Systems Development and Application 
Aerospace Systems Division 
Burlington, Mass. 

red sources. An estimate which is 
correct within a factor of two is quite 
an acceptable success considering the 
degree of knowledge and the probable 
scatter of human eye sensitivity. 

Analysis 

The ability of a human to detect a 
point source in relative darkness is 
given in Fig. 3 as approximately 10-' 
or 10-8 lm/m'. This threshold illumi­
nance (It) should fit the available test 
data. 

If a source of monochromatic power 
P (watts) radiates all its energy into 
a beam whose dimensions are (8 x 8) 
radians, then the power incident on 
the recipient at range R (meters) 

1= 
P 

(watts/m') 
(RO)' 

Using a K, for converting lumens to 
watts allows the incident power I to be 
expressed in lumens/m'. 

• 

• 

received the BS in Aero-Thermodynamics from the 
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Navy and served with the Pacific Fleet and lafer 
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bility for Systems Application Engineering. 

Thus the threshold illuminance will • 
be achieved when 
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P 
It = (RO)' K, (lm/m') 

As pointed out in Ref. 1, the long K, 
is inversely proportional to A.. This is 
based on theoretical consideration of .. 
the energy in a photon as well as 
experimental data. The slope of this 
relation may be found to be 

log K, - log K" = -T-( + - ~/) 
100(1 1) 

. K - K 10 6 , " .. ,- "x (1) 

Eq. 1 has been patched onto the stan­
dard scotopic lumen-watt conversion .. 



• 

Fig. 1 to extend it into the IR spectrum. 
The result is shown in Fig. 4. 

Now substituting this 

P 100(' ') 
I =--K'lO. x-v 

t (RO)' , 

It ~ p ~ 
... K.' 10'" = (RO)2 10 6A 

= C (watts/m') (2) 

The value of C, which is a constant for 
any given human observer, (probably 
at anyone time) can be extrapolated 
from Figs. 1 and 2 and also can be 
fitted to test data in the IR spectrum. 

By using Eq. 2, data point A from 
Table I gives a value for C of 6xl0'6 
watts/m' and data point B gives a 
value of 3xlO'6 watts/m'. If based on 
Fig. 3, the value of It is taken as 10-8 

1m/m' representing scotopic eye sensi­
tivity; a point on the scotopic lumi­
nosity curve (Fig. 1) is chosen at K, = 

.. 0.1 1m/watt at A=0.71 pm; and the 
computed value of C is 3xlO'6 watts/ 
m', which shows rather good agree­
ment with the experimental points. 

If this same calculation is repeated at 
the edge of photopic vision, then (from 
Fig. 3) I t = 10-' 1m/m2 and (from Fig. 
1) KA=O.1 when A=0.745 p.m. Using 
these values, the constant C is com­
puted at 2.6xlO'6 watts/m'. This indi­
cates that the eye condition (scotopic 
versus photopic adjustment) is not a 
critical factor. The increased sensi­
tivity (>..m/m') in the scotopic state is 
offset by the shift away from red 
sensitivity. 

Thus, a reasonably good and conserva­
tive mathematical approximation may 
be used with C=3xlO'6 watts/m2

• 

• These approximations can probably be 
used from the visible red (0.65 p.m) 
to the near infrared (1.1 p.m). 

p 
__ 10'00(6' = 3x10'6 watts/m' (3) 
(RO)' 

The value of C at 0.945 p.m is some-
.. what higher than the smoothed pro­

posed value of C shown above. In part, 
this is due to the appearance of an­
other factor. As shown in Fig. 2, the 
liquid media in front of the eye's 
receptor absorbs energy significantly 
between 0.93p.m and 1.03p.m having a 
minimum transmittance of 25% at 
about 0.96p.m. Thus, the proposed 
value of C will give too high a visibility 
range at this wavelength by about 
(1/0.25) %=2. For simplicity, this is 

• 

noted but not taken into account. This 
absorption is negligible outside the 
stated wavelength range. 

Broad spectrum sources 

Whereas monochromatic illuminators 
can be readily calculated from the 
above for value, other useful illumina­
tors have broad spectral outputs and 
must be analyzed by a more tedious 
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method. Such an analysis has been 
done for a CW xenon arc lamp and a 
tungsten filament lamp operating 
through several IR filters. 

Figs. 5 and 6 show typical spectral 
distributions of xenon arc and tungsten 
lamps. Fig. 7 shows spectral transmit­
tance of four IR filters. This spectral 
distribution of the lamps, when mul­
tiplied by the filter transmittance and 

YELLOW OAAN~ GREEN RED 

PHOTOPIC 
K'A, "'-680V},. 

\ 

WAVUENGTH,), (nm) 

Fig. 1-Absolute luminosity curves K, and KA• as functions of wavelength (response of the 
human eye to radiation of a given wavelength). 

Table II-Filter attenuation factors for filters A, S, C, D. 

Source 
2854°K 
black body 

cw 

Scene ilium 
Reduction Reduction S-25 Eye Covert ilium at maximum 

Watts out in lumens in S-25 response response effectiveness eye detection 
/' Filter Watts in due to filter response (A/W) (Im/W) (A/1m) range (W/m-') 

None 1.00 1.00 1.00 3Axl0 3 19.00 0.18xl0-' 5xl0 '0 

A 0.78 1.55xlO-4 0.216 7 Ax 10-4 2.9xl0-' 0.255 2.6xl0-o 
B 0.76 1.21xl0-5 0.137 4.7xl0-4 2.3xl0-4 2.05 3.1xl0-5 
C 0.74 1.21xl0-6 0.078 2.7xlO-' 2.3xI0-5 11.7 3.0xl0-' 
D 0.72 1.37xl0-7 0.038 1.3xl0-' 2.6xl0-6 50.00 2.6xl0-' 

None 1.00 1.00 1.00 2.3xI0-' 20.00 0.115xlO-4 
xenon (Typical) A 0.8 6.5xlO-7 0.152 3.5xl0-' 1.3xl0-5 2.7 

2.8xl0-5 1.12xI0-6 25.00 
2.0xlQ-' 2.30xl0-7 86.5 
1.0x10-5 3.0xI0-8 333.0 

5x10-1O 
6.3xI0-' 
6.7xI0-' 
3.0xI0-' 
2.lxI0-1 

B 0.74 5.6xl0-8 0.121 
C 0.68 1.06x10-8 0.084 
D 0.64 1.5xl0-' 0.042 

GaAs laser None 6x10-' 1.3xl0-5 300.0 7.7xlO-' 
8500 A. 
Nd laser None SI=6xlO-'1.6xlO-' 230,000 6.2 
10600/\ 

Ruby laser 
6943/\ 

None 25xlO-' 0.25 0.1 4xlO-8 
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further multiplied by the relative eye 
IR sensitivity as expressed by the above 
equation, yields a spectral sensitivity 
distribution which can be integrated to 
provide a single value of lumens out­
put per watt of input. Table II sum­
marizes these results. Armed with this 
datum, the nomograph in Fig. 8 allows 
rapid estimation of visibility range for 
several monochromatic and broadband 
illuminator and filter combinations. It 
is noted that the "covertness" of sev­
eral "covert" illuminators is clearly a 
matter of degree. 

Electro-optic imaging devices vs. the eye 

It is also possible to multiply and in­
tegrate the spectral distribution of 
these lamps and filters with the spec­
tral sensitivity of a good photoemitter 
such as the 8-25 shown in Fig. 9. This 
results in a conversion efficiency which 
can be expressed in amps/watt where 
the watts are the total power into the 
illuminator and the "amps" is the re­
sultant photoelectron current, assum­
ing that all the radiated energy which 
passed through the filter is captured 
by the photocathode. 

This conversion efficiency (amps/ 
watt) is also shown in Table II. The 
ideal illuminator is one which will be 
very covert (Le., produce very few 
lumens/watt) and at the same time 
will produce maximum photoelec-

_~INNM 

IO-I~OO 600 700 800 900 1000 1100 

Fig. 2-The transmittance 'fA of a layer of 
water of 24 mm (representing the eye media) 
-the theoretical curve (solid) of the recep­
tor sensitivity, and the eye-sensitivity curve 
(dashed) in which the transmittance of the 
eye media is taken into account. 
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trons/watt of input. The ratio of these 
quantities (amps/watt divided by lu­
mens/watt equals amps/lumens) ex­
presses the effectiveness of the illumi­
nator type independently of its power 
level, beamwidth, etc. This ratio is also 
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Fig. 6-Relative radiant power vs wavelength 
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Fig. 7-Special transmittance and 
filters. 
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Fig. 9-Visible and near-IR photoemitter characteristics. Absolute spectral responsivity of 
various photocathode-window combinations useful for the visible and near infrared. 

shown in Table II. It is noted that the 
"darker" filters are preferred to the 
"pink" filters and that xenon is prefer­
able to tungsten light sources with any 
given filter, ·and, further, that GaAs 
laser illuminators are comparable to 
the very darkest (best) xenon filtered 
lights. Ruby lasers, on the other hand, 
compare to "pink" filtered tungsten 
lights and, finally, the Nd laser is out­
standing in its covert capability. 

Eye damage threshold 

The power density at the limit of the 
visibility range is merely the Point 
Source Threshold Illuminance (Ix) 
divided by the conversion vector (K,) 
1m/watt. This power density is also 
shown in Table II. For cw illumina­
tors, it is clear that this is far below 
any possible eye damage threshold, 
when it is recalled that the common 
and harmless experience of looking at 
a 100-watt tungsten lamp from a dis­
tance of about 10 feet produces about 
1 watt/m2 of power density. 
Since a typical GaAs laser is pulsed at 
several kHz, the individual pulse 
energy density at the visibility range is 
trivial, e.g., for 5 kHz PRF, the pulse 
energy density will be 7.5xl0-4/5xl0' 
= 1.5xl0-' joules/m" which is many 
orders of magnitude below a safe 
limit which is typically set at 10-' 
joules/m2 for Q-switched lasers. Thus, 
the GaAs laser can be seen long before 
any possible eye damage can occur 
both from cw and pulse viewpoint. 
A similar exercise with Nd shows that 
visibility occurs at about 6 watts/m2

, 

which mayor may not be a safe level. 
If, for instance, we are considering a 
Q-switched laser at 10 pps, the limit 
established by the Office of the Sur­
geon General of 10-' joules/m2 is ex­
ceeded, but the current U. S. Air 
Force limit of about 4 joules/m2 is not 
exceeded. In any event, it seems that 
"seeing" Nd may not be a really safe 
experience. 
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Tradeoff analysis of 
neodymium and ruby laser 
rangefinders 
E. Kornstein I N. A. Luce 

Early pulsed laser rangefinder systems mainly used ruby as the active material. The 
availability of neodymium-doped materials such as glass, tungstate, yttrium aluminum 
garnet, fluorapatite, yttrium vanadate, and others has raised the question of suitability 
of these materials compared with ruby for pulsed laser rangefinders and illuminators. 
The controlling factors appear to be the properties of the atmosphere along with 
receiver capability. For practical applications, factors such as efficiency, visibility, 
safety and other operational parameters must be taken into consideration. The analysis 
and development of laser range equations has been the -subject of previous ac­
counts,t",a" and only the results pertinent to the present application will be presented. 

THE MAJOR AREA OF UNCERTAINTY 

in predicting the performance of 
rangefinders is the influence of the at­
mosphere. The atmosphere scatter 
(and especially backscatter) is diffi­
cult to predict, and, in fact, it can be 
shown that no generally valid rela­
tion exists between the atmosphere 
backscatter properties' and meteoro­
logical visibility. The nearest generally 
valid form is' 

3.9 
V=-=C (ab,t'-' (1) 

a 

where C is a constant of proportion­
ality. However, the constant C and 
the exponent vary from one case to the 
next and results reported from the 
Nevada desert are not valid for 
coastal·,·,t. or varied terrain. Fortu­
nately, the problem of backscatter is 
not too serious since it can be handled 
by a time-programmed gain circuit.' 

A complicating situation arises when 
the effect of the atmosphere on the 
transmission of the laser pulse is con­
sidered. When specifications for laser 
range finders are given, they ate usually 
expressed in terms of visibility-the 
requirement being that if one sees the 
target, one must be able to range to it. 
One limit occurs when the scattering 
particles in the atmosphere are random 
in size and distribution, resulting in a 
superposition of Mie scattering curves 
which lead to an attenuation coeffi­
cient independent of wavelength. This 
case is referred to as Mie type scatter-
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ing in Figs. 1 and 2. The attenuation 
coefficient for these curves in Fig. 1 is 
givenbya=3.9/V,so that exp (-2aR) 
is always 0.02 for range R (km) equal 
to visibility (km). The other limiting 
case is when scattering is by uniform 
molecular size particles and is referred 
to as Rayleigh-type scattering. The at­
tenuation coefficient depends upon 
wavelength and can be expressed by" 

It),= 3:(O.~3r'62V'/3 
(2) 

This expression is used when the 
wavelengths of interest do not coincide 
with absorption lines in the atmos­
phere. 

Basic range equation 

There are three possible geometric con­
figurations tying together target size, 
transmitter beamwidth, and receiver 
beamwidth. These are given in terms 
of the average number of signal elec­
trons received, For simplicity, the 
beamwidths are considered uniform 
and circular in cross section, and the 
target is also circular. The general ex-

/pression is 

P,Dr'pKoexp (- 2aR) rq 
n, = 4R'hv N (3) 

When the receiver field of view is 
smaller than the target area and the 
transmitter beamwidth is greater than 
the receiver angular field of view, B t > 
B" BrR<D,; then N=Br'/B,'. 

When the receiver field of view is 
greater than the target area and the 
area sub tended by the transmitted 
beam is greater than the target area, 
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O,R>D" OtR>D,; then N=D,"/Bt'R'. 
When the area sub tended by the trans­
mitted beam is smaller than the target • 
area and the receiver angular field of 
view is greater than or equal to the 
transmitter beam width (O,R<D" Br? 
0,) ; then N = 1. 

The background due to solar radiation 
on the target and atmospheric scatter •. 
into the receiver is given by' 

(Q)..IlA + H,X) KoOr'q'lTDr' 
nb= 16hfJ-

[pexp(-aR) + l-ext-aR)] 
(4) 

Receiver characteristics 

Two types of detectors are primarily 
used in rangefinder applications, 
photomultiplier tubes, S-20 for ruby 

• 
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• 
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and S-l for neodymium, and silicon re­
verse-bias P-N diodes, The use of 
photomultiplier tubes and the validity 
of the assumption of a Poisson distri­
bution of photoelectrons has been 
covered in great detail."l2 For the pres­
ent ruby analysis, we use an S-20 sur­
face (RCA 8645) which has a typical 
quantum efficiency of 0.035 with an 
anode dark current of 7 x 10-'0 amps at 
a gain of 105

• For the neodymium 
analysis, we use an S-l apertured ITT 
FW-118 which has a typical quantum 
efficiency of 0.0004 with an anode dark 
current of 5 x 10-6 amps at a gain of 10.' 

The analysis of the high quantum effi­
ciency reverse bias P-N diode, such as 
the SDG-100 (by Edgerton, Germ­
shausen, and Grier) and Hewlett­
Packard 4204, is straightforward and 
indicates that the system is thermal 
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SCATIERING 

RUBY 
RAYLEIGH 
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FALSE ALARM RATE­
I PER 1000 PULSES 
AT MAX RANGE 

RANGE EQUAL TO 
METEOROLOGICAL 
VISIBILITY 

Fig. 1-Power requirements for Neodymium 
and Ruby using two atmospheric models to 
range to the limit of visibility. 

noise limited. This means that these 
diodes are very useful under condi­
tions when the background noise pre­
dominates as it would in wide-angular 
field applications. A more complicated 
detector, not fully analyzed is an ava­
lanche diode. Preliminary results show 
that the noise spectral density is pro­
portional to the cube of gain, which 
indicates that the signal-to-noise ratio 
falls rapidly with increasing gain." 
Since the device without gain is ther­
mal noise limited, signal-to-noise ratio 
increases with gain to the point where 

List of symbols 

V visibility as defined by Middleton6 

a atmospheric attenuation coefficient 
ab, backscatter intensity 
~ wavelength (microns) 
n, average number of signal photo­

electrons 
PT peak power of transmitter after 

transmitter optics (watts) 
Dr diameter of receiver (0.076 meters) 
KQ optical transmission of receiver at 

laser wavelength (0.5) 
p reflection coefficient of target (0.1 

diffuse) 
Or receiver angular field of view (10-' 

radians) 
o t transmitter beamwidth (10-' radi-

ans) 
T laser pulse width (20 nanoseconds) 
q quantum efficiency of detector 
R range-t6 target (meters) 
D, diameter of target (meters) 
hv energy of photon (2.85 x 10-'· joules 

for ruby, 1.89 X 10-'· joules for Nd) 
no background due to solar irradiance 
Q" spectral irradiance (0.11 watts m-' 

A-' for ruby, 0.053 watts m-'A-') 
A~ receiver optical filter bandpass (20A 

for ruby, 100A for Nd) 
H, total solar irradiance over region of 

sensitivity of detector (739 watts 
m-') 

X receiver optical filter transmission 
outside spectral region A~ (-60 
dB) 
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~el "" 98% 
FALSE ALARM RATE­

i PER 1000 PULSES 
AT MAX RANGE 

METEOROLOGICAL 
VISIBILITY EaUAL 
TO 20 km 

Fig. 2-Power requirements for Neodymium 
and Ruby using two atmospheric models to 
range on a clear day. 

the noise contribution from the detec­
tor shot noise and thermal noise are 
comparable, then begins to decrease. 

Tradeoff curves 

As can be seen by the curves in Fig. 1, 
the laser requirements can vary by a 
substantial amount when only visi­
bility is specified, depending on the 
construction of the atmosphere. For a 
clear day, as shown in Fig. 2 the spread 
is less, but still significant. 
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Gated-sensor and pulsed­
laser illuminator systems for 
seeing through fog 
Dr. H. J. Wetzstein I E. Kornstein 

Visibility in poor weather such as light clouds, fog, and haze is limited by the heavy 
scattering of light due to the droplets and particles suspended in the atmosphere. This 
scattering makes it hard for light to penetrate from an illuminator to the scene and 
then back to the observer. However, when the observer and illuminator are close to 
each other, such as in a car, the amount of light backscattered from the suspended 
particles in the immediate vicinity of the observer and light source completely over­
rides any information coming from a farther distance. This effect of backscatter, 
called veiling luminance is usually most serious and can be overcome only by 1) 
separating source and receiver and providing illumination from a source as close as 
possible to the object to be seen (bistatic case of Fig. 1); or 2) "gating" the observing 
sensor in time synchronized to a pulsed illuminator (monostatic case of Fig. 1). The 
latter possibility is the subject of this paper. 

T HE TOOLS NEEDED to achieve visi­
bility enhancement have been de­

veloped and used by the Aerospace 
Systems Division in several related 
applications: 1) range finders which 
must operate to the limit of visibility 
but fortunately not beyond it;' 2) de­
tection of small obstacles on high­
speed-train roadbeds; 10 3) general 
high-resolution and low-light-Ievel TV 

reconnaissance systems; and 4) under­
water laser propagation in the blue 
green window.' This last application is 
probably most closely related to seeing 
through fog because of heavy scatter­
ing and attenuation losses. 

Range gating 

The main parameters involved in 
range gating are demonstrated in the 
top part of Fig. 2. The receiver is 
opened only for a short interval when 
the illuminating pulse returns from the 
selected range element. Thus, the 
depth of the field-of-view is limited un­
less a synthetic display is computed 
from several range gates. Because of 
the high speed of light, there is a re­
quirement to keep pulses very short 
(in the vicinity of tens to hundreds of 
nanoseconds) and this introduces the 
pulsed laser as an essential element for 
illumination. The complex nature of 
both forward scatter which results in 
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some enhancement of object illumi­
nance and multiple scattering of the 
return image energy which results in 
distortion are also shown in Fig. 2. 
Detailed solutions are not possible 
with any rigor for either forward or re­
turn scattering. Due to this complexity, 
an estimate of potential system per­
formance can at best be bracketed with 
some caution. There is also consider­
able variation in the actual scattering 
mechanism underlying meteorological 
visibility or runway visual range which 
will be shown to be important. Ap­
proximations showing the effect of for­
ward scattering in water are reported 
and examined in Ref. 1. 

Figs. 3 and 4 show the backscatter from 
a narrow-beam rangefinder with and 
without range gating. With gating, it 
should ideally be possible to eliminate 
all veiling luminance between the ob­
server and the selected range gate. 

Upper limit of range achievable 

~To estimate the maximum range 
achievable with a range-gated system, 
we shall make the following assump­
tions: 

1) Wavelength-dependent visibility V, 
is related to the total attenuation coef­
ficient a, at the wavelength A by the 
usual relationship: 

V,= 3.9 =3.9 (attenuation lengthsh 
a, 

(1) 

(this is based on a 50-fold reduction 
of contrast) 
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Also, a, will represent the total loss of 
energy both for outgoing illumination 
and returning image energy (i.e., no 
enchancement due to forward scatter or 
image distortion due to multiple scat­
tering) . 
2) All veiling luminance due to back­
scatter can be ignored (Le., a very short 
range gate approaches this). 
3) The system is quantum or photon 
limited (Le., sensors of adequate sensi­
tivity introducing negligible noise are 
available) . 
4) Effects due to aircraft and resulting 
image motion can be neglected as intro­
ducing only a small reduction in range. 

With these assumption, standard equa­
tions for an imaging system without 
an illuminator can be used: 

• 

• 

• 

• 
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angular resolution 
TV line 

1.43 X 10-9 
[ K ] I> 

C. Ef3ToD' exp(O"R) 

E P 
K := ROo' 

For a system with illumination: 

angular resolution 
TV line 

(2) 

(3) 

1.43X10-9RO[ 1 ]1> 
C. Pf3D'T Q exp (aR) 

(4) 

Eq. 4 can be used directly to solve for 
P when R is given as the desired upper 

limit of range; (IX is then related to 
the visibility range, Vx, by Eq. 1. Im­
plicit in Eq. 2 and 4 is an eye integra­
tion time of 0.2 seconds and a "Rose 
picture SIN factor" of about 5:' 

A baseline high-power system with A 
=0.85 po; P= 100 W; and D=0.075 m 
achieves 1 meter resolution with an 
observed area of 100 x 1 OOmo

• This is 
called system A. System B represents 
either: 

1) Power reduction by 10 at the same 
1-m resolution, or 
2) O.32-m resolution at the same power. 

The range is varied between 10 and 
10,000 meters and expressed as a multi­
ple of V, (Table 1). The factor by 
which Vx is multiplied is perhaps the 
simplest way of assessing the situation. 
When V, is small, this factor saturates 
slightly above 2 and increases very 
little with power. Thus it seems un­
likely that one can achieve much more 
than a factor of 2 improvement in very 
heavy fog. This agrees very well with 
the 8 to 10 attenuation length estimates 
presented in other papers and found 
valid in water (see Ref. 1) in terms of 
"effective" attenuation lengths. "Effec­
tive" in water represents about a two 
to threefold increase above actual at­
tenuation length in water due to heavy 
narrow-angle forward scatter. 

When V, is very large, the factor be­
comes less than 1 and is more sensitive 
to power changes. Here the results 
agree very well with the computer-cal­
culated results presented in Ref. 3 for 

Definition of parameters 

V, Wavelength-dependent visibility 
ax Total attenuation coefficient 
A Wavelength 

C. 

pt 
p. 
K 
E 
f3 

To 

D 
R 
0" 

1/(J 
RO 

o 

P 

Pt-Pb 
Contrast factor= -+- =0.2 used 

pt pb 
throughout 
Diffuse reflectance of target 
Diffuse reflectance of background 
Source luminosity (lumens/watt) 
Illuminance on scene (lumens/mO

) 

Photocathode responsivity (amperes 
/watt) 
Transmittance of optics = 1.0 used 
throughout 
Lens diameter (meters) 
Range (meters) 
Atmospheric attenuation coefficient 
(meters-') 
Attenuation length (meters) 
Width and breadth of illuminated 
area (meters) 
Angular dimensions of square field 
illuminated (radians) 
Illuminator power (watts) 

perfectly gated systems. It is to be 
noted that in Ref. 3 ungated range was 
generally about one half the gated 
range for V between 5000 and 50,000 
meters. Under good visibility, in effect 
the systems become geometry limited. 

While the improvements possible look 
very small, it should be remembered 
that this is for a monostatic system. 
The range obtainable without gating is 
only a probably small fraction of Vx, as 
is evident when using car headlights 
in a fog. Thus gated systems may be 
worth considering for landing at un­
lighted and uninstrumented fields. 

System alternatives 

Table II shows alternatives for sys­
tems A and B for four wavelengths at 
which suitable short-pulse lasers are 
available. Because the eye integration 
time of 0.2 seconds was used in the 
calculations, a single pulse per frame 
would have to be 1/5 the average 
power, P, in joules or could be made 
up of a number of pulses adding up to 
this total. Generally, the average 
powers indicate systems which are just 
about current state-of-the-art for quite 
demanding and hence costly military 
systems. Thus it may be some time be­
fore such illuminators can be available 
in moderate cost and size versions. Gas 
lasers in the visible and near infrared 
as well as far infrared may also be­
come available in suitably short-pulse 
versions. 

The ruby and neodymium systems are 
optically pumped and Q-switched to 
produce short pulses and this keeps 
overall efficiency quite low (presently 
less than one percent) and requires 
careful cooling. The average power at 
0.53 and 0.7 micrometers is low be­
cause of the high value of f3 available 
at these wavelengths. The systems at 
0.85 and 1.06 micrometer will become 
more reasonable in power demand if 
greater f3 becomes available in devices 
of adequate noise-free sensitivity. Be­
cause these systems are outside the 
visible range, their use becomes attrac­
tive from safety considerations, espe­
cially if power becomes comparable 
with that required in the visible. 

The gallium arsenide system at 0.85 to 
0.905 micrometers is a solid-state in­
jection laser offering higher overall 
efficiency and greater simplicity. A 
higher f3 device at these wavelengths is 
therefore most desirable to make a 
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Fig. 1-Gating effectiveness for monostatic 
and bistatic systems. 

practical size and power demand sys­
stem feasible. 

Considering the receiver, the most 
direct approach is to use a sensitive 
imaging device which can be gated. 
Fig. 5 shows the block diagram of 
such a system. The entire area ob­
served is illuminated at the same time. 
Such a system will allow examination 
of only one range gate at a time (unless 
several receivers are used in parallel 
and suitably time staggered) . 

In the presence of heavy forward scat­
tering, image return energy is available 
over a substantial acceptance angle, as 
explained in Ref. 1. This can be col­
lected and used if the object scene is 
illuminated by a scanning raster beam 
as narrow as the resolution desired. 
Fig. 6 shows such a system including a 
doubler and polarizer which may be 
useful. Due to the need for high reso­
lution and high frame rate leading to 
very high pulse repetition rates and 
scanning speeds, such a system will be 
harder to implement in this applica­
tion than the underwater case even 
though it may offer somewhat greater 
range and allow superposition of sev­
eral range gates offering depth of field­
of-view. 

It is evident not only that the system 
components are demanding in them­
selves, but that the overall system re­
quires careful timing and coordina­
tion. However, with microelectronics 
techniques this represents no problem 
in size, weight, and reliability. 

Interference from ambient daylight 
which is not range gated is suppressed 

• 
Visibility range by the very short exposure times. Any 

further suppression necessary can be 
accomplished by narrow wavelength 
filtering at the selected laser wave­
length. Thus equal performance is ex­
pected in day and night-time operation 
of such systems. 

The meterological visibility or runway 
visual range" is observed as an effective 
attenuation of the visible spectrum 
such that V=3.9/u (as in Eq. 1). • In a relatively clear atmosphere, Ray-
leigh scattering due to molecules is the 

PULSE LEAVES AT teO PULSE AT 

t ---:n. 
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I TRANSMITTER I =----: 
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V-Velocity of IlQht In air 
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seconds 

FORWARD SCATTERING 

Fig. 2-Details of gating and scattering. 
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Range pting. Because the 
object's location is uncertain. the 
receiver stays open far a time 
equaling the difference between 
TI and T •. 

Sc8ttering. During propagation 
large amount of light is 
scattered forward out of beam 
but eventually finds its way back 
to illuminate object. 

Shut out. Most of the light 
scattered back from the fog 
and particles doesn·t enter 
range gated receiver. Amount 
that does interferes with light 
reflected from objeCt. 
decreasing visibility. 

Fig. 3-Atmospheric backscatter from a narrow rangefinder laser beam. 
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Table I-Upper limit of range achievable without backscatter as a function of visibility range 
(observed area kept constant at 100x100 mJ. 

System A 
High-power System B 

Low-resolution (1 m) 1/10 power or 0.32-m resolution 
Upper limit factor A 
of range (m) factor x V,(m) factor x V,(m) factor B 

10 2.23 4.5 2.00 5 1.115 
30 2.00 15 

100 1.66 60 1.42 71 1.17 
270 1.42 190 

1000 1.07 930 0.21 48000 1.27 
4000 0.75 5320 

10000 0.55 18000 0.84 1200 2.62 

Table II-System alternatives at four important wavelengths. 

system A system B 
Ave. power Resolution Lens Ave. power ResolutioYl" Lens 
(watts) (m) dia. (m) (watts) (m) dia. (cm) 

0.53 Nd doubled 
16 7.5 1.6 1 7.5 

{3 = 84 X 10-3 16 0.32 7.5 
power at 4 15 0.4 1 15 
fundamental 
50% cony. ass. 4 0.32 15 

0.7 Ruby 
{3 = 21 X 10-3 32 7.5 3.2 1 7.5 

32 0.32 7.5 
8 15 0.8 1 15 

8 0.32 15 
32 0.5 15 3.2 0.5 15 

32 0.16 15 
0.85 GaAs 

100 7.5 10 1 7.5 
{3 = 7 X 10-3 100 0.32 7.5 

25 15 2.5 1 15 
25 0.32 15 

2000 7.5 200 1 7.5 
{3 = 0.35 X 10-3 2000 0.32 7.5 

500 15 50 1 15 
500 0.32 15 

Resolution is proportional to [1/P{3D2]'h 
{3 = detector responsivity (amps/watt) 

predominant effect, and for this the 
wavelength dependence is given by 

(J' = 3: ( O~3) O.62V'h (5) 

Thus, for V=10000 m, (J=3.9x10-·; 
however, due to Rayleigh scattering, 
(Jo.r=2.7x 10-' for ruby and (J,.oo= 1.54 
x 10-' for neodymium. 

When haze or fog introduce particles 
and droplets in addition to the air 
molecules, scattering and attenuation 
become very complex:,6,r and scatter­
ing is referred to as Mie scattering. In 
the limit when particles and droplets 
of many sizes are present, Mie scatter­
ing predominates and is wavelength in­
dependent and thus equal to (J. It is 
thus important not only to know V, 
but also the nature of the scattering. 
For a specific range-finding require­
ment, Figs. 1 and 2 of Ref. 2 show the 
change in power required for a given 
visibility, V, if the scattering mecha­
nism varies between only Rayleigh 
and only Mie. 

When visibility is very low (below 
100 m), it is most likely that scattering 
is predominantly Mie and thus wave­
length independent. Figure 6 of Ref. 12 
shows that already in light fog, for V::::: 
1000 m, (J is wavelength independent 
out to 5 micrometers. The Figure also 
shows that the substantial gains (due 
to lower (J) obtainable by going to 
long-wave infrared at 10 fL when there 
is haze are already sharply reduced in 
light fog and will probably be very 
small in heavy fog. This reduces the 
attractiveness of going to active sys­
tems in this window where efficient 
CO2 lasers are available but sensitive 
imaging detectors are not yet at hand 
and single cells in mosaics require 
cooling. 

From Ref. 9 and the general trend of 
much of the literature, the need for 
visibility enhancement is most pressing 
when the visibility (or runway visual 
range) is below a few hundred meters. 
Under these conditions, the choice of 
wavelength is not likely to be very 
strongly influenced by any slight 
changes between (J and (J, in the visible 
and near infrared range indicated by 
the representative systems in Tables I 
and II. Actual measurements of (J, at 
the various wavelengths and under a 
full range of visibility conditions and 
causes (i.e., scattering mechanisms) 
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Fig. 5-System using gated imaging sensor. 
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Fig. 7-Range gating effectiveness using simulated 
backscatter. Fig. 6--5ystem using scanning and non-imaging sensor. 

will be needed to establish actual var­
iations which must be balanced against 
changes in f3 and illuminator designs 
for these wavelengths. 

Other laser applications 

Laser systems are being pressed into 
use for cloud ceiling and general at­
mospheric anomaly measurements. If 
any of the above systems were to come 
into general use, then runway visual 
range at the wavelength of interest 
could become a suitable laser-instru­
mented ground measurement. Because 
any single selected runway measure­
ment is unlikely to represent the entire 
range of conditions existing during a 
landing approach, it is important to 
mention that any of the above systems 
can easily perform a measurement of 
visual range ahead of the airplane out 
to slightly beyond its imaging capa­
bility. In fact, a simpler instrument for 
measuring atmospheric penetration 
and altitude or slant range to ground 
(when there is sufficient penetration) 
may be of some use in giving the pilot /' 
an assessment of how close he will be 
to the ground when visibility becomes 
available to him. 

Conclusions 

By courtesy of the author of Ref. 4, it 
was possible to show Fig. 7 which dem­
onstrates that in spite of heavy atten­
uation and veiling luminance, range 
gating produces an image comparable 
to close-in floodlighting. Unfortu­
nately, the simulation technique used 

cannot be directly related or scaled to 
visibility conditions. 

Using range gating, it appears feasible 
to achieve observation at ranges which 
exceed visibility up to factors of 2 
when visibility becomes very poor 
(i.e., 5 m). [Note that monostatic ob­
servation range may only be a small 
fraction of visibility, such as when car 
headlights are used in light fog.] The 
many underlying assumptions must be 
carefully checked. There may be fur­
ther gains due to forward scattering, 
and there will be losses due to image 
distortion. The fact that the potential 
system components are at present quite 
demanding, costly, and probably bulky 
must also be recognized. 

The modest gains possible must be 
weighed against all the alternatives, 
such as microwaves and passive far in­
fared, as well as better instrumentation 
and runway illumination. The use of 
lasers in the latter two categories has 
not been considered in this paper. 
Such laser applications in the form of 
beacons and precise short-range alti­
tude and attitude measurements do, 
however, deserve attention within the 
overall problem. 

If intense laser beams are to be used 
as illuminators or beacons, then eye 
safety considerations must be carefully 
assessed and this may impose power 
limits below those in Table I. 

We have bracketed here with due cau­
tion, but sufficient optimism, what per­
formance can be made available from 

the technology developed for related 
military systems. The potential users 
of such systems must now asses. 
whether this performance offers suffi­
cient margins of cockpit tranquility 
during instrument landings or landings 
at unequipped airstrips (particularly 
at night or in light fog) which are im­
portant enough to warrant further in-
vestigation. •. 
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A GaAs transmissometer 
Dr. E. J. Fjarlie 

.. A gallium arsenide transmissometer using a silicon photodiode field effect transistor 
as the detector has been built. This device could possibly find application in air 
pollution measurements or in determining any type of particulate concentrations in 
the atmosphere. The special design features of the instrument are described 
together with the problems encountered in fabrication . 

.. VARIOUS TECHNIQUES have been 
used to measure the optical trans­

mittance of the atmosphere under a 
variety of meteorological conditions. 
Most of the methods suffer either from 

· a lack of dynamic range in the equip-
• ment or from using the human eye-a 

nonquantitative recording process. A 
transmissometer has been built which 
has the necessary dynamic range and 
gives an exact representation of the 
atmospheric transmittance. It is also 

• possible to give more accurate quanti­
tative data over a greater range due to 
the increased power of the source 
available coupled with the noise limit 
of the detector used. 

The instrument was originally devel-
.. oped to correlate microwave commu­

nication reception in the GHz fre­
quency range with atmospheric 
visibility. Accordingly, the transmis­
someter was designed to measure 
continuously, and data recording 
would take place as demanded by the .1 test operator. It was hoped that visi­
bility could be measured over the 
entire 7-km test path for the micro­
wave link, but it soon was evident that 
such an arrangement would limit the 
dynamic range of the measurements. 

• At the same time as utilizing a trans­
missometer, the basic components cho­
sen for the instrument were essentially 
being tested for use in such a device. 
The source chosen was a gallium 
arsenide (GaAs) laser diode and the 

.. detector was a silicon (Si) diode. 

Theory of atmospheric transmittance 

Atmospheric transmittance may be 
separated into two functional com­
ponents: absorption and scattering. 

",The absorption at 0.9 {Lm is very small 
c.· and is mainly due to water vapor. Mie­

type scattering is prevalent and is a 
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very severe function depending on the 
amount of rainfall or snowfall; dust 
and micro organisms also are signifi­
cant scatterers. The empirical model 
used as the basis for the following cal­
culations holds well for absorption 
from 0.3 to 15.0 {Lm and for scattering 
from 0.4 to 1.5 {Lm. Bouger's law states 
that: 

T= exp [-(T,R] 

where (]" is the attenuation coefficient 
which may be separated into an ab­
sorption coefficient, a" and a scatter­
ing coefficient, [3,; and R is the range 
or distance over which the transmit­
tance is measured. Thus, 

(T,= a,+{3, 

and the two transmittance functions 
are exponentials; both the coefficients 
may be related to the absorbing and 
scattering number concentrations 
through the pertinent cross sections. It 
can be shown that 

{3,=-- --3.91 ( A )-q 
V 0.55 

and 
q = 0.585 V% 

where V is the meteorological range in 
km, and ,\ is the wavelength used. 
Temperature and humidity control, ax, 
and the absorption may be readily 
found for various values of these 
parameters. 

The meteorological range assumes a 
2 % threshold of vision as determined 
by scattering alone. Note that: T= 
TaT, where Ta is the transmittance func­
tion due to absorption and T. is that 
due to scattering; then, 

T,=O.02=exp[ -{3AR] 

and the signal loss may be written as 
-17V-'R dB for any range and any 
meteorological range. (See Table I). 
Fig. 1 shows how T. varies with V for 
given values of R. A range of 200 m 
was chosen for the experiment to de-
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Table I-Typical meteorological range. 

Condition V(km) 
clearer than average 80 
average 32 
hazier than average 7 

fine exactly the attenuation when rain 
and snow would be prevalent. Table II 
relates the expected signal losses to V 
and gives some typical snowfall rates. 

System description 

The transmissometer consists of a 
transmitter (T.) and receiver (Roo) 
packaged on the same chassis together 
with a retro-reflector (R,) placed on a 
pedestal some distance away; the ar­
rangement is shown in Fig. 2. In order 
to check on the level of the transmitted 
signal for calibration purposes, an out­
put monitor is also built into T •. 

Readily available components were 
used in building the transmissometer 

79 



80 

Table II-Meteorological range variation. 

Loss (dB) V (km) 
0.04 113 
0.05 68 
0.06 57 
0.08 43 
0.1 34 
0.2 17 
0.5 6.8 
1 3:4 
2 1.7 
5 0.68 

10 0.34 
20 0.17 

Snow rate 
dB/km (mmw) h-' 

0.25 

0.5 0.0455 
1.0 0.091 
2.5 0.227 
5 0:455 

10 0.91 
25 2.27 
50 4.55 

100 9.10 

rather than special parts. No attempt 
was made to maximize the reliability 
or carefully engineer the design. 

Lens system 

The collimator is a double-convex, 3.3-
cm-diameter, 5.5-cm-focal-Iength, 
quartz lens; the retro-reflector, 6.3 cm 
in diameter, works on total internal re­
flection; the quartz collecting lens is 
5.4 cm in diameter and has a focal 
length of 8.8 cm. The beam splitter for 
the monitor is a piece of microscope­
slide glass and in addition there is a 
long wavelength cut-on filter in front 
of R. to limit the background radiation 
flux to that between the filter "cut-on" 
and detector "cut-off" which is about 
300 A FWHM (full width at half of 
maximum amplitude). 

Transmitter 

The transmitter uses a GaAs laser 
diode uncooled, thus the output is in 

(km)- V 

Fig. 1-Meteorological range as a function of scattering. 

SIPHOTODIODE 

Chassis Barrel: 39 em lonR. \Scmdlameler 

the near-IR spectral region at a wave­
length of about 0.905 /Lm. The pulser 
is designed to operate the laser at 10 
pulses/second, but is readily adjust­
able; the output power is continuously 
variable up to 2 w peak, but the diode 
was operated at 500 m W at a pulse 
width of about 100 ns, FWHM. With 
reference to Fig. 3, the circuit works as 
follows. The timing unit consists of an 
FET operating in a relaxation oscillator 
configuration to give a 5-V-peak pulse 
to the SCR gate. The transistor, Q., op­
erates as a charging switch for the 
capacitor C2 whose charge is con­
trolled by the HV power supply. When 
the timing pulse is applied, C2 dis­
charges through D 2 , the SCR, the laser 
diode, and R 6 • 

Receiver 

The receiver is designed around a Si 
Fotofet which has a S-14 spectral re­
sponse characteristic and also it has no 
difficulty in detecting the very fast 
pulses which are arriving at the col­
lector. An operational amplifier is used 
to give a gain of 100 for R. (Fig. 4). 
The charge in the pulses is transferred 
to C, which has a 12.6-s charge-leakage 
time constant so that when the output 
is recorded, the voltage gives the im­
mediate past history of the atmos­
pheric transmittance. 

Monitor 

The monitor is a Si photo diode used 
with no amplifier as shown in Fig. 5. 
When it is desired to check the size of 
the transmitted pulse, an oscilloscope 
is connected to' the monitor. There 
should be no expectation that the 
transmitted pulse has changed in amp­
litude; if there has been a change, the 
high voltage may be adjusted to the 
original pulse height for the system. 

~-Analysis 

The laser emits a pulse with a nominal 
beam spread of 5° by 15°. The field of 
view of T. is determined by this beam 
spread and the collimator; it was 
assumed that power is emitted over 
much wider angles than the beam­
spread values given, that these values 
were in effect e-' for the polar emission 
of the laser diodes. Thus, a position 
5.3 cm behind the collimator was 
found for the laser which gave the field 
of view shown in Fig. 6. 

Fig.2-Transmitter 
receiver 
monitor 

LV HV 

Fig 3-Transmitter circuit. 

If the peak emitted flux is P" the trans­
mitted radiant intensity / is 

J = P efl, -'", 

where the transmitted solid angle is 
fI,=2.25x10-5 sr, and the transmit­
tance, T,=0.92(0.85) =0.78 due to the 
monitor slide glass and the lens re­
spectively A fraction of the radiant • 
flux is intercepted by R. and returned 
along the T. axis but is spread out ac­
cording to the extreme reflection 
angles established by R. sub tending 
each radiating point in T •. Loss at R. 
amounts to 0.96 since it only occurs at 
the front surface. Thus the received • 
power is spread over a 13 .6-cm­
diameter circle centered on the T. 
lens; if the R. lens was not all within 
6.8 cm of this axis, there would have 
been some vignetting. The radiant flux 
at R. is 4/AR.R-'TR, W where ARr is., 
the R. area, R is the total range for 
the atmospheric transmittance, and 
TR. is 0.96. The received power then 
becomes 

PR.=4JARrR-'TR.AR. {: (13.6)'}"TR. 

where AR. is the collector area and 
TR. is the R. transmittance, about 
0.7 (0.85) =0.6 due to the filter and the 
lens respectively. Substituting, the re­
ceived power (now taking into ac­
count the air attenuation) is given by. 
3.63xlO·PeR-2

T where T is the atmos­
pheric transmittance. The retro­
reflector was placed 10' m from T.-R •. 
Thus, the nominal received power was 
7.26x10-· W since the laser was oper­
ated at 0.5 W. • Background radiation flux was calcu-
lated to see what the contribution to 
the total signal at R. was. At Montreal, 
the insolation maximum in summer is 
about WB = 10-' Wcm-'. This radiation 
is scattered from the background in all ... 1!ilfi, 

directions such that R. can see a part. '~' 
Thus, the reflected sunlight contributes 
W B (0.1/71') AnSlR.Tn.W, where 0.1 is 
the approximate reflectance, 71'-' is the 
Lambertian radiator factor, !h.= 

• 
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.Fig. 4-Receiver circuit. 

7r (0.32/8.8) 2 sr, and 0.32 cm is the 
radius of the Fotofet. Thus, the total 
isolation maximum is about l.81x10-' 
W. But this is for the total spectrum; 
the filter selects only 0.03 {Lm of the 
total and is centered at 0.95 {Lm (in 

.. the tail of the blackbody curve 
besides). Taking into account the 
blackbody factor of 0.15 gives a back­
ground radiation flux of 2.7x10-' W. 

In addition to reflected sunlight, the 
... direct radiation of the background also 

must be taken into account. Here the 
maximum in summer for a tempera­
ture of 95°F is about 5.2x10-' Wcm-', 
and the background radiation flux seen 
through the filter is negligible since the 
blackbody factor is very small. 

., It is necessary to show that the moni­
tor can detect the expected signal with 
no difficulty. For the Si photo diode, a 
typical surface leakage current, I, for 
a detector 4 mm in diameter is 10-'0 A 
at room temperature. The noise limita-

.: tion is shot noise in this current; that 
is, in'=2eIl1f; then for a 109-Hz band­
width, in = 1.79xlO-'o A. The photodi­
ode intercepts about 0.04(2) (4/6.9)' 
(0.85) of P,. The quantum efficiency 
of the Si photo diode at 0.9 pm is 0.7; 

.' hence the number of electrons per sec-
. ond corresponding to the monitored 

signal is 3.62xlO16 s-' and the corres­
ponding current is 5.78xlO-' A which 
is very much greater than the noise. In 
order to see the fast pulses, the resistor 
in the monitor circuit is typically 50 n. 

• Johnson noise in this resistor is given 
by: in'=4kTl1fR-1 or in=5.77x10-' A 
which is negligible compared to the 
large signal. 

For the Si Fotofet, the gate leakage is 
10-9 A at room temperature. The noise 

• limitation here also is shot noise in 
this current, then for a 1O-9Hz band­
width: in=5.67x10-9 A. For the separa­
tion chosen, 200 m, the nominal mini­
mum signal is l.97xlO-5 W (-20 dB); 
using the responsivity of 4.34xlO-' 
A W-1 at 0.9 {Lm, the minimum ex­
pected signal is 8.55x10-' A which is 

.. 
greater than the detector noise. J ohn­
son noise in this resistor is 4.07xlO-9 A 
which is still small compared to the 
signal. 

TO 
RECORDER 

TO MONITOR 

Fig. 5-Monitor circuit. 

The total travel time for the pulse is 
6.7x10-' s or 670 ns; the pulse width of 
about 100 ns is the minimum which 
can be achieved with the laser diode. 
The group velocity of the pulse has 
been calculated to be 3xlO' ms-1

• 

The pulse which is detected is ampli­
fied and then stored. The minimum 
charge rate due to the pulses is 
8.55xlO-' (100) (100xl0-9

) (10) = 

8.6x10-" C s-' when the gain is 100, 
and the PRF if 10 S-1. The charge leak­
age time is 12.6 s making a total mini­
mum charge of l.Ox10-9 C on the 
capacitor at any given time. The back­
ground signal is DC and does not pass 
C, in R. (see Fig. 4). For the minimum 
visibility condition, the voltage on the 
capacitor is V=QC;' or 2.14x10-' V 
which may be sampled by a digital 
voltmeter. 

Noise in the operational amplifier is 
about 5 m V at the output which ap­
pears across R, whenever a pulse goes 
through C,. The noise charge is 
qn=5x10-' Re' (1 OOx 10-0) C, and the 
total noise is 1.85x10-" (10) (12.6) = 

2.33xlO-14 C which is negligible com­
pared to the minimum signal charge 
stored on the capacitor. 

Design problems 
No calculations have been presented 
for the backscattered pulses. No back­
scattering is seen when the pulses are 
monitored, but it should be pointed 
out that T. and R. are not concentric 
and the off-axis backscattering ampli­
tude is expected to be small· for Mie 
scattering. It is only at great distances 
near R, that any backscattering would 
be seen and then it would be hidden 
by the pulse reflected from R,. 

Initially, it was desired to gate R. so 
that the background would not be seen 
at all. Changes are seen by the present 
instrument, and any backscatter com­
ponents do enter the instrument. A 
synchronizing pulse generator was 
built to give a gating pulse for the R., 
but it was not possible to find a switch 
which was fast enough to use the gate 
pulse and still block effectively any fol­
lowing signal from the amplifier. By 
choosing an East-West line of sight, 
the sun's background was reduced. 

The safety aspect of using such a trans­
missometer was investigated. Suppose 

2.3 mrad 

Fig. 6-Field of view of T •. 

someone were to look directly into the 
transmitter from say 12-in. away. 
Using the eye iris diameter of 2 mm, 
and the peak radiant intensity of 
J=8.77xlO-' Wsr-" the peak power 
admitted to the retina is 8.77x10-e 

7r(0.2)'/4(12x2.54)' = 2.97xlO-'° W. 
Since the observer would have no 
bright flash to guide him that the in­
strument was turned on, he could 
spend perhaps 2 min examining the 
aperture. Total energy received would 
be 2.97x10-'O T where the total ex­
posure is T=2(60) (10) (100x10-9

) = 

3.3xlO-' s. Even if a "hot spot" in the 
wavefront were present, the total 
energy would only be 1.57xlO-13 J. 

The transmissometer was extremely 
sensitive to errors in positioning due 
to the small field of view. Vibration 
was a serious problem. If the beam 
were spread to offset such errors, 
difficulties would be experienced in 
achieving the dynamic range. 

The GaAs laser diodes were very 
temperature sensitive with reference 
to maintaining p. and A; the transmis­
someter was operated in the laboratory 
at room temperature looking out 
through an aperture at R,. 

The laser diodes were unreliable. 
Catastrophic failure after very short 
operating times was the rule. 

Conclusions 

The principle of operation of the in­
strument lends itself to Lidar for the 
purpose of air polution measurements. 
As higher power GaAs lasers become 
available, serious consideration will 
be given to converting the instrument 
to particulate concentration measure­
ments. Because of the poor reliability 
of the laser diodes, the instrument has 
been temporarily abandoned. 
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Light scattering with 
laser sources 
Dr. G. Harbeke I Dr. E. F. Steigmeier 

The use of the laser as a strong source of highly collimated and very monochromatic 
light has caused a renaissance of the study of light-scattering spectra in solids. It 
has now become possible to observe in high-resolution Raman and Brillouin scatter­
ing experiments not only lattice vibrations, but also other wavelike excitations as 
spin waves, collective electron excitations, and polaritons as well as a number of 
localized excitations. The experimental techniques used in connection with laser 
sources and a few experimental results are discussed. 

H UMAN LIFE WOULD BE VERY DULL 

if light scattering would not 
exist in nature. It would miss two es­
sentials: the blue sky of a sunny day 
and the romantic mood of a glowing 
sunset. These phenomena have occu­
pied the searching mind of man prob­
ably for thousands of years. Leonardo 
da Vinci suggested that the blue sky is 
caused by scattering of light by air 
particles. The proof was given in 1899 
when Lord Rayleigh discovered the 
scattering by the air molecules.' Ray­
leigh scattering is an elastic process, 
i.e., the scattered light is of the same 
frequency as the source. 

In 1922 inelastic light scattering re­
sulting in the appearance of side­
bands in the scattering spectrum, was 
first considered by Brillouin.' His 
theory predicted a Doppler shift 
of the frequency of the incident light 
due to the existence or generation of 
sound waves (acoustical lattice vibra­
tions-Brillouin scattering). In 1928 
Raman succeeded in observing side­
bands caused by the interaction of 
light with optical lattice vibrations 
(Raman scattering) .' Experimental 
confirmation of Brillouin's theory fol­
lowed in 1930. These newly discov­
ered effects gave rise to a strong 
activity in this field, but many physical 
problems remained unsolved because 
of the weak light sources available. 

With the advent of the laser as a 
strong source of highly collimated and 
very monochromatic light, the field of 
light scattering experienced a real 
renaissance. Finer details of existing 
theories could now be tested; new 
effects could be found; and new mate­
rials could be attacked. Moreover, fast 
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photoelectronic detection techniques 
could be used for the measurements. 
In recent years, many different types 
of lasers have been used depending 
on the material and the kind of scat­
tering under study. 

Basic principles 

If an electric field E is applied to a 
medium with pol ariz ability a, a po­
larization P will be set up according 
to P=a E. If the field is associated 
with electromagnetic radiation of fre­
quency w, the induced polarization 
will be oscillating and can thus emit 
or absorb light. The essential features 
may easily be understood by consider­
ing a diatomic molecule vibrating ther­
mally with frequency v, along the line 
joining the two atoms. The polariza­
bility for a small displacement, x, can 
then be written as (assuming har­
monic motion) 

da 
a = ao + . dx x + ... 

= ao + a, cos 2 'IT VIt 
(1) 

With the electric vector of the incident 
light E=Eo cos 271'vt, we obtain for the 
induced polarization 

P = aE = (ao + 
/' a, cos 2 'IT VIt) Eo cos 2 'IT lIt 

. = ao Eo cos 2 'lTvt + 1/2 a, Eo 
cos 2 'IT (v + v,) t + cos 2 'IT (v - v,) t 

(2) 

where v, is the vibration frequency 
and v is the light frequency. 

The scattered light now consists of the 
Rayleigh radiation of frequency v and 
the Raman radiation of the frequen­
cies v - v, (Stokes line) and v + v, 
(anti-Stokes line). In the general 
three-dimension case a will be a tensor 
relating the vectors P and E by 
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and the inelastic scattering may con­
sist of several pairs of Brillouin and 
Raman lines. 

In the quantum-mechanical de scrip- I_ 
tion of the Stokes scattering process, 
the incident photon of frequency v 
raises the crystal from the ground state 
into an intermediate state which is 
reached in a virtual electronic transi­
tion. From there, it decays into an 
excited state of energy h/LI above the .­
ground state. The emitted photo lacks 
this energy hVI and is thus of frequen-
cy v-v,. If the crystal originally is in 
the excited state, it might give up the 
energy hVI so that the reverse process 
takes place. The anti-Stokes photon 
emitted in this process has the fre- • 
quency v+v,. Since the occupation 
number of the excited state varies ac­
cording to a Boltzmann factor, the 
ratio of the intensities of a correspond-
ing pair of anti-Stokes and Stokes lines 
is governed by the factor exp (-hv,/ 
kT), and anti-Stokes radiation van­
ishes at sufficiently low temperatures. 
Besides the conservation of energy in 
the overall process, momentum must 
also be conserved. As shown in Fig. 1, 
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the sum of the momenta of the scat­
tered photon hk, and the photon 
(equivalent description for a normal 
mode of lattice vibration) hkph equals 
the momentum of the incident photon 
hk. This condition severely limits the 
number of phonons which can partici­
pate in the process. Fig. 2 shows, for 
example, the dispersion curves of the 
acoustical and optical phonons of ger­
manium, a lattice with two atoms per 
unit cell, for only the [1,1,1] momen­
tum direction. Since the wave vector 

• of the photon Ik;J;:::lk,1 = 27r/Afor visi­
ble light (,\;:::6000 A) is of the order 
of 105 cm-' and since the change in 
wave vector I k - k, I can be no more 
than 21k I, the scattering phonons are 
located very close to k=O on the ab-

.• cissa of Fig. 2 extending to k ma.=27r/a 
(a=lattice constant) which is of the 
order of lO'cm". The energy of the 
scattering optical phonons is practi-

.. 

cally independent of the scattering 
geometry since the dispersion is very 
small. This is not so in Brillouin 
scattering because of the linear energy­
momentum relation for long-wave-
length acoustic phonons. The slopes 
represent the transverse and longitudi­
nal sound velocities which can thus be 
measured by Brillouin scattering. 

Fig. 1-Conservation 
of momentum in a 
first-order scattering 
process. 

In a crystal with N atoms per unit cell 
there are 3N, partly degenerate, 
phonon branches. Group theory pre­
dicts the number of branches which 
are Raman active provided the crystal­
lographic space group of the crystal is 
known. For each Raman active vibra­
tion, those polarizability tensor com­
ponents which are changing during 
the vibrational motion inducing the 
Raman effect can also be calculated. 
The components of the Raman tensor 
are measured by arranging different 
configurations of the polarization of 
the incoming light, polarization of the 
scattered light, and the crystallo­
graphic axes. This allows us to deter­
mine how the atoms move against each 
other in a certain vibrational motion. 

So far, we have discussed the first­
order Raman effect where one phonon 
participates. If we expand the polariz­
ability tensor as in Eq. 1 and keep the 
next term, it describes the modulation 
of the polarizability induced by the 
creation of two phonons. Energy and 
momentum have to be conserved again 
which means that only pairs of 
phonons of opposite and almost equal 
wave vector k and - k adding up to 
k, - k,;:::O fulfill the momentum condi­
tion, Phonons throughout the whole 
Brillouin zone can thus participate 
provided the symmetry requirements 
are properly met. This leads to fairly 
broad second-order bands which are 
dominated by the contribution from 
critical points where the dispersion 
curves are horizontal and the density 
of phonon states is highest. Such crit­
ical points exist preferably at the Bril­
louin zone edges like at IkIZ27r/a in 
Fig. 2. To illustrate both processes Fig . 
3 shows the Stokes side of the Raman 
spectrum of germanium. There is only 
one first-order Raman active optical 
vibration at 300.6 cm" and the second­
order band at 571 cm". Note the dif­
ference in Jjne-width and amplitude. 
Although phonons throughout the 
Brillouin zone can be generated in sec­
ond order, the process involving two 
phonons is several orders less prob­
able than in first order so that a much 
smaller line results. 

Fig. 2-Frequency 
versus wave-vector 
curves of germanium 
in the [111] mo­
mentum direction; 
T=transverse, L= 
longitudinal, 
A=acoustical, 0= 
optical. 

Enter the laser 

Virtually only Raman scattering from 
phonons was known before the laser 
entered the scene. This situation has 
drastically changed since. It has now 
become possible to observe an impres­
sive series of other excitations in crys­
tals such as magnons or spin waves, 
plasmons as collective electronic exci­
tations, single electron excitations, 
polaritons as mixed phononphoton 
modes. In addition to these also scat­
tering from localized phonons, P­
centers, localized magnons and elec­
tronic levels was investigated. 

Experimental techniques 

Figs. 4 and 5 show the experiment 
for the observation of Raman scat­
tering. The light source is either a 
90-mW He-Ne laser, emitting red light 
of wavelength '\=6328 A, or an RCA 
LD 2101 1-W argon-ion laser, emitting 
several lines in the blue and green, the 
strongest of them at '\=4880 A and 
'\=5145 A. The linearly polarized 
laser light passes through a 30 A-half­
width interference filter to eliminate 
the spontaneous radiation, and a ,\/2 
plate which can be used to turn the 
plane of polarization and is focussed 
on the sample to a circular spot of 
about 50-ft diameter. The scattered 
light is collected by a lens, sent 
through an analyzer, and focussed on 
the entrance slit of a double-grating 
spectrometer. This is an arrangement 
suitable for opaque crystals whereas 
the scattering from transparent crys­
tals is mostly observed under 90° to 
the incident beam such that the light 
path in the crystal is parallel to the 
entrance slit. The analyzed spectrum 
emerging from the exit slit is focussed 
onto the small active central area of 
the photomultiplier cathode. Each in­
dividual pulse from the anode is then 
amplified and discriminated against 
the background of pulses arising from 
the dynodes and other sources of small 
pulses. The small active area of the 
cathode serves to reduce the thermal 
emission of electrons from the cathode 
considerably. Finally the pulses are 
counted in a linear and a logarithmic 
ratemeter, respectively, and the spectra 
are recorded in analog form. The dark 
count rate of the photon counting sys­
tem is about 0.5 count/sec. With a 
photocathode quantum efficiency of 
roughly 2%, this dark rate amounts to 
an energy of 8 x 10'18 Watt which is 
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Fig. 6-Raman spectrum of SbSI for 
Elc and Ellc; logarithm of intensity 
(counts/sec) versus Raman shift (cm-'). 
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Table I-CW lasers useful in Raman spectroscopy. 

[Note: if operating temperature is not given, room temperature is assumed.] 
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more than 15 orders of magnitude be­
low the incident laser energy. The low 
scattering probabilities of many proc­
esses categorically demand such a high 
ratio. Spectra are recorded with scan­
ning rates between 1 and 5 cm-'/min. 
and appropriate time constants of 2 to 
35 sec. Normally a resolution of about 
3 cm-' is set by the slit width. Table 1 
contains a list of various cw laser types 
which have proven useful in Raman 
spectroscopy according to Mooradian.' 

The basic set-up for Brillouin scatter­
ing is quite similar with two possible 
exceptions: 1) the spectrometer is re­
placed by a high resolution Fabry­
Perot interferometer or 2) an optical 
heterodyne detection technique is 
used." The high resolution is required 
by the position of the acoustical 
phonon lines which is generally be­
tween 0.1 and 1 cm-' and even more 
by the linewidth which may be again 
only a fraction of the position. The 
linewidth is a measure of the lifetime 
of the phonon (or of any other observ­
able excitation) and is thus a very 
useful quantity in the study of the in-

Laser 
Type 

Gas 

Solid state 

Injection 

CO 
CO, 
He-Ne 
Argon 
Krypton 
Nitrogen 

YAG:Nd'+ (3000 K) 

Y AG:Ho'+ (77°K) 
CaF2:U3+ (77°K) 

GaAs (4.2°K) 
Gaxllh-.TAs (4.2°K) 
InAs (4.2°K) 

teraction of phonons with themselves 
or other physical entities. These fea­
tures also neccesitate the use of a laser 

./ with a linewidth considerably smaller 
than the Brillouin linewidths. Normal 
linewidths of gas lasers are of the or­
der of 0.1 cm-' so that for Brillouin 
scattering experiments a mode-selec­
ted, frequency-stabilized laser has to 
be used. A stability of 10-' cm-' can be 
reached with a medium effort. On the 
detection side, it is very useful to store 
the optical signal from the repetetively 
scanned interferometer in a multichan­
nel analyzer so that by summing the 
signal over a sufficient number of 

Power Wavelengtl1 

20W 4.65 to 6,. 
10kW 9.6,., 10.6,. 
90mW 6328 A 
lOW 4579 to 5145 A 
2W 4619 to 6764 A 

JOOmW 3371 A 

270 W 1.06,. 
15 W 1.33,. 
15 W 2.1,. 
lW 2.6,. 

IW 8370 A 
100mW 
200mW 3.1,. 

scans, a significant improvement in 
signal-to-noise is reached. A Brillouin 
spectrometer with these features is 
being set up in the Zurich laboratory . 

Experimental results 

Fig. 6 shows the Stokes side of the 
Raman spectrum of ferroelectric SbSr 
for two different orientations of the 
incident polarization relative to the 
c-axis of the orthorhombic crystal. 
Here we note several first-order lines 
since the unit cell contains 12 atoms so 
that 33 partly degenerate, optical 
phonon branches exist. We note fur­
ther that the occurrence and relative 

• 

4-

•• 

• 

.. 



r~ 0.8 

Fig. 5-Experimental setup for Raman scat­
tering. 

strength of the lines depend on the 
orientation according to the differ-

• ences in the Raman tensor compo­
nents. These results allowed us to 
assign a number of symmetry types of 
vibrations to the lines. SbSI represents 
a very interesting example of a ferro­
electric crystal where one or more 
optical lattice vibrations go "soft," i.e. 

--they decrease strongly in energy by 
approaching the ferroelectric transi­
tion temperature from either side. Al­
though we observe some low energy 
excitations (compare to Ge, Fig. 3) 
the lowest one with the strongest tem-

.perature dependence may be masked 
by the high Rayleigh intensity below 
20 cm-I

• A novel optoelectronic sub­
traction technique' is being developed 
to eliminate the Rayleigh line from the 
spectra. This will enable us in connec­
tion with Brillouin scattering to study 

.the interesting subject of phase transi­
tions in solids more closely. 

An interesting example of interplay 
betweeen different kinds of excitations 
is provided by the ferromagnetic semi­
conductors CdCr2Se4 and CdCr,S,'. 

• Fig. 7 shows the Stokes side of the 
Raman spectrum of CdCr2Se4 at 54°K. 
Some lines are found to be pure 
phonon lines, the frequency and inten­
sity of which vary very little with tem­
perature. The use of different polarisa-

• tions of the incident and scattered 
light permits the assignment of lines 
c and F as first-order lines of symmetry 
r ,,+ and r ,+, respectively. Other lines 
are interpreted as second-order lines. 
Line D shows the interesting feature 
that its intensity is strongly tempera-

,.ture dependent; it is strong only in the 
magnetically ordered state below the 
Curie temperature of Tc= 130°K. It is 
a first-order-phonon line of symmetry 
r,,+ the intensity of which is enhanced 
by the ferromagnetic ordering of the 
Cr'+ spin system. Fig. 8 shows that the 

'-temperature dependence of the inten­
sity of this line, normalized to the r ,,+ 
phonon line (which for itself is tem­
perature independent) , follows exactly 
that of the ferromagnetic nearest-

0.7 

0.3 

0.2 

0.1 

%~----~'OO~--~WO~----~~----~~~--~OOO l' %~--~~'OOn---~W~o'----"~~O-----4~OO~--~OOO' T ('K) 

Fig. 8-lntensity of line r+" (172 cm-') Of CdCr2Se4 
normalized to line r+12 (158 cm-' ) versus temperature; 
solid line: nearest neighbor spin-correlation function. 

T ('K) 

Fig. 9-lntensity of line r+2S (281 cm-' ) of CdCr2S4, 
normalized to line r+12 (258 cm-') versus temperature. 

neighbor spin-correlation function . 
The temperature dependence of the 
frequency of line D proves, on the 
other hand, that it is not due to a 
direct excitation of the spin system 
alone, i.e., spin wave or magnon. Simi­
lar results have been found for 
CdCr4S2 • Fig. 9 shows that the intensity 
of the r 2,+ line again is closely related 
to the ferromagnetic ordering which in 
this material occurs below T c = 
84°K. It is interesting to note that for 
CdCr,S, a few more lines show this 
striking behaviour. A comparison of 
CdCr2S4 and CdCr,S, is given in Fig. 
10. It is seen that a great deal of the 
spectra can be scaled into each other, 
the replacement of Se by S causing a 
stiffening of the lattice. From all the 
experimental evidence, we have to 
conclude that the unit cell is gradually 
distorted with ferromagnetic ordering. 
This distortion, which may be very 
small, has not yet been found by X-ray 
analysis. 

Fig. 11 shows an example of Brillouin 
scattering, the spectrum of GaP ob­
served by Fray et aLB Since the mo­
mentum configuration was chosen in 
such a way that phonons in a low­
symmetry direction are created or 
annilhiIated, three pairs of lines rep­
resenting two transverse acoustical 
vibrations and one longitudinal acous­
tical vibration are found. From these 
Brillouin shifts, the three correspond­
ing sound velocities could be deter­
mined. The central line which can be 
many orders of magnitude stronger 
than the Brillouin (or Raman) inten­
sity is the Rayleigh component of the 
scattered radiation. 

Concluding remarks 

These briefly discussed examples of 
experimental work cover only a small 
section of the modern field of light 
scattering after its revival. Most of the 
knowledge about the nature of and 
interactions among excitations in crys­
tals which we learned from the scat­
tering spectra could only be gained 
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Fig. 10-Comparison of Raman spectra of CdCr2Se" 
CdCr2S. and HgCr2S. at 50o K. 

Fig. 11-Brillouin 
spectrum of GaP; 
intensity in arbitrary 
units versus Brillouin 
shift (cm-'); output 
direction o·f light 
[113], input direction 
[110]. 
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with the help of the laser. In addition 
to the use of light scattering for mate­
rials characterization, this field also 
offers some prospects for technical ap­
plications. Stimulated Raman and 
Brillouin effect provide the possibility 
of tunable cw Raman and Brillouin 
lasers. One can foresee more progress 
to come from future work. 
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Infrared images made visible 
by laser techniques 
Dr. A. H. Firester 

Most information enters our brain through our eyes. To extend our sight is one func­
tion of instrumentation. Telescopes and microscopes operate upon light to which our 
eyes respond; x-rays and radar enable us to see where our eyes do not respond. 
Beyond red, where we cannot see, lies the spectral region called the infrared. This 
paper presents a new technique for "seeing" in the infrared by upconverting infrared •. 
images to visible images. 
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V ARIOUS TECHNIQUES NOW EXIST 

for converting infrared images to 
visible ones. For example, converters. 
using the Ag-O-Cs photoemitter extend 
sight to about 1.1-micrometer wave­
lengths. At longer wavelengths, arrays 
of photoconductive elements must be 
used. We have researched an entirely 
different approach to the problem of 
infrared image conversion. This ap-.­
proach is called image upconversion 
because each photon from the infrared 
scene is raised in energy or upcon­
verted to produce a higher-energy, 
visible photon. These visible photons 
simulate the original infrared scene. .' I 
There are differences between present I 
day image conversion and upconver­
sion. In some photoconductive sys­
tems, the resolution depends upon the 
number of discrete elements in an 
array. In contrast, the upconversion . 
process takes place within a homo-. 
geneous material. Some photoconduc­
tors require cooling to 77°K and lower 
temperatures. The upconverter will 
not require cryogenic cooling. To use 
either the photoemissive or the photo­
conductive image converter, the infra-. 
red scene must be focused upon the 
photosensitive surface by an optical 
system. However, image upconversion 
is a truly three-dimensional process. It 
does not convert infrared intensities as 
do other image converters; it converts 
the electric fields themselves. The up-. 
converter can be incorporated within 
a conventional optical system like a 
telescope, but it is not necessary to 
focus the scene upon it. Our interest 
has been primarily wi th the imaging 
properties of upconversion. In the~~ 
course of our work, we have obtained" 
upconverted images with more than 
200x300 resolution elements and 
resolved more than 750 line pairs/ 
inch. .. 



Theory of image upconversion 

Image upconversion has become pos­
sible only with the advent of powerful 
lasers. To upconvert an infrared pho-

.ton, it must interact and sum with an­
other photon. These other photons 
must be furnished by a powerful laser 
because the interaction is quite weak. 
This interaction does not occur in any 
medium; it takes place only within 
nonlinear materials. In such materials, 

.. the electric polarization generated by 
an optical field has a quadratic depen­
dence upon field strength as well as 
the usual linear dependence. This non­
linearity, measured by a nonlinear 
susceptibility x' couples two incident 

,. waves and generates a nonlinear 
polarization at their sum frequency. 
This polarization radiates and pro­
duces the upconverted image. 

Fig. 1 illustrates how an image up con­
verter might be implemented. The 

... scattered IR radiation from the laser­
illuminated flowerpot and the output 
of the pump laser are incident upon a 
nonlinear medium. In the nonlinear 
material, these two radiations interact 
and generate their sum frequency 

.. which is transmitted by the v' pass 
filter. What the eye sees is a flowerpot 
at the new color. This upconverted 
image differs in magnification, appar­
ent location and resolution, as well as 
color, but it does resemble the original 

, flowerpot. We will discuss the physical 
.' bases of these differences and their 

experimental verification. 

Consider the interaction of a planar 
object wave with a planar pump wave 
in an ideal nonlinear material. As illus-

• trated in Fig. 2, the propagation vector 
of the object radiation, kw, adds vec­
tori ally to the propagation· vector of 
the pump wave, k,. Their resultant, the 
vector kv+kw, is in the direction of the 
up converted wave. 
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Fig. 1-Typical infrared image upconverter. .. 
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Fig. 2-lnteraction of two plane waves in a 
nonlinear medium. 

For small angles, the angle (j, between 
the object ray and the pump ray, and 
the angle (j', which the up converted 
image ray makes with the pump ray, 
are linearly related. Thus the angular 
relationship of the object waves is 
preserved by the up converted image 
waves. 

The nonlinear polarization is driven 
by a wave whose propagation vector 
is the vector sum of the object and 
pump propagation vectors, k,+kw, or 
OA in Fig. 2-a vector from the ori­
gin to the upper right apex of the 
parallelogram. However, the non­
linear polarization radiates a wave 
with a propagation vector of magni­
tude I k/ I = 27T v' / c. Only for a colinear 
object and pump wave are the driving 
wave vector, kv+k", (OA) and the ra­
diating wave vector kv' equal; as the ob­
ject and pump waves deviate from 
colinearity, the difference between the 
driving and radiating wave vectors in­
creases. Thus, the wave driving the 
polarization and the radiating wave 
get out of phase, and waves making 
too large an angle with the pump wave 
are not efficiently upconverted. Only 
those rays emanating from a particular 
object point which make less than a 
given angle with the pump will be 
upconverted, The size of this angle de­
pends upon the thickness of the non­
linear material. 

To see how these two points determine 
the imaging process, consider an 
infinitesimally thick ideal nonlinear 
material located a distance q from the 
object and simultaneously illuminated 
by a planar pump wave as illustrated 
in Fig. 3. The nonlinear polarization 
generated in volume dv will radiate 
an upconverted plane wave which 
makes an angle (j' with the pump 
wave. The intersection of all upcon­
verted waves from every volume of 
the nonlinear material, due to the in­
teraction of pump waves and waves 
from a particular object point, defines 

the location of the corresponding 
image point. 

Under these circumstances, the image 
undergoes a longitudinal magnification 
of 1/ f3 and unity transverse magnifica­
tion. The image location is not the 
same as the object location but ap­
pears to be further away than the 
object and of course there is a con­
comitant depth distortion. The unity 
transverse magnification implies that 
the image has the same height and 
width as the original object. For a fi­
nite thickness of nonlinear material, 
object rays making too large an angle 
with the pump beam would not be 
upconverted. This limits the image 
resolution much the same as a finite­
sized lens limits the ultimate resolu­
tion of a conventional optical system. 

Experiments 

We have demonstrated certain fea­
tures of image upconversion in our 
laboratory. The apparatus used is illus­
trated in Fig. 4. It has been convenient 
to use a single laser both to illuminate 
the object and to act as the pump 
source. 

Because our object and pump beams 
have the same frequency, polarizing 
beamsplitters are used. A 16-millimeter 
black-and-white film transparency, 
located in one of the beams, serves as 
an object while the other orthogonally 
polarized beam is the pump beam. The 
nonlinear medium, is a 1.2 cm cube 
of potassium dihydrogen phosphate 
(KDP) 

Fig. 5 illustrates some of the results. 
The infrared photograph (Fig. 5a) 
was made with the camera focused 
upon the object transparency and the 
pump beam blocked. The up converted 
photograph (Fig. 5b) was made with 
the camera focused on the virtual up­
converted image. This photograph con­
tains at least 300x200 resolution 
elements and is capable of resolving 
about 500 line pairs/inch in the object 
transparency. This resolution is com-

dv 
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Fig. 3-lmaging of an object point by the 
upconverter . 
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Fig. 4-Experimental apparatus for the dem­
onstration of the imaging properties of up­
converters (8=0.527 radius). 

parable with the theoretic maximum 
determined by the 1.2-cm-thick non­
linear material. 

While an image up converter operating 
directly on the infrared object's radia­
tion does have an unlimited field of 
view, it loses resolution because of the 
finite thickness of the nonlinear ma­
terial. Field of view can be traded for 
higher resolution by up converting not 
the object radiation but the Fourier 
transform of this radiation. This up­
converted image is not resolution­
limited by the nonlinear material; 
however, the field of view is reduced. 

These results were demonstrated with 
a modified version of the apparatus 
illustrated in Fig. 4. Fig. 6a is an infra­
red photograph of the original object 
transparency. The uneven background 
and the diffraction rings are caused 
by the laser illumination. Fig. 6b is an 
enlarged photograph of the up con­
verted image. The region near the 
number 400 corresponds to about 750 
line pairs/inch. In the original photo­
graph, the resolution is about twice 
that of the upconversions of Fig. 5. 

Present status of image 
upconversion 

Most image up conversion has been 
done either with or assuming a planar 
pump beam. However, the image up­
converter can operate with point 
source pump-beams, and can generate 
good quality upconverted images." 
The major effect of the pump-beam 
divergence is not to degrade the reso­
lution but is to change the transverse 
and longitudinal magnification of the 
image upconverter. Furthermore, it 
has been shown that despite the usual 
resolution limitations imposed by the 
thickness of the nonlinear material, 

higher resolution might be achieved 
by the use of a point source pump. By 
lensless Fourier transform hologra­
phy", high resolution objects can be 
recorded on low resolution film. So 
too, by using a point source pump, the 
upconverted image should not be reso­
lution limited by the thickness of the 
nonlinear material. Indeed the analogy 
of image upconversion with hologra­
phy is a correct one." The image from 
an up converter is the same as the 
image from an equivalent hologram. 

We have discussed only monochroma­
tic, laser-illuminated objects because 
only laser illuminated objects have 
been used in laboratory demonstra­
tions. In principle, the upconversion 
process is applicable to polychro­
matic, self-radiant or incoherently 
illuminated objects. However, a poly­
chromatic object will not generally 
form a single upconverted image be­
cause the upconverter's magnification 
(1/(3) is wavelength dependent. A 
number of techniques have been sug­
gestedtO

•
12 for eliminating this chro­

matic aberration, but none have yet 
been tested. The present inefficiency 
and narrow bandwidth of the upcon­
version process makes image upconver­
sion of polychromatic objects imprac­
tical. 

Conclusions 

At present, we understand the opera­
tion of image up converters with 
either planar or nonplanar pump 
beams, their resolution and their 
chromatic aberrations. While there is 
further work to be done to extend the 

Fig. 5-Photographs of a) object transpar­
/' ency at 10,640 and b) upconverted image at 

5320 A. 

Fig. 6-Photographs of a) object transpar­
ency at 10,640 A and b) upconverted image 
at 5320 A using high-resolution upconversion 
technique. 

theory and demonstrate the validity 
of these extensions, our understanding 
of the imaging process is sufficiently 
advanced so that this is not the major 
impediment to the useful upconversion .• 
of images. To transfer the process ~ 
from the laboratory to the field-to use 
it rather than to demonstrate it-re­
quires much higher conversion effici­
encies. Better nonlinear materials are 
required. They should be more non­
linear, and perhaps even more impor- ... 
tant, they must be useful over large 
acceptance angles and spectral band­
widths. Thus, upconversion offers the 
possibility of real-time 3D conversion 
of images of distant objects with the 
attractive feature that low-noise proc- • 
essing of long-wavelength IR will not 
require low-temperature cooling. 
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System tests for the 
VideoComp 70/830 

-.-R. M. Carrell 

This paper reviews the technical and aesthetic aspects of typography and shows 
some test patterns which compare various aspects of the VideoComp Electronic 
Composition System perforinance in a way which abnormalities are easily detected 
by an "eyeball" examination. In a larger sense, this paper provides insight into the 

--methods of establishing system tests for human-oriented systems. A comprehensive 
test for such systems should be designed so that a quick "eyeball" review of the 
output will detect any significant abnormalities, which on further review can be 
numerically evaluated against specifications or indicate further tests required. 

.. A LARGE PART of the electronics in-
1\. dustry has its principal reason 
for being in the satisfaction of a 
human need. This is most obvious in 
consumer products, such as television, 
sound reproduction, and the movies. 
VideoComp is also in this category, for 

.ts output is the photographic image of 
a page which will be converted to 
printed copy and distributed to con­
sumer markets of various types. 

In all of these systems there is a cost/ 
performance tradeoff which is made in 

'.he design and production of equip­
ment. Typically, the ultimate market is 
stratified into various quality levels­
e.g., 70 mm and 8 mm movies; console 
and miniature TV; and studio and por­
table radios and phonographs. As 

.~hese fields have matured, technical 
criteria have been established which 
will quantitatively define the perform­
ance necessary to satisfy the quality 
criteria of each part of the market. 

Ultimate decisions on the acceptability 
.,f such systems frequently combine a 

typical use with a synthetic system test. 
In visually oriented systems, this is 
usually a test pattern. One or more 
skilled observers classify the subjec­
tive quality of the overall result; the 
appearance of the test pattern through 

.he same system can then be correlated 
to give thereafter a standard of accept­
ability. A good test pattern for a sys­
tem has these basic properties: 

1) It can be quickly interpreted by a 
human. 

.. 2) It is sensitive to all the factors affect­
ing the aesthetic and technical utility of 
the system. 
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3) It will quickly expose technical ab­
normalities of the system. « 

4) It can be numericaIly interpreted in 
terms of system specification limits. 

Television test patterns are familiar 
examples meeting these criteria. An 
experienced person need only look at a 
few patterns in order to accurately 
assess the performance of a system. 

Historical note 
Printing is one of the oldest industries 
which mass produce an aesthetic prod­
uct by technical means. The Gutenberg 
Bible is still a model of aesthetically 
satisfying typography. 

With the invention of typesetting ma­
chines, there grew an effort to achieve 
the mechanical precision necessary to 
produce a page of aesthetically pleas­
ing type. Even in the earlier days there 
was a division in application between 
the Linotype, which is somewhat 
faster but which imposes constraints 
on type design, and the slower, more­
flexible Monotype . 

With the introduction of the Video­
Comp, the whole question of the sys­
tem tolerances necessary to achieve an 
aesthetically pleasing result had to be 
reexamined. Some problems which are 
vexing in a . .-Linotype are easy in a 
VideoComp, such as the vertical align­
ment of adjacent characters. In a Lino­
type, getting straight baseline for a set 
of characters across the page is easy, 
but in a VideoComp it requires excel­
lent deflection linearity. 

Aesthetic and technical aspects 
of Typography 

Typography includes the style, ar­
rangement, and appearance of printed 
matter, as well as the technique of its 
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production. Fig. 1 shows a schematic 
relationship between typographical 
and technical factors as they relate to 
the VideoComp System. 

The aesthetic aspects of typography 
resolve into character form and char-
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Fig. 1-Relationship of typographical factors and 
technical factors in VideoComp 70/830. 
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acter placement. An artist creates a set 
of letter forms, called a font, which 
are mutually compatable and convey 
a distinctive style and feeling. The 
mutual placement of these characters, 
called lettersspacing, is critical in 
achieving a overall even appearance to 
a page, which contributes to legibility 
and ease of reading. 

In the VideoComp, the reproduction 
of an original character form is con­
strained by the digital techniques used 
and limitations of the CRT, lens and 
film. Character placement is con­
strained by the digital and analog 
electronics and the film advance mech­
anism. In general, the VideoComp 
70/800-series embodies a very suc­
cessful series of tradeoffs which are 
able to meet high standards of typo­
graphic quality. In some respects, 
VideoComps excel all machine meth­
ods of typesetting, except the basic 
foundry-type methods which are hand 
set. 

VideoComp electronic 
composition system 

The VideoComp Electronic Composi­
tion System is primarily a text-setting 
machine. Steps in the preparation of 
text are: 

1) Typefonts, each containing a set of 
80 or more characters, are stored in a 
large processor such as a Spectra 70/45. 
2) Text containing alphanumeric char­
acters and format instructions is fed 
into the processor. 
3) A composition program, such as 
RCA PAGE-l, combines the text instruc­
tions and font data into a VideoComp 
control tape. 
4) The VideoComp control program is 
loaded into the control processor (RCA 
1600) . 
5) The composed tape is played on the 
VideoComp which produces text­
bearing film or paper. 

VideoComp test patterns 

There are two basic parts to the tests; 
text simulation and technical perfor­
mance. 

Text simulation 

In the text simulation tests, a font con­
sisting of special characters is used. 
Fig. 2 shows this character, which 
is placed at each of 80 character 
addresses in the font tape. The text 
consists of a repeated sequence of all 
80 characters, broken up into regular 

Fig. 2-VideoComp test character. 

word groups. When the resulting com­
posed tape is played on a VideoComp, 
the result is a regular array of the same 
repeated character, as shown in Fig. 3. 

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------.........,,------------------------------_ ........ _------------------------------------------------------------------------------ ........ ---------------------------------------------------------------------------------------------------- ........ _--------------------------------------------------------------------------------
._1-='1 ..... _ 

A UIlUllUllUllUll UIlUllUllUllUll , 

.UIlUll UIlUllII!IUllUll II!III!III!IUIlUll UIlII!I 

jll!lUllUll UIlUllII!IUllII!I UIlUllUllII!IUll II!IUIlIiI. 

lIU1lUllUll II!IUIlUllUllUll II!IUIlUllUllUll UIlUllUllI 

lUllUllUll UIlUllUllUllII!I II!IUIlUllUllUll UIlUllIiII 

'lUllUll UIlII!III!IUllII!I UIlII!IUllUllUll UIlWl' 

""l UIlUllUllUllII!I UIlUllUllII!III!I ,.. 

Fig. 3-Test character array (the circle 
shows a portion of the test pattern in full 
size). 

The features of test character (Fig. 2) 
include: 

1) The digital parameters (number of 
strokes, number of elements per stroke, 
number of bytes of storage required) 
are the same as a typical character used L. 
in standard English. 
2) Top and sides are straight, making it 
easy to check alignment of rows and 
columns. 
3) Horizontal and vertical, black and 
white lines are provided as a test of 
spot size, shape and exposure. 
4) Steps are provided in the corners as" 
a check on astigmatism along the ±45° 
axes. 

The completed array (Fig. 3) com­
prises a test of the following items: 

1) Font loading and addressing func-_ 
tions, 
2) VideoComp control program func­
tions, 
3) System writing speed, 
4) Column rectangularity, 
5) Baseline alignment, 
6) Spot size and shape, and 
7) Exposure. 

Items 1 and 2 are proven by correct • 
appearance of the completed text pat­
tern. Item 3 is a stopwatch test of the 
time required to set a large number of 
characters. Because the digital charac­
teristics are the same as the average 
English characters used in a speed for-'. 
mula, the actual speed can be checked 
against a specification model. Items 4 
and 5 can be checked against a 
straightedge. Items 6 and 7 affect the 
appearance of the thin lines within the 
character. Fig. 4 shows the appearance. 
of the character for several conditions ! 

of focus, astigmatism, and exposure. 

The first level of evaluation is an over­
all visual impression of the evenness of 
the text and the impression of black­
ness. Next, the rows and columns are. 
checked against a straightedge. Next, 
the characters are examined through a 
lOx magnifier and compared with a 
standard. Finally, micro densitometer 
and microscope measurements are 
used to give quantitative results. • 

Since the character is digitally similar 
to a normal text character, it can be 
printed as a routine part of every text 
sample as a check on the machine 
focus and exposure. 

Technical performance 

Technical performance tests supple­
ment the text simulation tests by pro­
viding patterns which are directly 



related to key technical factors. Im­
portant characteristics of these tests 
are: 

•• 
1) A quick visual inspection will reveal 
an abnormal condition. 
2) The tests can be numerically inter­
preted with simple aids (magnifying 
comparator, reference standards). 

Density tests 

Proper exposure is basic in phototype-
__ setting. The VideoComp has the capa­

bility of varying character size by 
changing the spacing and length of the 
writing strokes in eight steps over a 
2: 1 range. Since a constant density 
must be maintained over this range, 
the beam current must be compen-

.sated for variation in spot size and 
writing velocity. In some cases, the 
height of a character is changed by 
varying the sweep velocity; in other 
cases, the velocity is constant, and the 
vertical timebase clock frequency is 

• changed. Four quality modes are pro­
vided, with different numbers of 
strokes/character and elements/stroke. 
Proper operation of each of the com­
pensation circuits is checked by writ­
ing a square patch in each of 8 sizes 
in the four quality modes, as shown in 

• Fig. 5. Every possible stroke is written, 
producing a density representative of 
the maximum density in a written 
character. A large patch is made for 
convenience in use of an area densi­
tometer in checking density against a 

• numerical specification standard. Nor­
mally the patches are too dense for 
eyeball judgement. 

Visual judgement of density is possible 
by writing in every third stroke posi­
tion, which reduces the average den-

• sity to the point where the patches 
appear gray. Density of the gray 
patches is directly related to that of 
the solid black patches, so that opera­
tion of the intensity-compensating cir­
cuits, and overall density, can be seen 
immediately. The density of the gray 

• patches fall within the range of some 
simple densitometers used for check­
ing halftone screen densities. Such 
devices can be used with the gray 

Fig. 4a-Test character near edge of film at 
20X magnification. 
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Fig. 5-Density and size test. 
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Fig. 4b-Test chracter near center at film, at 
20X magnification. 

OBLIQUE TEST --------\ 

• Fig. 6-Density-uniformity and width test (circle at right shows a portion of the test pattern in full size). 
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patches to maintain a close control on 
film density during an operating run. 

Additional information on density is 
given by the pattern of Fig. 6. Here, 
patches are written contiguously to 
form bands spanning the entire writ­
ing area. Eight bands of constant patch 
height but varying width are written. 
The eight bands should be of equal 
density if the compensation for stroke 
spacing is working properly. Each 
band should be of uniform density 
across the page. Horizontal amplifier 
noise and errors in the 0/ A converter 
will produce striations. Processing 
nonuniformities and lens vignetting 
will produce broad bands of differing 
density. 

Deflection-system tests 

Horizontal deflection is controlled by 
a 16-bit 0/ A converter and a geometry 
correction network which rectifies the 
inherent CRT pincushion distortion. 

Vertical deflection is controlled by 

1) A vertical sweep generator for char­
acter writing, 
2) Two vertical n/ A converters for 
character positioning, and 
3) The geometry correction networks. 

Alignment and operation of these sys­
tems are checked by the following 
tests. 

Vertical-sweep height 

Character height is determined by 
sweep velocity and the clock which 
measures units of distance. Proper 
adjustment of velocity and clock fre­
quecy are measured by writing a 
square of known height, then writing 
above it an equal square displaced 
upward by the character height, as in 
Fig.S. 

In writing the second square, the 
sweep starting point is displaced by 
use of the vertical 0/ A converter. The 
height of the squares is measured in 
points (one point equals 1/72 inch). 
The vertical 0/ A converter least incre­
ment is 1/32 point. If both character 
height and 0/ A calibration are correct, 
there will be no gap or overlap be­
tween the upper and lower squares. 

Small gaps or overlaps are highly visi­
ble and indicate an abnormal condi­
tion. Note that this does not indicate 
what function is in error; this must be 

Fig. 7-Vertical-sweep 
test pattern. 

Fig. 8-Vertical- 1II1111 
settling-time test. J1W1J 

determined by careful measurement or 
by further, more specialized, tests. 

Vertical-sweep linearity 

Vertical-sweep linearity is checked by 
coding a character consisting of thin 
horizontal lines and partially overlap­
ping this with a similar set of lines 
spaced by the vertical 0/ A converter. 
This is shown at the top of Fig. 7. Un­
equal line spacing produces an alter­
nating black/white band pattern 
where the two sets of lines overlap. 
This may be due to a) vertical sweep 
nonlinearity, b) incorrect character 
size, c) vertical deflection nonlinearity, 
or d) malfunctioning vertical 0/ A 

converter. 

Vertical-settling time 

The vertical sweep must be allowed 
to fully recover between strokes. 
Otherwise, the start point for long 
sweeps will differ from that for short 
sweeps, resulting in irregularities in 
the bottom of characters such as the L, 
and differences in the baseline align­
ment of characters of different sizes. 
Sweep recovery is checked using the 
character shown in Fig. 8, consisting 
of alternating long and short sweeps. 
The bottom edge of this character 
should be straight under lOx magnifi­
cation. 

Horizontal-settling time 

Horizontal settling is checked by the 
scheme of Fig. 9. A single vertical line 
is written after a horizontal jump. 
Two more are then written on either 
side of the first. The digital addresses 
are such that the lines should be 

/equally spaced. Small displacements of 
the first (center) lines are easily visi­
ble. Such displacements may be due 
to yoke hysteresis or insufficient set­
tling time. 

Geometry correction 

Magnetic CRT deflection produces in­
herent pincushion distortion which 
must be electronically corrected. In the 
VideoComp, this is done by nonlinear 
networks which must be carefully 

trimmed to give the best overall,. 
results. 

A comprehensive test of the geometry 
correction is provided by the pattern 
of Fig. 10. The cruiciform area is that 
used for normal writing. The area is 
filled by contiguous squares, 18 points'" 
on a side. Each square itself consists 
of a grid pattern. This pattern consists 
of lines which are O.OOS-inch wide, 
spaced 100 lines to the inch, horizon­
tally, and 96 lines to the inch, verti­
cally. The specific numbers were __ 
chosen for compatibility with the ba-
sic 0/ A converter increments in the 
system. A regular array 100 x 96 lines 
to the inch results from the contiguous 
squares. 

Geometrical errors are made visible by.­
superimposing a standard grid consist­
ing of (:>.OOS-inch lines, 100x96 to the 
inch, generated by the precision Ger­
ber coordinatograph at the David Sar­
noff Research Center. 

Moire patterns resulting from super- ,. 
position of the VideoComp output and 
the reference grid are shown in Fig. 11 
and 12. In Fig. 11, the patterns are 
crossed so that 96 and 100 lines per 
inch are found on each axis. A 4-line/ 
inch beat pattern is seen, which is • 
normal. These lines are effectively a 
2SX enlargement of the lines in the 
grid. Irregularities in this pattern are 
directly related to errors in the Video­
Comp output, with about 2Sx magnifi­
cation. Fig. 12 shows the result with 
the patterns aligned for the best "zero « 
beat". 

Film Advance 

VideoComps have a mechanical film 
advance which drives sprocketed film 
in increments of approximately one" 
point. The advance is not exact be­
cause of the numerical incompatability 
of 

1) The integral number of teeth on the 
advance ratchet wheel, 
2) The standard sprocket spacing, 
3) The integral number of teeth on the ' 
drive sprocket, and 
4) the traditional value of the point. 

Because of instabilities when the me­
chanical film advance is less than five-
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point increments, advance commands 
of less than five points are executed by 
the vertical D/ A converter. Advances 
of five points or more are executed by 

,.a combination of mechanical advance 
and the D/ A converter. 

Operation of the film advance is 
checked by writing a column of bars 
one-half-point wide separated by one­
point advance commands. Every fifth 

:.bar is displaced to indicate where the 
mechanical advance occurs. 

There are 216 teeth on the advance 
ratchet wheel. To assure that every 
tooth is tested, with the mechanical 
advance moving is five teeth at a time, 

4it is necessary to provide enough ad­
vances for five revolutions of the 
wheel. Every 96 points of advance, an 
overlapping column of lines is written 
using the vertical D/ A converter. The 
resultant pattern looks like Fig. 13. 
Because the close spacing of the lines, 

-'irregularities of advance show up as 
striations or bands. 

Overlapping of the lines spaced by 
mechanical advance and the D/ A con­
verter exposes relative errors, which 

.appear as dark bands. The appearance 
and width of these bands can be quan­
titatively interpreted. 

Spot size and astigmatism 

The quality of the writing spot affects 
,-the test character of Fig. 2 and the 

density of the grid of Fig. 9. Density 
variations over the writing area of Fig. 
9 can be due to phosphor nonuniform­
ity, to geometrical error, or to spot 
focus and astigmatism. 

• Summary 

The tests described provide a quick, 
comprehensive overview of the system 
operation. They can be used as part of 

{-"system checkout, as an acceptance test 
, upon istallation, and as a check on 

system performance during preventive 
maintenance calls. Because it exercises 
all parts of the system, it can also be 
used for life tests. .. 

Fig. 9-Horizontal·settling-time test. 

Fig. 10-Deflection-geometry test pattern (circle at right shows a 
portion of the test pattern in full size). 

Fig. 11a-Moire pattern with good linearity, crossed mode (circle 
at right shows a portion of the test pattern in full size). 

Fig. 11 b-Moire pattern with poor linearity, crossed mode (circle at 
right shows a portion of the test pattern in full size). 

Fig. 12a-Moire pattern with good linearity, parallel mode (circle at 
right shows a portion of the test pattern in full size). 

Fig. 12b-Moire pattern with poor linearity, parallel mode (circle at 
right shows a portion of the test pattern in full size). 

Fig. 13-
Advance­

uniformity test 
pattern. 
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New developments in 
controlled solder plating of 
printed-wire boards 
E. E. Gilbert 

The phenomenon of tin-lead co-deposition plating of printed-wire boards has been 
explored and the limitations of a tin-lead fluoborate system are given. Innovations in 
test and alloy evaluation procedures have led to the discovery that the concentration 
of boric acid in the tin-lead fluoborate bath is extremely critical. The results indicate 
that the homogeneity of deposits can be optimized by boric acid additions, used to 
stabilize the lead and fluoboric acid complexes. However even under the most ideal 
conditions, the fluoborate solution deposits a wide range of tin-lead combinations 
because of chemical equilibrium changes that occur during electrolysis. 

Editor's Note: Although the new tech­
niques described in this paper have 
been applied with success in several 
RCA divisions (including the au­
thor's), these methods have not yet 
been adopted Corporate wide. 

THE REQUIREMENTS IMPOSED upon 
printed-wire boards, electrolyti­

cally coated with tin-lead, have been 
difficult to meet because of the limited 
state-of-the-art of co-deposition plating. 
The problems may be summarized as 
follows: 

1) Inconsistency in the composition of 
tin-lead deposits in the yarious current­
density areas of a plated board; 
2) Inconsistency in the composition of 
tin-lead deposits in similar current­
density areas of boards plated at the 
same time and under the same condi­
tions; 
3) Lack of correlation in the results of 
analyses reported by the two labora­
tories testing the plating solutions and 
tin-lead deposits; 
4) Lack of correlation between Beta­
scope and chemical analyses [Betas cope 
is a trade name of Twin City Testing 
Corp., North Tonawanda, N.Y.]; 
5) Inconsistency in the reflow or fusing 
properties of deposits plated in the vari­
ous current-density areas of a board; 
6) Abrupt changes in the composition 
of the deposit following the addition of 
lead-fluoborate concentrate; and 
7) The formation of small nodules of 
tin-lead upon the photo-resist. 

Production time lost during any prob­
lem-solving or trouble-shooting investi­
gation always poses a problem to the 
production engineer. The tendency of 
relying upon the results of chemical 
analysis, which is extremely time con-

Reprint RE-15-5-21 
Final manuscript received August 8, 1969. 

suming in the case of tin-lead, proved 
to be a duration factor in shut-down. 
The lack of correlation in results re­
ported by laboratories involved in the 
analyses and the inability to reproduce 
results reported by a given laboratory 
made a review of the state-of-the-art, 
in its entirety, imperative. This review 
led to the development of new meth­
ods for testing, for the interpretation 
of test data, and for the subsequent 
solutions of several of the problems 
cited above. 

Sampling control 

Proper sampling proved to be of 
extreme importance during the inves­
tigation of inconsistencies in the com­
position of tin-lead electro-deposits on 
the printed-wire boards. The sampling 
procedure in use at the time involved 
submitting samples from the top and 
bottom edges of plated panels. These 
areas were supposedly indicative of 
the printed-wire board patterns con­
tained within the panels. However, 
neither the top nor the bottom edge 
were acceptable, because the top edge 
was masked during plating by the plat-

/ing rack (clamp-type) and the bottom 
edge was plated at a higher current 
density than either the top edge or the 
contained circuitry. 

This condition was eliminated by 
changing the artwork to include, 
within the functional-circuitry portion 
of the panel, representative test cou­
pons which could be removed readily 
for analysis. The test coupons were 
selectively placed above, below, and 
between the circuit patterns on the 
panels (see Fig. 1). This change in 

Ernest E. Gilbert 
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Camden, N.J. 
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sampling technique was found to be 
very significant; the results of compo­
sition analyses were now reproducible. 
Additional control was obtained by. 
plating similar patterns together. Plat­
ing boards of dissimilar patterns at the 
same time proved undesirable. 

Chemical analysis procedures­
their uses and limitations 

The second area of control brought« 
under close scrutiny was the analytical 
procedures used to determine 1) the 
composition of the alloy deposited and 
2) the composition of the plating solu­
tion. Three analytical techniques were 
in use by the manufacturing shop's •. 
laboratory and by the consulting labo­
ratory monitoring the operation. They 
are commonly referred to as: 

1) Lead-by-difference method 
2) Electrolytic method 
3) Lead sulfate method. 

All three methods utilize the precipita­
tion of tin as meta-stannic acid. The 
lead-by-difference method has an ad­
vantage over the other two in that 
sufficient tin-lead may be obtained by 



• 
scraping the deposit off of the large 
area of the sample, weighing the sam­
ple, and having a known total weight. 
However, this method became obso-

,.ete when the new sampling technique 
was introduced because of the smaller 
size of the samples submitted; thus 
new methods were adopted. 

The alternative methods selected by 
the two laboratories doing the analysis 

.. were different; the shop laboratory 
used the lead-sulfate method and the 
independent laboratory adopted the 
electrolytic method. Both techniques 
had the disadvantage of having no 
"known" reference point. In the previ-

. ously used method, once the tin con­
_ent had been determined, the lead 

content could be calculated by differ­
ence. However, using the new meth­
ods, the lead content had to be 
chemically derived, since the tin-lead 
had to be dissolved from the test cou­
pon using a dilute solution of nitric 

"acid (the solution is boiled to precipi­
tate the tin as meta-stannic acid). 
Thus, it became necessary to rely 
solely on the accuracy of the particu­
lar method used for the analysis. Be­
cause of the considerable differences 

.n results obtained by the two labora­
tories, both analytical methods became 
suspect and were investigated. 

The shop's laboratory felt that the 
electrolytic method was not sufficiently 
accurate to serve as a primary standard 

~here no known weight was involved. 
The consulting laboratory considered 
the sulfate precipitation method lim­
ited because of the solubility product 
of lead sulfate. The shop laboratory 
decided to continue the use of the sul-

.fate precipitation method because the 
method has been known, historically, 
as the "classical" method for the deter­
mination of lead, and any error in 
results due to the solubility product of 
lead sulfate could be reduced by the 
addition of sulfuric acid in excess to 

.a point that the error would be 
negligible. 

On investigation, the electrolytic 
method was found to contain the fol­
lowing weaknesses: 

• 

1) The solution was not sufficiently 
acidic to dissolve the copper deposited 
at the cathode, thereby creating the pos-
sible deposition of lead, both cathodi­
cally and anodically. 
2) The deposition of lead oxide, the 
essence of the method, resulted in reli­
ance upon the measurement of a de-

o AREA NOT COATED WITH PLATING 

IIlIll AREA COATED SOLIDLY WITH PLATING RESIST 

~ CIRCUIT PATTERN 

o HOLES USED IN MANUFACTURING 

m AREA MASKED BY THE CLAMP TYPE PLATING RACK 

C COUPON USED FOR BETASCOPE® TEST 

Fig. 1-The previously used method of col­
lecting test coupons (left) was found to be 
unacceptable because of plating inconsis­
tencies at the edges of the panel; this 
method was replaced by that shown at the 
right. 

posit which is poor in both adhesion 
and cohesion. Where the quantity is 
sufficiently large, some of the lead oxide 
is lost during the electrolyzing and dry­
ing stages. 
3) Literature advised against the use of 
the electrolytic method when the alloy 
being tested contains more than 5% 
lead, or the sample contains more than 
5 milligrams of lead.' 

The nonelectrolytic method, adopted 
by the shop's laboratory, involves the 
precipitation of lead as a sulfate. The 
lead sulfate is filtered through a Gooch 
crucible, washed with dilute sulfuric 
acid, dried at a temperature of less 
than sooDe, cooled to constant weight 
in a desiccator, and weighed. The re­
sult is multiplied by a factor to give 
the amount of lead. 

I t was discovered later that the 
variation in the results of the two 
laboratories was reduced with the in­
troduction of the new sampling cou­
pons. The total weight of the tin-lead 
dissolved from the coupons was less 
than 0.100 gram, and the expected lead 
did not exceed 0.05 gram. At this point 
in the investigation, the two labora­
tories reported results which were 
comparable 19- each other. A modified 
version of the proposed electrolytic 
method was introduced in the shop's 
laboratory once it had been shown 
that the method was suitable to serve 
as an alternate for the precipitation 
method, if used within the proper 
limits of sample size and acidity. 

Alloy variations with respect to time 

The results obtained by chemically 
analyzing the tin-lead composition was 
indicative of the average composition 
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Fig. 2-Alloy variations with respect to 
time. 

of the various laminae rather than the 
composition of anyone deposit. One 
of the limitations of the solution from 
which two metals are deposited simul­
taneously is the variation in the ratio 
of the two metals being deposited as a 
function of time. 

Indications of this gradual change in 
the composition became apparent 
when variations were reported for the 
same board tested at three different 
stages of the operation. The three 
stages involved were: 

1) Immediately after plating, 
2) After the tin-lead had been fused in 
hot oil, and 
3) After the excess solder was removed 
in a solder leveling machine, which 
leaves a film of tin-lead, approximately 
50X 10-6 in. 

A summary of the results is given in 
Table I. 

Table I-Variation in tin contents as a func­
tion of time. 

Board 

1 
2 
3 
4 
5 

As plated 
(% tin) 

52.65 
67.21 
59.26 
56.20 
63.08 

After fusing After leveling 
(% tin) (%. tin) 

54.36 70.27 
69.37 79.23 
63.42 67.76 

74.26 
78.71 

Table I shows that the tin deposits at 
a much faster rate during the first few 
minutes of deposition than it does dur­
ing the final period. Once this became 
known, the results obtained with the 
use of a Betascope (an instrument 
that uses Beta back-scatter rays to de­
termine the thickness of a coating) 
which did not appear valid, initially, 
became of primary importance in un­
derstanding the solution capabilities 
and limitations. A comparison of the 
results of chemical analyses and Beta­
scope readings is given in Table II. 
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(;7) AREA HIGH IN LEAD CONTENT EXHIBITING POOR REFlOW 

~ TEST COUPONS 

121 THROUGH-HOLE IN PAD 

o SOUD PAD 

Fig. 3-Variation in tin-lead plating due to 
macro-current-density variation; this typical 
platter contains nine circuit boards and is 
18 x 19 inches. 

Table II-Comparison of various methods for 
determining tin content. 

Coupon Betascope Shop lab Second lab 
number (% tin) (% tin) (% tin) 

1/2 57 61.9 60.8 
3/4 57 63.2 59.6 
5(6 58 63.1 58.8 

19/20 42 51.2 50.5 
21/22 42 52.1 49.7 
23/24 41 50.7 51.2 
37/38 48 56.4 54.1 
39/40 48 56.7 53.8 
41/42 49 57.3 54.8 
49/50 48 52.0 49.4 
51/52 43 52.4 49.2 
53/54 43 52.0 48.3 
55/56 43 54.0 51.8 

Note that the results of the Betascope 
are much lower than those reported by 
the two laboratories; however, these 
results are as consistent as those of 
the chemical analyses. The Betascope 
results are more indicative of the per­
centage of tin in the final laminae de­
posited during the last few minutes of 
deposition; while the chemical analy­
sis results (after solder leveling) are 
more indicative of the percentage of 
tin deposited during the first few min­
utes of deposition. Chemical analysis 
prior to solder leveling gives the 
average. 

Additional data was obtained using 
Hull Cell panels [Hull Cell is a trade 
name of R. O. Hull & Co., Cleveland, 
Ohio]. The panels were plated for 1, 
5, and 10 minutes and were marked so 
that that portion of the panels which 
represented the 24 to 30 Amp/ft' areas 
could be cut out of each panel and 
chemically analyzed for tin-lead. The 
results are illustrated in Fig. 2. 

Samples of the solution were taken 
from the cathode region to determine 
if there was a change in the concentra­
tion of tin and lead as a result of elec­
trolysis. There was no appreciable 
change. The gradual change in the 
ratio of one metal to the other appears 
to be due to anyone, or all, of the 
following: 

1) Chemical equilibrium shifting during 
electrolysis. 
2) Pressure created at the anode and 
cathode as gases are generated. 
3) A change in the surface with which 
the solution is in contact. 

These aspects are treated in more de­
tail later in this paper. 

Effects of macro-current-density 
variations 

The effects of macro-current-density 
variations upon the tin-lead composi­
tion deposited on a given part can be 
observed immediately after the "re­
flowing" or fusing operation. This 
operation involves immersing the tin­
lead plated part in hot oil (495°F) 
from six to twenty seconds. The degree 
of fusing depends upon the percents 
of tin and lead plated in a given area 
of the part. The effects of macro­
current-density variation are more evi­
dent on large parts than on small ones. 

One program involved the tin-lead 
plating of boards approximately 18x19 
inches in size. The size of the boards 
caused the tin-lead composition to vary 
greatly as shown in Fig. 3. The low­
current-density areas contained a high 
percentage of lead and exhibited poor 
reflow properties. A test method was 
devised to determine the extent of the 
tin-lead variations in the deposit. 

The test involved plating a large panel 
at the prescribed current density and 
reflowing in hot oil. The dimensions 
of the panel were 9x18 inches, and the 
time required to fuse the tin lead 

/ varied between 12 and 20 seconds. 
The edges of the panel flowed better 
than the center, forming a parabola as 
shown in Fig. 4. 

An analysis was made of the tin-lead 
in different current-density areas. The 
lead content within the parabola of 
Fig. 4 was found to be as much as 
14% higher than that along the edge 
of the panel. Other tests (discussed 
later) indicated that the higher the 
lead content, the longer the reflow 
time. Thus, the time required for the 

room temperature panel to reach the 
reflow temperature of various tin-lead 
combinations was found to be a good 
indication of the composition. 

Importance of boric acid 

.. 

• 
Chemical analyses had shown that the 
bath components were maintained 
within the limits recommended by the 
vendor during production. The prob­
lem of obtaining uniform reflow be-. 
came so acute at times that it was 
necessary to "shutdown" the opera­
tion. Although representatives of 
vendors' Technical Service Staffs were 
cooperative, no recommendations 
were offered which gave the desired . 
reflow results. The inability to solveAW 
the reflow problem indicated a void in 
the state of the art. Therefore, attempts 
were made to correct the reflow prob­
lem by varying the concentration of 
the components in the solution above 
and below recommended limits. Vari-. 
ations in the tin and lead fluoborates 
and fluoboric acid did not affect the 
plating characteristic of the plating 
solution to the extent of removing the 
parabolic pattern obtained subsequent 
to reflow. The results may be sum-
marized as follows: '*' 

1) Changing the tin concentration 
above and below the recommended 
limits reduced the tin content in the de­
posit-all the other components being 
kept constant. This may be explained in 
terms of the reduction of the ionization 
of tin and the lack of available tin. 
ions at high and low tin concentrations, 
respectively. 
2) Increasing the lead concentration in­
creased the rate at which it was plated. 
Decreasing the lead content in the bath 
had a corresponding effect with respect 
to the deposit, but not to the extent of 
affecting the composition distribution. 
pattern previously described. 
3) Increasing the free fluoboric acid 
had little, if any, effect above recom­
mended minimum. 
4) The increasing of the bone glue or 
Peptone concentration when one or the 
other was used, did not change the 
composition pattern. However, as th.· 
concentration of Peptone was increased, 
the average tin in the deposit increased 
until an undetermined point was 
reached and the reverse effect was 
obtained. 

The presence and concentration of 
boric acid in a fluoboric acid bath 
usually taken for granted by most 
platers. Its presence in the concen­
trates of tin and lead fluoborates and 
fluoboric acid, added periodically to 
maintain the bath, causes one to as-
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Fig. 4-9 x 18-inch test panel showing the 
parabolic inconsistencies in the tin-lead con­
tent for different current-density areas. 

sume, wrongly, that boric acid is being 
adequately replenished. Boric acid, at 

_his point in the study, was the only 
component used in the original make­
up which had not been purposely 
varied. 

The role of boric acid in a fluoboric 
~cid solution is not clearly explained 

In the technical literature commonly 
referred to by most platers, nor is it 
emphasized by most suppliers in their 
brochures. Some vendor brochures 
simply state that boric acid is used, 
initially, to prevent the formation of 

... ree hydrofluoric acid. 

Experience with several acid-nickel­
plating solutions, in which boric acid 
must be controlled if the desired 
quality of the deposit is to be ob­
tained, led to an investigation of boric 

.-acid as a means 01 controlling the 
plating characteristic to the tin-lead 
bath. 

Impurities more noble than nickel 
(such as copper and lead) tend to 

.mild-up in a nickel plating solution 
(luring normal operation when copper 
and white metals are being plated; 
therefore, it seemed reasonable that 
boric acid might decrease the rate at 
which lead was being deposited from 
the tin-lead solution. In order of in-

,.reasing nobility (requiring the least 
amount of electrical energy to deposit 
at the cathode of a cell) the elements 
are listed as follows (the electrode 
potential for Hydrogen is arbitrarily 
selected as zero) : 2 

Nickel 
Molybdenum 
Tin 
Lead 
Deuterium 
Hydrogen 
Copper 

Ion electrode 
reaction 
Ni~Ni+2e 
Mo~Mo+3e 
Sn~Sn+2e 
Pb~Pb+2e 

112D2~D+le 
112H2~H+le 

Cu~Cu+2e 

Electrode 
potential 

+0.250 
+0.20 
+0.136 
+0.126 
+0.003 

0.000 
-0.337 

~Copper and lead are more noble than 
nickel and should plate out preferen­
tially to, or co-deposit with, nickel 
making "dummying" unnecessary. 
Hydrogen should be liberated at the 
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Fig. 5-Tin-lead plated Hull Cell panels. 

cathode in preference to the deposition 
of nickel. However, the presence of 
boric acid retards these electrode re­
actions, allowing nickel to deposit 
when the thermodynamic concentra­
tion of these elements are below a cer­
tain level. A slight change in the 
deposition potential of lead in the tin­
lead fluoborate solution could, seem­
ingly, bring it sufficiently close to that 
of tin to prevent the preferential plat­
ing of lead in the low-current-density 
areas. 

Several Hull Cell panels were run 
using the solution as it existed on the 
production floor and with additions 
of boric acid to obtain tangible evi­
dence of the effects of the additions 
(Fig. 5). The dark areas, which 
appeared within the plating-current­
density range (recommended in the 
process) receded to lower ranges as 
the boric-acid additions were in­
creased. Whereas, it had been impos­
sible to obtain the required reflow 
properties within the 25-to-30 Amp/ft' 
range prescribed, previously, it became 
possible to obtain good reflow over 
the entire range of the panel. 

I t should be noted that the solution in 
use on the production floor was sev­
eral years old, and boric acid had 
never been added except for the initial 
charge and for that which was con­
tained in the tin, lead, and fluoboric­
acid concentrates. The difficulties 
involved in trying to determine the con­
centration of boric acid, chemically, 
when in the presence of fluoboric acid, 
left a void in the accumulation of data. 
However, having determined that 
boric acid was needed, it was added to 
all of the tin-lead solutions on the plat­
ing floor. The criteria for the addition 
were the Hull Cell and the panel re­
flow test (discussed earlier). There 
was not complete agreement between 
the two tests: removing the parabolic 
area of high lead on the test panel re­
quired 1 to 2 oz/gal more acid than 
the Hull Cell test indicated. 

Results of boric acid adjustment 

With the establishment of these con­
trols, boric acid is added regularly to 
the production baths, and sometimes 
in preference to fluoboric acid. These 
control tests proved equal in impor­
tance to, but did not replace, the re­
quired chemical analysis. They proved 
valuable in controlling the solder level­
ing operation as well. 

During the six months following the 
initial boric acid adjustment, several 
observations were made with respect 
to the overall performance of the plat­
ing baths. These observations may be 
summarized as follows: 

1) Little or no additions of lead were 
required, whereas before, lead was 
added at a rate of 1 oz/gal/week. 
2) The quantity of white precipitate, 
previously thought to be stannic tin but 
could have been lead fluoride or a mix­
ture of the two, decreased. 
3) Deviating from the recommended 
current density of 25 or 30 Amp/ft' did 
not appreciably affect the composition 
of the deposit. It was possible to plate 
between 15 and 40 Amp/ft'. 
4) The tin concentration in the deposit, 
which previously averaged 48 to 57%, 
was being reported in the range of 58 
to 70%, consistently. 
5) Recrystallization occurred occasion­
ally as the solution level and/or tem­
perature dropped indicating that the 
bath was saturated with one of the 
components, perhaps boric acid. 
6) Whereas the process allows 15 to 20 
seconds for reflow, it was found that 6 
to 10 seconds was sufficient for the tin­
lead combination being deposited. 
7) The throwing power of the solution 
had been increased, especially in the 
low-current-density areas, thereby re­
ducing the ratio of deposit on the sur­
face to that in the holes. 
8) Observation of micro-sections be­
came the basis for concluding that 
greater uniformity in the dispersement 
of lead had occurred. 

Theoretical aspects of co-deposition 

To co-deposit two metals, such as tin 
(Sn) and Lead (Pb) , their deposition 
potential, E, must be equal or nearly 
so, as represented by the following: 

E(Sn) =E(Pb) (1) 

RT 
Eo (Sn) + n(Sn)F In[a(Sn) -p(Sn)] = 

RT 
Eo (Pb) + n(Pb)F In[a(Pb) -p(Pb)] 

where Eo is the electromotive force of 
the element with respect to hydrogen 
(the value for hydrogen arbitrarily 
selected as 0.00); T is the absolute 

97 



98 

temperature; R is the gas constant; 
n is the valence of the element; a 
is the activity of the ions, or thermo­
dynamic concentration of the element; 
and p is the anionic back pressure or 
voltage." When the deposition poten­
tials are not equal E (Sn) =l=E (Pb), 
a(Pb) and a(Sn) or p(Pb) and p(Sn) 
must be adjusted. It is easier to adjust 
a(Pb) and a(Sn) because they can be 
controlled by varying the concentra­
tion of the element-containing-electro­
lyte or by complexing the element and 
reducing the degree of ionization, as 
discussed later. 

The deposition potential of lead and 
tin in an electrochemical reaction are: 

Eo (Pb) =0.126 (3) 
Eo (Sn) =0.136 

It can be seen that these are suffi­
ciently close to allow co-deposition, if 
the anionic media selected is compati­
ble with the two metals. It is obvious 
that the sulfate anionic media used in 
nickel plating is not satisfactory be­
cause the solubility product and ion­
ization constant of lead sulfate are so 
low that only tin would plate out to 
any great extent. The tin and lead 
salts of fluoboric acid, in an excess of 
the acid, have proven satisfactory. 

The deposition potentials of lead and 
tin (Eq. 3) also indicate that the 
energy level required to deposit lead is 
less than that required to deposit tin. 
To compensate for the difference in 
energy-level requirements, lead is re­
duced in concentration to one half that 
of tin, thereby lowering the activity of 
lead in the bath:' 

"In order to pass a current through a 
solution, a certain voltage is required. 
The solution itself will have an ohmic 
resistance proportional to the length of 
the path between the electrodes and 
inversely proportional to the effective 
area. In addition, there will be a poten­
tial drop across the thin film surround­
ing each electrode due to the evolution 
of gas or a sharp concentration gradi­
ent. This may be reduced to some 
extent by efficient agitation. Finally, 
there will be the potential necessary to 
deposit the material which would be 
present at equilibrium even though no 
current were flowing. This is the mini­
mum for deposition. Of course, if the 
solution is very dilute, and the ions 
comparatively scarce, the required po­
tential will be very high [one of the 
causes for the build-up of impurities 
in a bath], and at high concentration 
the reverse will be true. By Nernst's 
law, 

0.05915 
E (log C) -Eo 

n 

where E = the electrode voltage drop 
C=the ion concentration in 

moles per liter 
n=the number of charges on 

the ion". 

Boric Acid in a fluoborate system 

Fluoboric acid may be prepared in ac­
cordance with the following reaction:' 

H,BO, 4HF 
boric + hydrofluoric 
acid acid 

HBF. 
fluoboric 

acid 

+ 3H20 
water 

(4) 

Once formed; fluoboric acid, to a lim­
ited extent, undergoes hydrolysis: 

HBF.+H20=HBF,OH+HF (5) 

adding the two equations, we obtain: 

H,B03+3HF=HBF30H+2H,O (6) 

From Eq. 6, it can be seen that one 
molecule less of hydrofluoric acid is 
required to react with boric acid to 
form the product of hydrolysis than 
was used in Eq. 4 to form fluoboric 
acid. This means that, depending upon 
the degree of hydrolyzation, hydro­
fluoric acid is always present in the 
solution when the ratio of molecules 
of boric acid to that of hydrofluoric 
acid is 1 : 4, as can be seen by the left 
side of Eq. 4 and the right side of Eq. 
5. This tendency is accelerated by elec­
trolysis (explained later) because of 
the volatile nature of hydrogen which 
is generated at the cathode and oxygen 
generated at the anode. (It is doubtful 
that fluorine can be generated at the 
anode during electrolysis because of 
its high negativity.) The state of 
chemical equilibrium is expressed as 
follows: 

[HBF.] 
[H3B03] X [HF]' K (4a) 

/' where K is the equilibrium constant. 

According to LeChatelier's Principle: 

"Increasing the concentration of any 
component of a system in equilibrium 
will promote the action which tends to 
consume some of the added substance." 

Therefore, increasing the boric-acid 
concentration tends to bring about the 
condition shown in the right side of 
Eq. 6, which shows no free hydro­
fluoric acid, as the ratio of boric acid 
to hydrofluoric acid approaches 1 : 3, 
shown on the left side of Eq. 6. The 

• 
chemical equilibrium is expressed as 
follows: 

[HBF30H] 
[H3B03] x [HFJ' = K (6a) 

It can be seen through the compariso~ 
of the equilibrium constants in Eqs. 4a 
and 6a that K in Eq. 6a is higher in 
value because of the differences in 
exponential concentrations of hydro­
fluoric acid (HF). The larger the value 
of K, the greater the tendency to mov.­
toward completion. 

Lead fluoborate, which behaves simi­
larly to fluoboric acid, forms com­
plexes when undergoing hydrolysis. It 
releases twice as much free hydro­
fluoric acid per mole as can be seen ir4f 
Eq.7: 

Pb (BF.)2+2H,O-Pb (BF30H),+2HF 
(7) 

The greater the dilution, the more 
complete the release. This accounts 
for the so-called "shock which occurf:l.. 
when adding lead fluoborate concen~ 
trate to the plating solution." 

Multiplying Eq. 7 by a factor of 3 and 
adding two moles of boric acid to the 
left side of the equation, we have: 

3Pb (BF.) , + 2H20 + 2H3B03 '. 
=3PB(BF30H)2+2HBF30H 

(8) 

By substituting molecular weights, we 
can compute the weight relationship of 
the left side of the equation, thus: 

3 (380.85) + 2 (18.02) + 2 (83.46) • 
= 1,142.55+ 36.04+ 166.92 

If we assume that the reaction goes to 
completion, we find that for every 6.85 
ounces of lead fluoborate added to the 
plating bath, the bath should contain 1 
ounce of free boric acid. Further calcu. 
lations show that for every ounce of 
lead (as metal in lead fluoborate) 
added, 0.27 ounce of free boric acid is 
needed, which represents a ratio of 
3.7 : 1. The equilibrium constant 
when expressed in molar concentra~ 
tion, for Eq. 7 is: • 

[Pb (BF30H) ,] x [HFJ' 
[PB (BF.) ,] K (7a) 

showing a greater tendency for the re­
action to move toward the right and .. 
high concentration of the products on 
the right side. On the other hand, the 
equilibrium constant for Eq. 8, where 
the mole of reactant equals the num­
ber of moles produced, lead fluoborate 



• 
is more stable and the effects of 
hydrolysis is off-set 

[Pb (BF,OH) ,],x [HBF,OH]' 
[Pb (BF.) ,],x [H,BO,], K .. (8a) 

indicating that boric acid stabilizes 
lead fluoborate and buffers fluoboric 
acid's decomposition products. 

When free hydrogen fluoride (HF) , 
.,referred to as hydrofluoric acid earlier 

because of the presence of water, is 
allowed to exist, it ionizes as follows: 

Electrolysis causes the reduction of 
_the hydronium ion (H,O+) at the cath­

ode, liberating hydrogen, and the 
migration of fluoride ions to the anode, 
dissolving tin-lead. The deposition po­
tential for hydrogen has been given as 
E,(H) =0.0. 

.. The stress created by electrolysis tends 
to keep the reaction moving in the 
direction which favors the migration 
of the gases to the electrodes. Boric 
acid, in retarding the release of hydro­
fluoric acid, increases the amount of 
energy required to liberate hydrogen, 

.which may be expressed as follows: 

RT 
E(H) = n(H)F1n[a(H) -p(H) 

The same being true for the lead 
fluoborate molecule causes an increase 

.in the energy requirements to deposit 
lead. The net result is the deposition of 
more tin, which must occur to fulfill 
Faraday's Law as shown below. 

00 

~n(aH,+bPb+cSn) = 

,.n=o 
(96,500 coulombs) n 

where a, b, and c are fractions of a 
gram-equivalent, and n is the number 
of equivalents (a+b+c=l). 

.Empirical verification 

In attempting to prove the applicability 
of the theories referred to above, addi­
tions of hydrofluoric acid were made 
to the Hull Cell containing a sample of 
the corrected solution. As the free boric 

),"-_)acid in the solution was consumed by 
~ the hydrofluoric acid, the effects caused 

by the boric-acid additions discussed 
previously, were reversed and the con­
dition of the initial solution was repro­
duced. 

Other observations made may be sum­
marized as follows: 

1) As the hydrofluoric acid additions 
were increased, the conductivity of the 
solution increased, whereas, boric acid 
additions lowered the conductivity. 
2) With increased conductivity, more 
gas was generated at the cathode. 

It appears that the stabilization of the 
fluoborate radical accounted for the 
increase in the anode efficiency, previ­
ously mentioned. The formation of 
lead fluoride in the bath seemed to 
have been a factor in that lead fluoride 
is only slightly soluble in water. This 
slight solubility is increased by acid; 
however, the formation at the anode 
would tend to polarize.the anode, de­
creasing its efficiency. 

The tendency toward depletion of the 
tin can be more readily explained. The 
percentage of tin deposited is greater 
than that in the anode. This can be 
overcome by either using an anode 
with a higher tin content or using pure 
tin anodes in conjunction with the tin 
lead anodes. 

Concluding remarks 

The limited advancement in the state 
of the art of tin-lead plating is due to 
the inadequacies of test and control 
procedures and to the manner in which 
test data are interpreted. For example: 
chemical analysis procedures have 
been relied upon too heavily without 
recognizing their individual limita­
tions. The method to be used must be 
selected with care and samples sub­
mitted for test must be truly representa­
tive of the circuitry plated when alloy 
composition is being determined. The 
same is true for plating bath analysis. 
Poor sampling can precipitate needless 
and costly activity within the operation 
and the rejection of components that 
should meet specifications. 

Samples)or deposit composition deter­
mination should have a configuration 
similar to the circuitry of the board 
being evaluated. They should be de­
signed into the" artwork" and be selec­
tively placed, so that the current 
density, at which they plate, is similar 
to that at which the circuit board is 
being plated. 

So-called "dewetting" could, in fact, 
be delamination of the lower melting 
point layers/laminae of the deposit 
from the higher melting point layers. 

The difference in the solderability 
properties of a board which has been 
solder leveled and one that is still in 
the" as-plated" condition is a result of 
the former surface being much higher 
in tin content. 

The role of boric acid in the fluoborate 
bath has been greatly underestimated, 
and it is recognized that the acid should 
be added to the solution during initial 
make-up to prevent the existence of 
free hydrofluoric acid. The concentra­
tion of boric acid, subsequent to 
make-up, is difficult to determine by 
chemical analysis. Vendors frequently 
state in their brochures, that it can be 
maintained by adding tin, lead, and 
fluoboric-acid concentrates. However, 
dependence upon the addition of con­
centrates for boric acid replenishment 
can lead to difficulties in the "reflow" 
operation because the composition of 
the deposit varies drastically between 
the high and low current density areas 
of the part. One way of determining 
boric acid addition requirements, 
empirically, is to plate a panel in a 
Hull cell and to "reflow" the deposit 
in hot oil at 480°F. 

The broad limits recommended by 
vendors for component concentrations 
should be narrowed by the user. With 
imagination, new methods can be de­
veloped which will give consistent 
results in tin-lead plating, reduce oper­
ational cost, and lead to furthering the 
state-of-the-art. 
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Three RCA men elected IEEE Fellows • 
The three RCA men cited herein have been honored for their professional achieve­
ment~ by being elected Fellows of the Institute of Electrical and Electronics Engineers. 
This recognition is extended each year by the IEEE to those who have made outstand­
ing contributions to the field of electronics. 

Dr. J. Guy Woodward 
Data Processing Applied Research Lab. 
RCA Laboratories 
Princeton, New Jersey 

. . . for contributions in magnetic tape 

and disk recording. 

Dr. Woodward received the BA from 
North Central College in 1936, the MS 
in Physics from Michigan State College 

in 1938, and the PhD in Physics from the 
Ohio State in 1942. In 1942 he joined the 

RCA Laboratories. His research has cov­

ered vehicu lar radio noise, underwater 
sound, ferroelectricity, electromechan­

ical feedback devices, rheological mea­
surements at audio frequencies, musical 

acoustics, sound-reinforcement systems, 
stereophonic sound reproduction, mag­
netic-tape recording and disk-phono­

graph recording. He served as Head of 

the Recording and Electromechanical 
Research at the Laboratories. Currently 
he is engaged in the development of an 
advanced digital, magnetic-recorded disk 
file for computers. Dr. Woodward is a 

member of Sigma Xi and a Fellow of the 

Acoustical Society of America, of the 
Audio Engineering Society and of the 
American Association for the Advance­

ment of Science. In 1963 he received 
the AES Emile Berliner Award for out­
standing developments in audio engi­

neering. He has served on the Adminis­
trative Committee of the IEEE Group on 
Audio and Electroacoustics and on the 

Board of Governors of the AES; he was 
Eastern Regional Vice-President of the 
latter organization in 1967-1968. He was 
a joint recipient of RCA Laboratories 
Achievement Awards in 1940, 1953 and 

1964, and shared in a "David Sarnoff 

Birthday" Award in 1956. Dr. Woodward 

has had seven patents issued. 

Dr. Arthur S. Robinson, Manager 
Systems and Advanced Technology 
Missile and Surface Radar Division 
Moorestown, New Jersey 

... for leadership in digital and analog 

computing and control systems, solid­

state radar, coherent electro-optical 

systems, and medical electronics instru­

mentation. 

Dr. Arthur S. Robinson received the 

BSEE from Columbia University the 

MSEE from New York University, and 

the Doctor of Engineering Science de­

gree from Columbia University. As Tech­

nical Director of RCA's Missile and 

Surface Radar Division, Dr. Robinson is 

responsible for the synthesis of both 

present and futu re systems, and for 

developing advanced technology con­

sistent with these system goals. RCA's 

Missile and Surface Radar Division is 

active in the areas of air defense sys­

tems, surveillance, warning and control 

/systems, range and reentry instrumenta­

tion, and tactical sensors. Before joining 

RCA, Dr. Robinson was Assistant Chief 

Engineer of the Bendix Eclipse-Pioneer 

Division and then Director of Kollsman 

Instrument Corporation's Research Divi­

sion. He is a member of the Tau Beta Pi 

and has received 42 U.S. and foreign 

patents covering electronic sensing, sig­

nal processing, computing, and control 

systems. 

• 
Paul Rappaport, Director 
Process and Materials Applied Research Lab. 
RCA Laboratories 
Princeton, New Jersey 

• 
. . . for contributions to energy-conver­
sion devices, and for leadership in the 
professional organization of this field." 
Mr. Rappaport received the BS and MS 
in Physics from Carnegie Institute of 
Technology in 1948 and 1949. In that 
year, he joined RCA Laboratories, and 
from 1949 to 1951, he worked on secon­
dary emissjon of electrons from solids 
and received an RCA Achievement. 
Award for outstanding work in this area. 
His work in energy conversion started 
in 1952 and resulted in his invention of 
the atomic battery. Mr. Rappaport re­
ceived a second RCA Achievement 
Award for this work in 1955. During 
the period up to 1960 his work contrib-. 
uted to the following: the first demonstra­
tion that minority carrier lifetime was the 
most sensitive indicator of radiation dam­
age in semiconductors, the first accurate 
measurement of the threshold for radia­
tion damage in germanium and silicon, 
the development of the first gallium. 
arsenide and cadmium telluride solar 
cell, the measurement of the effect of 
Van Allen type radiation on solar cells, 
the use of lithium in silicon to remove 
the effects of radiation damage. This 
latter work resulted in a third RCA 
Achievement Award for 1966. His work .. 
has resulted in over 40 publications,' 
three book articles and 15 patents. In 
1960 he was appointed head of the En­
ergy Conversion Research Group. In 
1966, he was appointed Associate Lab­
oratory Director, and in 1968 he was 
appointed Director of the Process and 
Materials Applied Research Lab. He is 
a member of Pi Mu Epsilon, Sigma Xi, 
APS (Fellow), IEEE and AIAA (Assoc. 
Fellow). He is listed in American Men of 
Science, Who's Who in Atoms, Leaders 
in American Science and Who's Who in 
the East. • 
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Inventions and obviousness 

A. Russinoff 

• Staff Patent Counsel 
Patent Operations 
Princeton, N.J. 

Reprint RE-15-5-25 i Final manuscript received December 8. 1969 . 

.. A patent is granted by the Government and provides the patent 
owner with the right to exclude others from making use of his 
invention for the term of the patent. In the United States, this 
term is 17 years. 

The purpose of granting patents is to stimulate invention and 
disclosure of the inventions to the public, for otherwise there 

• might be no incentive to invent or to tell others about an 
invention once it is made. 

For an invention to be patentable, it must satisfy three statutory 
requirements: it must be new, useful and not obvious. 

New, means that the invention was not earlier published or 
patented or, in other words, generally available to the public. 

• If the invention had already been public knowledge, there 
would be no advantage flowing to the public in return for the 
Government's granting a patent. 

The requirement of usefulness means pretty much what it says 
and need not be explained further. 

The last hurdle which an invention must clear to be patentable 
-non-obviousness-is more difficult. One way of looking at it is 

.. that, if an invention would have been a routine matter to any­
one with normal experience in the field of invention, then it is 
not patentable. For example, it was obvious to make a doorknob 
from ceramic material instead of iron, even though it had not 
been done before. 

The "doorknob" case, which established the obviousness testIor 
.. patentability, was decided by the Supreme Court more than a 

century ago. But it has not been an easy test to apply, and the 
Courts have evolved some "sub-tests" or secondary consider­
ations to which they can resort in doubtful cases. 

One of these secondary considerations is that if there has been a 
"long felt need" for a device to do a particular job and none was 
forthcoming, then the inventor who filled the bill may well have 

,.made an unobvious invention. Another is to the effect that, if an 
invention has enjoyed great "commercial success," that may tip 
the scale in favor of its patentability. And, of course, the fact 
that one man succeeded in making a thing work notwithstanding 
the "failure of others" who had tried before him, tends to estab­
lish that what he did was not obvious. 

This does not rule out inventions merely because they seem 
simple to understand in retrospect. It is not necessary, to be 
patentable, for an invention to be complicated or understand­
able only by a PhD. If there is a problem and the solution to it 
wouldn't have occurred immediately to any mechanic presented 
with the problem, then the solution may well pass the test of 
non-obviousness and be patentable. 

It is well, theref-ore, to advise RCA's patent attorneys of any­
thing which seems to be new and useful and out of the humdrum 
category. RCA Patent Operations, which is located at the David 
Sarnoff Research Center in Princeton, will provide helpful forms 
on which to describe inventions and will advise on their patent­
aiblity and the company's interest in them_ 

Mini-skirts, micro-skirts, and 
mini-microwave couplers 

R. E. Bridge 
Microwave Device Operations 
Electronic Components 
Harrison, N.J. 

Reprint RE-15-5-25 I Final manuscript received July 2, 1969. 

The general trend toward reduction in size of everything from 
dresses to microwave components has led to a new generation 
of traveling-wave tubes. Although these tubes are not really 
miniature, they are tiny in size compared to their predecessors 
of a decade ago. This "miniaturization" creates a problem in 
providing suitable coupling systems to transfer power into and 
out of the tubes with good bandwidth and fine-grain gain struc­
ture. As a result, the question arises as to how small a device 
can become without reduction of quality and performance. After 
much research and "cut-and-try," the answer seems to be "as 
small as desired." This concept may sound impossible, but the 
following discussion indicates that it is not. 

A helical coupler system designed to cover a bandwidth of a 
full octave or more at s, c, and x band presents four basic areas 
of design: 1) the connector-to-cable match, 2) the helical­
coupler-to-tube match, 3) the connector-cable-to-helical-coupler 
match, and 4) the termination match. Because of the frequency 
range desired, considerable refinement was necessary in the 
connector-to-cable connection. The major work effort centered 
on craftsmanship and reproducibility. Eventually a VSWR of 
1.1 to 1 or better was obtained over the complete S-, C-, and 
x-band range for two connectors joined by a short piece of 
suitable cable. This connection also provided a maximum inser­
tion loss of 1 dB at 12.4 GHz. 
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The second phase of the work involved the coupler-to-tube 
match. One parameter was established as fixed, and all others 
were varied until the desired results were obtained. The coupler 
ratio (i.e., the ratio of helical-coupler mean diameter to tube­
helix mean diameter) was assumed to be 1.75, and equations 
were developed for an initial coupler design. Because the 
resulting coupler was slightly oversized for the desired applica­
tion, the coupler wire size and ground-plane distance were 
reduced, while the proper impedance relationship was main­
tained, to produce a miniature version. When this first minia­
turized coupler was mated to a connector-cable assembly, it 
produced a rather poor match with large periodicities (of the 
order of 2 to 1) , but it had good bandwidth. Additional units of 
the same design produced similar results. Inspection on a time­
domain reflectometer system indicated that the problem was in 
the transition between the helical coupler and the connector­
cable assembly. Various approaches were tried to solve this 
problem until one technique reduced the coupler match to less 
than 1.22 to lover a full octave and less than 1.5 to lover an 
octave and a half. Further refinement in assembly techniques 
and craftsmanship did not appreciably improve the system. 

The first test of the miniaturized coupler with a complete 
traveling-wave tube, however, produced unacceptable fine-grain 
gain. Proper termination appeared to be the only solution to 
this problem, but existing methods were bulky, unreliable, and 
not easily reproducible. A wire-wound system was designed to 
provide 50-ohm DC and RF paths to ground with a return match 
to the coupler of 1.5 to 1 maximum for any given operating 
band. Tests with this system produced satisfactory results. 
Again, further refinements in assembly technique served only 
to improve reproducibility to a mass-production level. 

At this point, temperature testing of a complete traveling-wave­
tube package showed a catastrophic weakness in the miniatur­
ized coupler design. Many tests and ideas later, a completely 
temperature-stable reproducible coupler emerged. This new 
coupler has such impressive inherent characteristics as com­
pared to its predecessor that it still appears as a minor miracle. 

The results of this miniaturization effort can be illustrated by 
comparison of "old" and "new" c-band couplers. Insertion loss 
at 8 GHz averages 2 dB for the conventional type, but less than 
1 dB for the new design. Conventional couplers have a band­
width of 4 to 8 GHz with a VSWR of less than 1.5 to 1; the new 
design has a bandwidth of 3 to 9 GHz with a VSWR of less than 
1.25 to 1 (less than 2 to 1 for a double octave). Periodicity has 
been drastically reduced, and temperature reliability is now 
reliably stable. The only disadvantage of this new coupler is 
that it requires a little more care in manufacture. However, this 
extra care makes it possible to produce traveling-wave tubes as 
small as desired without sacrifice of quality and performance. 

Method of producing a photographie-type 
transparency with a CO2 laser beam 

Dr. Daniel L. Ross 

Materials Research Laboratory 
RCA Laboratories 
Princeton, New Jersey 

Reprint RE-1S-S-25 I Final manuscript received November 28, 1969. 

As part of the research conducted by the Graphic Systems 
Applied Research Laboratory, various means of preparing print­
ing plates or their immediate precursors by laser irradiation of 
appropriate substrates were investigated. 

One of the substrates examined was "Cronapress Conversion. 
Film." [A product of E. I. DuPont de Nemours & Co.] This 
material consists of a Mylar base coated with a thin layer of a 
polymer permeated with numerous densely-packed voids of 
about 1 micron or less in diameter. On treatment with a devel­
oping solution containing a dye, the voids become filled, and 
the dye can be fixed in place by subsequent processing. When 
the film is laid over a chase of type and pressure is applied, the .. 
voids in regions corresponding to raised areas of type are colJW 

lapsed, and these regions are thus rendered non-dyeable. A 
"negative" image of the chase produced in this way can then 
be used to produce a printing plate by photographic contact 
printing on an appropriate sensitized plate. 

It was observed that heat or exposure to a beam of lO.6-micron 
wavelength radiation from a C02 gas laser would also rende. 
Cronapress film non-dyeable. A pulse of milliseconds (or less) 
duration from the focussed beam brought from a 2-watt C02 
laser, produced a non-dyeable spot on the film whose area de­
pended on the amount of energy delivered. 

As an application of this finding, a half-tone negative trans­
parency could be produced by scanning a film of Cronapres~ 
with a suitably deflected and modulated CO2 laser beam, caus-­
ing each spot produced to correspond spatially to a dark area 
on a photograph (or half-tone image) (Fig. 1). Upon processing 
the film, the resulting half-tone transparency (Fig. 2), which 
permits light to pass through each spot where it has been ex­
posed, can then be used to prepare a printing plate as described 
above. 
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Fig. 1-Schematic diagram showing an apparatus for producing !'­
photog raphic-type transparency. 
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Fig. 2-Drawing of a transparency obtained using the apparatus 
shown in Fig. 1, followed by dyeing and fixing of the film. The size 
of the dots produced is controlled by the amount of energy delivered 
to the film. 
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ELECTROLESS PLATING, Anionic Inhibi­
lion In-N. Feldstein, P. A. Amodio 
(Labs., Prj Symposium on Dielectrics in 
Device Technology, Electro-chemical So. 
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sions on-I. Gorog (Labs., Prj The Phys­
it;s of Fluids, Vol. 12, No.8; 8/69 
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SYSTEM HgCr,_.ln.Se4; x<O.45, Single 
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Durnin (Labs., Prj IEEE Student Branch, 
University of Virginia, Charlottesville, Vir· 
ginia; 11/8/69 
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(Labs., Prj 15th Annual Conf. on Mag­
netism and Magnetic Materials, Phila., 
Pa.; 11/18-21/69 
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CATHODOCHROMISM-A State of the 
Art Review-W. Phillips (Labs., Prj IEEE· 
PGED Meeting, Boston, Mass.; 11/20/69 

CLOSE·CONFINEMENT EPITAXIAL PIN 
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-D. A. DeWolf (Labs., Prj J. of the Op­
tical Society of America, Vol. 59, No. 11; 
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10/9/69 

AVALANCHE DIODE, Amplification Using 
an-J. F. Dienst, R. V. D'Aielio, E. E. 
Thomas (Labs, Prj Electronics Letters 
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Pat. 3,487,165; December 30,1969 

Intermediate Frequency Coupling Net­
work Having a Sharply Tuned Sound 
Carrier Cancellation Trap Inductively 
Coupled to the Input Circuit-D. F. 
Griepentrog (CEO, Indpls) U.S. Pat. 
3,487,339; December 30, 1969 

Geodesic Electromagnetic Deflection 
Yoke-A. l. Barbin (CEO, Indpls) U.S. 
Pat. 3,488,541; January 6, 1970 

Automatic Gain Control System Employ­
ing Multiple Insulated Gate Field Effect 
Transistor-l. A. Kaplan, O. P. Hart (EC, 
Som), U.S. Pat 3,482,167; December 2, 
1969 

Magnetostrictive Delay Line Having a 
Flat, Thin Sheet of Magnetostrictive Ma­
terial-T. N. Chin (EC, Prj U.S. Pat. 
3,482,191; December-"2, 1969 

Commercial Electronic Systems 

Coaxial Circuit for Vacuum Tubes-R. N. 
Clark, M. W. Duris, l. l. Koros (CESD, 
Gibbs) U.S. Pat. 49,529; September 9, 
1969; Assigned to U.S. Government 

Apparatus for Comparison and Correc­
tion of Successive Recorded Pulses-M. 
Rosenblatt (CESD, Gibbs) U.S. Pat. 
3,488,663; January 6, 1970 

Laboratories 

Method of Depositing Refractory Metals 
-J .A. Amick (Labs., Prj U.S. Pat 3,477,-
872; November II, 1969 

Ferroelectric Control Circuits-B. J. 
Lechner (Labs., Prj U.S. Pat. 3,478,224; 
November 11,1969 

MISSILE TEST PROJECT 

Hatley, C. V. control systems 
Tokareff, P. control systems 
Ward, J. A. spacecraft 

Testing for the Presence of a Contami­
nant in an Insulating or Semiconducting 
Medium-l. Pensak (Labs., Prj U.S. Pat. 
3,478,260; November II, 1969 

System for Automatic Correction of 
Burst-Errors-C. Srinivason (Labs., Prj 
U.S. Pat. 3,478,313; November II, 1969 

Converter for VHF-Omnirange (VORl Re­
ceiver-C. J. Hirsch (Labs., Prj U.S. Pat. 
3,478,360; November II, 1969 

RECORD DIVISION 

Bradervand, M. recording 

• 
Condition Indicator for Appliance-Z. 
Lieser (DCSD, N.Y.) U.S. Pat. 3,480,940; 
November 25, 1969 

Printed Circuit Boards-W. A. Cottfried 
(DCSD, Cam) U.S. Pat. 3,483,615; Decem­
ber 16, 1969 

Integrated Array of Thin-Film PhotovOI­
taic Cells and Method of Making Same­
W. l. C. Hui, G. R. Auth (DCSD, Prj U.S. 
Pat. 3,483,038; December 9, 1969 

Magnetic Heads-J. J. Hanak (Labs., Prj Protective System-W. H. Buchsbaum 
U.S. Pat. 3,479,738; November 25, 1969 (DCSD, N.Y.) U.S. Pat. 3,482,243; Decem­

Superconductors-R. E. Enstrom, J. R­
Appert (Labs., Prj U.S. Pat. 3,484,208; 
December 16, 1969 

Self-Propelling Hose-A. V. Bedford 
(Labs., Prj U.S. Pat. 3,485,237; December 
23, 1969 

Sputter Resistive Cold Cathode for Low 
Pressure Gas Discharge Device-K. G. 
Hernqvist (Labs., Prj U.S. Pat. 3,486,058; 
December 23, 1969 

ber 2, 1969 

Astro-Electronics Division • 
Circuits for Thermistor Bolometer with 
Increased Responsivlty-J. J. Horan, A. 
C. Rudomanski (AED, Prj U.S. Pat. 3,487,-
213; December 30, 1969 

Corporate Stall 

Method for Preparing Color Separatioo.. 
Silicate Glass Coating of Semiconductor Printing Negatives-T. A. Smith (CS~ 
Devices-W. Kern (Labs., Prj U.S. Pat. Cam) U.S. Pat. 3,488,190; January 6,1970 
3,481,781; December 2, 1969 

Cryoelectric Memories-l. S. Cosentino, RCA Service Company 
W. C. Stewart (Labs., Prj U.S. Pat. 3,482,-
220; December 2,1969 Hybrid Circuit Arrangement-O. T. Rhyne 

Threshold Gates and Circuits-R. O. 
Winder (Labs., Prj U.S. Pat. 3,487,316; 
December 30, 1969 

Laser Color Control-C. P. Wen (Labs., 
Prj U.S. Pat. 3,487,329; December 30, 
1960 

Three Terminal Semiconductor Device 
for Converting Amplitude Modulated Sig­
nals into Frequency Modulated Signals­
A. Matzelle, A. E. Hahn (Labs., Prj U.S. 
Pat. 3,487,338; December 30, 1969 

Superconductors having a Flexible Sub­
strate and a Coating Substantially of 
NbSn,-J. J. Hanak, J. l. Cooper (Labs., 

.Pr) U.S. Pat. 3,488,165; January 6,1970 

Solid State Image Sensor Panel-P. K. 
Weimer (Labs., Prj U.S. Pat. 3,488,508; 
January 6, 1970 

Electromagnetic and Aviation 
Systems Division 

Method of Spacing a Plurality of Magnet­
ic Heads from the Surface of a mag­
netic Drum-D. A. Vigil (EASD, Van Nuys) 
U.S. Pat. 3,478,262; November II, 1969 

Data Storage Apparatus Including Lami­
nated Annuli Transducer Supports Con­
centric with the Data Storage Means-A. 
Lichowsky (EASD, Van Nuys) U.S. Pat. 
3,478,339; November II, 1969 

Record Division 

Transducer with Curved Surface for Car­
tridge Tape Player-H. E. Roys (REC, 
Indpls) U.S. Pat. 3,485,959; December 23, 
1969 

Defense Communication Systems 
Division 

Linear Frequency Modulation System In­
cluding an Oscillating Transistor, An 
Internal Capacity of White is Varied in 
Accordance with a Modulating Signal­
l. A. Harwood (DCSD, Cam) U.S. Pat. 
RE26,715; November 18, 1969 

(Cocoa Beach, Fla) U.S. Pat. 3,479,617; 
November 18, 1969 

Graphic Systems Division 

Photocomposing Apparatus Support 
Structure-J. F. Delany, G. O. Walter 
(GSD, Dayton) U.S. Pat. 3,479,934; No­
vember 25, 1969 

Advanced Technology Laboratories 

Method of Spicing a Magnetic Tape Haw. 
ing Diagonal Record Tracks Thereon-F: 
E. Shashoua, F. D. Keli (ATL, Cam) U.S. 
Pat. 3,488,455; January 6, 1970 

Industrial and Automation Products 
Department 

Article Handling Apparatus-R. G. Walz 
(lAP, Plymouth) U.S. Pat. 3,487,909; Janu-. 
ary 6, 1970 

Random House 

Game Board or Similar Article-R. Price 
(RH, N.Y.) U.S. Pat. 0216,402; December 
30,1969 

Information Systems 

Memory Driver Monitoring Circuit-D. H. 
Montgomery (IS, Cam) U.S. Pat. 3,479,-
650; November 18, 1969 

Timing Arrangement for Document Pro­
cessor-N. A. Del Vecchio (IS, W. Palm) 
U.S. Pat. 3,489,762; November 25, 1969 

Multiple State Logic Circuits-A. Turecki, 
J. A. Vallee (IS, W. Palm) U.S. Pat. 3,482,'" 
172; December 2, 1969 

Printer Feed Speed Control-E. l. Nel­
son, A. C. Peyton (IS, W. Palm) U.S. Pat. 
3,487,986; January 6, 1970 

Binary Magnetic Recording with Infor­
mation-Determined Compensation for 
Crowding Effect-J A. Vallee (IS, W. 
Palm) U.S. Pat. 3,488,662; January 6,1970" 



• Professional 
Meetings 

{} Dates and 
Deadlines 

.Be sure deadlines are met-consult 
your Technical Publications Adminis­
trator or your Editorial Representative 
for the lead time necessary to obtain 
RCA approvals (and government ap­
provals, if applicable). Remember, ab­
stracts and manuscripts must be so 
approved BEFORE sending them to the 
meeting committee. -. 
Calls for papers 

MAY 7-8, 1970: Midwest Symposium on 
Circuit Theory, Pick Nicollet Hotel, 
Minneapolis, Minn., G-CT, Minneapolis 
Section. Deadline info (sum) 2/5/70 to: 
B. A. Shenoi, EE Dept., Univ. of Minn., 

• Minneapolis, Minn. 55455. 

JUNE 2-5, 1970: Conference on Precision 
Eleclromagnetic Measuremenls, Nat'l 
Bureau of Standards, Boulder, Colorado, 
G·1 M, . NBS, URSI. Deadline info (absl & 
sum) 2/6/70 10: G. M. R. Winkler, U. S. 
Naval Observatory, Washington, D.C. 
20390. 

.JULY 12-17, 1970: Summer Power Meel­
mg & EHV Conference, Biltmore Hotel, 
Los Angeles, Calif., G-P. Deadline info 
(papers) 2/15/70 10: Tech. Conf. Svcs., 
345 E. 47th St., New York, N.Y. 10017. 

JULY 21-23, 1970: Conf. on Nuclear & 
Space Radiation Effecls, San Diego 
Campus Univ. of Calif., San Diego, Calif., 
G-NS. Deadline info (sum) 2/16/70 10: 

.Richard Thatcher, Battelle Mem. Inst., 
505 King Ave., Columbus, Ohio 43201. 

AUG. 18-21, 1970: Inl'l Conference on 
Microeleclronics, Circuils & Syslems 
Theory, Univ. of New South Wales, Ken­
sington, Sydney, Australia, G-CT, G-ED, 
Univ. of New South Wales, IRE. Deadline 
info (syn) 3123/70 10: Jt. Conf. Secre-

~ariat, IREE, Australia, Box 3120, GPO, 
~ydney, 2001 Australia. 

AUG. 25-28, 1970: Weslern Eleclronic 
Show & Convenlion (WESCON), Biltmore 
Hotel, Sports Arena, Los Angeles, Calif., 
Region 6, WEMA. Deadline info (absl) 
3/15/70 (papers) 6/25/70 10: WESCON 
Office, 3600 Wilshire Blvd., Los Angeles, 
Calif. 90005. 

llUG. 31-SEPT. 2, 1970: 8th Eleclric Pro­
pulsion Conference, Stanford University, 
Stanford, Calif., AIAA Technical Com­
mittee on Electric Propulsion. Deadline 
info (absl) 3/16/70 (ms) 7/20/70 10: Gen­
eral Chairman, Howard S. Seifert, Pro­
fessor, Aeronautics and Astronautics, 
Stanford University, Room 265, Durand 
Space Engineering Building, Stanford, 

*alif. 94305. 

SEPT. 2-4, 1970: Seoul Inl'l Eleclrical & 
Eleclronics Engineering Conference, 
Korean Inst. of Sc. & Tech., Seoul, 
Korea, IEEE, Korean Inst. of EE, Korean 
Inst. of Sci. & Tech., KIEE. Deadline info 
(papers) 3/1110 10: S. K. Chung, c/o 
KIST, POB 131, Cheong Ryang, Seoul, 
Rep. of Korea. 

,%, 
-.:~;;:~. 

SEPT. 14-16, 1970: ASTM/AIAA/IES 5th 
Space Simulation Conference, Gaithers­
burg, Md., National Bureau of Standards. 
Deadline info (absl) 3/2110 (ms) 5/30/70 
to: Eugene N. Borson, 120/2431, The 
Aerospace Corp. Box 95085, Los An· 
geles, Calif. 90045. 

• 

SEPT. 20-25, 1970: Inlersociety Energy 
Conversion Engineering Conference, 
Frontier Hotel, Las Vegas, Nev., G-ED, 
G-AES, AIAA, ASME, AIChE et al. Dead­
line info (absl) 2/1/70 (ms) 4/1/70 10: 
ENERGY-70, Box 9123, Albuquerque, 
New Mexico 87119. General Chairman, 
A. J. Smith III, Air Force Weapons Lab., 
Albuquerque, New Mexico and Technical 
Program Chairman, G. S. Leighton, Sund­
strand, Washington, D.C. 

SEPT. 21-23, 1970: AIAA Aerodynamic 
Deceleration Conference, Dayton, Ohio, 
Technical Committee on Aerodynamic 
Deceleration Systems. Deadline info 
(first draft) 4/20/70: Solomon R. Metres, 
USAF Flight Dynamics Lab., Recovery and 
Crew Station Branch, (FDFR) Wright­
Patterson Air Force Base, Ohio 45433. 

SEPT. 21-24, 1970: Inl'l Conf. on Engi­
neering in Ihe Ocean Environmenl, City 
Marina Aud., Panama City, Fla., Panama 
City Sec., TAB coordinating Comm. on 
Ocean Engrg., (14 IEEE Groups). Dead­
line info (abst & sum) 3/3110 to: C. B. 
Koesy Code P 750, Naval Ship R&D Lab., 
Panama City, Florida 32401 . 

SEPT. 21-25, 1970: 5th Intersociely En­
ergy Conversion Engineering Conference 
-ENERGY 70, Las Vegas, Nev., ACS 
AIAA, AICE, ANS, APC, ASME, IEEE, 
MTS, SAE. Deadline info (absl) 2/1/70 
(ms) 4/1/70 to: ENERGY-70, Box 9123, 
Albuquerque, N. Mex. 87119. 

OCT. 14-16, 1970: Systems Science & 
Cybernetics Conference, Webster Hall 
Hotel, Pittsburgh, Penna., G-SSC. Dead­
line info (abst) 4/15110 10: A. Lavi, 
Carnegie-Mellon Univ., Pittsburgh, Penna. 
15213. 

NOV. 1970: G-MTT Transactions is plan­
ning a special issue on Microwave Cir­
cuil Aspects of Avalanche Diode and 
Transferred Eleclron Devices, IEEE. 
Deadline info (complele ms) Ihree copies 
of each 4/15/70 10: Guest Editor, Mr. 
A. H. Solomon, Sylvania Electric Prod­
ucts, Inc., 100 Sylvan Road, Woburn, 
Mass. 01801. 

NOV. 4-6, 1970: Northeast Eleclronics 
Research & Engineering Meeting 
(NEREM), Sheraton Boston Hotel & War 
Mem. Aud., Boston, Mass., New England 
Sections. Deadline info: (abst) 5/29/70 
(papers) 7/3/70 to: IEEE Boston Office, 
31 Channing St., Newton, Mass. 02158. 

NOV. 15-19, 1970: Engineering in Medi­
cine & Biology Conference, Washington 
Hilton Hotel, Washington, D.C., AEMB, 
G-EMB. Deadline info (abst) 6/1110 to: 
Richard Johns, 522 Traylor Bldg., Johns 
Hopkins School of Med., Baltimore, Md. 
21205. 

NOV. 29-DEC. 3, 1970: Vibrations in Heat 
Exchangers-1970 Winter Annual Meet­
ing, New York Hilton Hotel, New York, 
New York, Heat Transfer Division & 
FED. Deadline info (sum) three copies 
(ms) four copies 3/20/70 to: D. D. Reiff, 
Division of Reactor Developmel}l & Tech­
nology, U. S. Atomic Energy Commis­
sion, Washington, D.C. 20545. 

JAN. 31-FEB. 5, 1971: Winler Power 
Meeling, Statler Hilton Hotel, New York, 
N.Y., G-P. Deadline info (papers) 9/15/70 
to: IEEE Hdqs., Tech. Conf. Svcs., 345 E. 
47th St, New York, N.Y. 10017. 

Meetings 

FEB. 18'20, 1970: Int'l Solid Stale Cir­
cuits Conference, Sheraton Hotel, Univ. 
of Penna., Phila., Penna., SSC Council, 
Univ. of Penna., Phila. Prog info: T. Bray, 
Gen'l Elec. Co., Bldg. 3, Rm. 261, Elec. 
Pk., Syracuse, N.Y. 13201. 

11 13 1970: Scintillation & 
MAR.CH d ;or' Counter Symposium, 
Semlcon uHc tel Washington, D.C., G-NS, 
Shoreham 0, . f . R L Chase NBS Prog m o. .. , 
USAEC, N'at'l Lab. Upton, N.Y. 11973. 
Brookhaven ' 

3 1970: Int'l Seminar on 
MARCH 11-1 '. of Analog Signals, 
Digital Processmg . h S . 

. I Inst. of Tech., Zunc , WIt., 
Sw~ss Federa Sect, G-AE, VDE, GALF, 
SWitzerland ro info: E. H. Rothauser, 
SEV, DAS. P gz . h Switzerland. 
I BM Res. Lab., unc, 

MARCH 17-19, 1970: Conference on 
. t Transistors, Frelburg, F. R. 

Field Effec erman Section IEEE, NTG. 
Germany, G

H 
H Burghoff, Stresemann 

Prog info: 6' Fr~nkfurt/Main 70 (F. R. 
Allee 21, 
Germany) 

1970: Symposium on Man­
MARCH 17-20, 'cs in the Electronics 
agement & E~on:1 Edinburg, Edinburg, 
Industry, Umv. IERE IME IEEE UKRI 
Scotland, lEE, . f~' lEE' Savoy Place 
Sect., et al. Prog m I ~nd ' , 
London W. C. 2 Eng . 

326 1970: IEEE International 
MARCH.2 - , E h'bition, Coliseum & 
Convention & x I k N Y IEEE ... Hotel New Yor, .. , . 
N.Y. nllton 'Hd s 345 E. 47th St., 
Prog info: IEEE q., 
New York, N.Y. 10017. 

1 APRIL 2 1970: Inl'l Sym­
MA~CH 3 - illi~eter Waves, Com­
poslum on ~Ub:rew York, N.Y., G-MTT, 
modore Hote, info' Jerome Fox, Micro­
PIB, et al. Prog PIB' 333 Jay St., Bklyn., 
wave Res. I nst., ' 
N.Y. 11201. 

1970' cybernetics Congress, 
APRIL 5-9, an section IEEE, the Nach­
Berlin, Germ. cM Gesel/schaft im VDE 
flchtentechms I kt otechnischer Verein 
(NTG) ~nd ~eEE ~r:g inio: Electrotech­
V~rlm 1m 'n 'Berlin im VDE, Bismarck­
mscher Verel I' 12 (F. R. Germany). 
strabe 33, D-1 Ber 10 

1970: Rubber and Plastics 
APRIL.6-7, ch Conf, Holiday Inn, Ak­
Industries Te . A Akron Section. Prog 
ron Ohio G-IG , . I I 154 
inf~: Chet' Blumenauer, Umroya nc., 

Grove St. 

8 1970: Third Annual National 
APRIL ~-7- 'on Zero Defecls, Disneyland 
symposlu~. california, American So­
Hotel, Ana elm, f cts Prog info: Bill 
ciety for zeroerD~~eci~1 Projects, 1600 
Bailey, Manag 't Gardena California 
W. 135th Stree, ' 
90249. 

APRIL 7-8, 1970: Joint Railroad T~ch. 
Sheraton Hotel, Phlla., 

Conference, ASME. Prog info: J. J. 
Penna., G-IGA, C Reading Terminal, 
Foster Readmg 0., 

Phila.,'Penna.19107. 

APRIL 7-9, 1970: Reliability PhYSics 
Stardust Hotel, Las Vegas, 

Symposium, P 9 info: K. H. Zainin-
Nev G-ED, G-R. ro 
ger," RCA Labs., Princeton, N.J. 08540. 

APRIL 14-16, 1970: Computer Graphics 
. m Brunei Umv., Uxbndge, 

Inn symposlUn iand, lEE, IERE, IEEE, 
Middlesex, . E 9 Prog Info: lEE Office, 
UKRI SectIOn. d n W. C. 2 England. 
Savoy Place, Lon 0 

4 16 1970: Conference on Auto­
AP~IL 1 - S stems, Univ. of Birming­
matlc T~st. ~am Warwickshire, Eng., 
ham, Blrmmg

EEE
, UKRI Section. Prog 

!ERE, lEE, I 'B dford Sq., London 
mfo: IERE, 8/9 e 
W. C. 1 England. 

7 1970: Int'l Geoscience Elec-
APRIL 14-1,. Marriott Twin Bridges 
tronics SympOSiUm, . 
Motor Hotel, Washmgton .. D.C., G-GE. 
P . f • Ralph Bernstem, IBM Corp., 
1~~~0 I~r~'derick Pike, Gaithersburg, Md. 

20760. 

6 19 1970: USNC/URSI-IEEE 
~~~~~ ~~eting, Statler Hilton Hotel, 

Washington, D.C., USNC/URSI, 6 co­
operating groups. Prog info: F. S. John­
son, Nat'l Acad. of Sci., NRS, 2101 
Constitution Ave., Washington, D.C. 
20418. 

APRIL 20-21, 1970: Aerospace Power 
Conditioning Specialists Conference, 
Royal Pines Motel NASA, Greenbelt, 
Maryland, G-AES. Prog info: T. G. Wilson, 
Duke Univ., Durham, N. Carolina 27706. 

APRIL 21-24, 1970: Inlernational Magnel­
ics Conference (INTERMAG), Statler Hil­
ton Hotel, Washington, D.C., G-MAG. 
Prog info: D. S. Shull, Bell Telephone 
Labs., 3300 LeXington Ave., Winston­
Salem, N.C. 27102. 

APRIL 22-24, 1970: Southweslern IEEE 
Conference & Exhibition (SWIEEECO), 
Memorial Audit., Dallas, Texas, Region 
5, Dallas Section. Prog info: A. P. Sage, 
Inst. of Tech., SMU, Dallas, Texas 75222. 

APRI L 22-24, 1970: Offshore Technology 
Conference, Albert Thomas Convention 
Ctr., Houston, Texas, G-AES, G-Com 
Tech., G-GE et al. Prog info: D. K. Adam­
son, 6200 N. Central Expressway, Dallas, 
Tx. 75206. 

APRIL 26-MAY 1, 1970: 1071h SMPTE 
Technical Conference and Equipment 
Exhibit, Drake Hotel, Chicago, III. Prog 
info: Leonard F. Coleman, Eastman 
Kodak Co., Southwest Region, Motion 
Picture and Education Markets Div., 6300 
Cedar Springs Rd., Dallas, Tx. 75235. 

APRIL 27-30, 1970: National Telemelering 
Conference, Statler Hilton Hotel, Los 
Angeles, Calif., G-AES, G-Com Tech. 
Prog info: A. V. Balakrishnan, UCLA, 
Rm. 3531, 405 Hilgard Ave., Los Angeles, 
Calif. 90024. 

MAY 4-5, 1970: Transducer Conference, 
Governor's House, NBS, Gaithersburg, 
Maryland, G-IEC!' Prog info: H. P. Kal­
mus, Harry Diamond Labs., Dept. of the 
Army, Wash., D.C. 20438. 

MAY 4-7, 1970: Ind. & Comm. Power Sys. 
& Elec. Space Heating & Air Conditioning 
JI. Technical Conference, Jack Tar Hotel, 
San Francisco, Calif., G-IGA San Fran­
cisco Section. Prog info: D. B. Carson, 
Gen'l Elec. Co., 212 N. Vignes, L. A. 
Calif. 90012. 

MAY 2-7, 1970: 72nd Annual Meeting & 
Exposition, Philadelphia Civic Center and 
Sheraton Hotel, Philadelphia, Pa., The 
American Ceramic Society, Inc. Prog 
info: ACS, 4055 North High Street, Colum­
bus, Ohio 43214. 

MAY 5-6,1970: Appliance Technical Con­
ference, Leland Motor Hotel, Mansfield, 
Ohio, G-IGA, North Central Ohio Section. 
Prog info: J. G. Idle, Westinghouse Elec. 
Corp., 246 E. 4th St., Mansfield, Ohio 
44902. 

MAY 5-7, 1970: Spring Joinl Computer 
Conference, Convention Hall, Atlantic 
City, New Jersey, G-C, AFIPS. Prog info: 
AFIPS Hdqs., 210 Summit Ave., Mont­
vale, New Jersey 07645. 

MAY 11-13, 1970: Conference on Televi­
sion Measuring Techniques, Middlesex 
Hosp, Medical School, London, England, 
IERE, RTS, lEE, IEEE UKRI Sect. Prog 
info: IERE Office, 8/9 Bedford Sq., Lon­
don W. C. 1, England. 

MAY 11-14,1970: International Microwave 
Symposium, Newporter Inn, Newport 
Beach, Calif., G-MTT. Prog info: R. H. 
DuHamel, Granger Assoc., 1601 Calif. 
Ave., Palo Alto, Calif. 94304. 

MAY 13-15, 1970: Eleclronic Components 
Technical Conference, Statler Hilton Ho­
tel, Washington, D.C., G-PMP, EIA. Prog 
info: Darnall Burks, Sprague Elec. Co., 
Marshall St., N. Adams, Mass. 01247. 
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Engineering 

Butler named Director, Engineering 
Planning and Equipment Development 
for NBC 
Mr. Robert J. Butler was appointed Direc­
tor, Engineering Planning and Equipment 
Development in the NBC Engineering 
Department. 
Mr. Butler studied Electrical Engineering 
at New York University and joined the 
RCA Service Company in February, 1947. 
He was transferred to the National Broad­
casting Company in March, 1952, and has 
worked in all phases of color studio de­
velopment. Mr. Butler was appointed 
Project Engineer in the NBC Engineering 
Planning and Equipment Development 
Group at NBC in October, 1966. He is a 
member of the Society of Motion Picture 
and Television Engineers. He has con­
tributed several articles to the RCA ENGI­
NEER in the last few years. 

Instructional Systems joins CSD 
RCA's Instructional Systems group-a pio­
neer in bringing computers to the class­
room-joined the Computer Systems Divi­
sion. Established in Palo Alto, Calif. three 
years ago, the group has concentrated on 
applying RCA Spectra 70 computer sys­
tems to a range of instructional, adminis­
trative and educational needs and was 
part of the Company's Services organiza­
tion. The Palo Alto facility will become 
the nucleus of a major RCA West Coast 
systems programming center. Norman N. 
Alperin was named to direct the Palo Alto 
programming center, reporting to Arthur 
W. Carroll, Division Vice President, Sys­
tems Programming. Gerald R. Jensen, 
former Instructional Systems Marketing 
Manager, will head an educational mar- / 
keting support group. He will report to 
Joseph W. Rooney, Division Vice Presi­
dent, Marketing, for CSD. Presently, RCA 
has computer-assisted instructional (CAl) 
svstems in New York Citv, Cincinnati and 
Waterford township, Mich., which pro­
vide individualized instruction daily to 
several thousand students. 

Degrees Granted 
J. C. Graebner, AED, MSEE from Prince­
ton University, November 1969. A. Fan­
dozzi, CES, Meadow Lands, MSEE from 
University of Pittsburgh, August 1, 1969. 

• 
News and Highlights 

Dr. Olson receives two IEEE awards 

Dr. Harry F.-Olson, RCA Laboratories, 
Princeton, N.J., recently received the 1969 
Consumer Electronics Award of the IEEE 
and the IEEE Lamme Medal. 

The Consumer Electronics A ward presen­
tation, which was made at the National 
Electronics Conference, cited Dr. Olson's 
many contributions toward the improve­
ment of consumer electronic home instru­
ments. The Lamme Medal cited Dr. Olson 
"for his pioneering and continuing leader­
ship in the field of electroacoustics, no­
tably the invention and development of 
the velocity microphone." 

Presently a consultant to RCA Labora­
tories, Dr. Olson, until his retirement two 
years ago, had been a Staff Vice-President 
and Director of the Acoustical and Elec­
tromechanical Research Laboratory at the 
David Sarnoff Research Center, in Prince­
ton, N.J. 

Contents: December 1969 RCA Review 
Volume 30 Number 4 

A Photodetector Array for Holographic Opti­
cal Memories .J. M. Assour and R. D. Lohman 
A Reflex Electro-Optic Light Valve Television 
Display ...................•. D. H. Pritchard 
A Technical and Economic Appraisal of the 
Use of Microwave Energy in the Freeze-Drying 
Process .................•.... A. C. Grimm 
Designing High-Frequency Diffused Resistors 

R. E. Kleppinger 
Pulsed Heat Conduction in a Layered Semi­
conductor-Metal Transferred-Electron Oscilla­
tor Geometry ..•............. B. S. Perlman 
Digital Logic for Radiation Environments: A 
Comparison of Metal-Oxide-Semiconductor 
and Bipolar Technologies .•..••............ 

W. J. Dennehy, A. G. Holmes-Seidle, 
and K. H. Zaininger 

Parallel Processing for Phased-Array Radars 
J. E. Courtney and H. M. Halpern 

Integrated-Circuit Metalized Plasitc Symmetri­
cal Millimeter Trough Waveguide System with 
Nonreciprocal Elements ........•. C. P. Wen 
Prediction of the Dietiectric Behavior of Tita­
nate Dispersions ..•............ J. M. Guiot 

The RCA Review is published quarterly. Copies 
are available in all RCA libraries. Subscription 
rates are as follows (rates are discounted 20% 
for RCA employees): 

DOMESTIC FOREIGN 
1-year ............ $4.00 ......•..... $4.40 
2-year ............ 7.00............ 7.BO 
3-year ............ 9.00 ............ 10.20 

1970-1971 David Sarnoff Fellowship 
Program 
Applications for the 1970-1971 David Sar. 
noff Fellowship Program are now being 
accepted. 

The Fellowships, established in 1956 in 
honor of the Honorary Chairman of the 
Board of RCA and to commemorate his 
fifty years in the radio-television-elec­
tronics business, have been significantly.' 
revised beginning with the 1970-1971 aca­
demic year, and are the top educational 
awards available to RCA employees. 

David Sarnoff Fellows will now be com­
pensated at full base salary-up to maxi­
mum policy limits-during the period of 
their attendance at school. In addition. 
RCA will pay full tuition and make ~ 
$1000 contribution to the university in 
which the Fellow is enrolled. 

Eleven Fellowships will be available to 
RCA employees for study toward either 
technical or non-technical graduate de­
grees at approved universities. They will 
be granted for one academic year, anae.. 
upon application, may be renewed for one' 
additional year. 

Recipients will be selected by the RCA 
Educational Aid Committee on the basis 
of: 

1) Outstanding job performance, 
2) Character, '. 
3) Prior academic performance, 
4) Promise of professional and/or busi­
ness achievement, 
5) Actual or tentative acceptance for 
graduate study at an approved univer­
sity, and 
6) Relevance of intended graduate 
study to future RCA employment. • 

For technical applicants, preference will 
be given to those who have indicated by 
successful completion of courses at the 
graduate level, their ability to proceed on 
a doctoral or equivalent program. In the 
case on non-technical applicants, the end 
degree need not necessarily be the Do. 
torate. 

To be eligible for a David Sarnoff Fellow­
ship award, an applicant must be a full 
time permanent RCA employee with at 
least three years continuous service as of 
August 31, 1970. Also, the Fellow will be 
required to sign a written agreement to 
continue in the employ of RCA or its su. 
sidiaries for a minimum of three years 
after expiration of the Fellowship. 

The head of the employee's division or 
subsidiary will nominate outstanding can­
didates to the RCA Educational Aid Com­
mittee. 

Employees interested in applying for the~ 
prized awards for the 1970-1971 academic 
year may obtain application forms and 
additional information from the Organiza­
tion Development Representative in Per­
sonnel. 

• 
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Awards 
Electronic Components 

Three engineers were recently presented 
the EC "Man of the Year" awards for 
~eir technical performances in 1969. The 
Tt=io were Anthony Ameo of Microwave 
Operations in Harrison, N.J., John Kry­
nock of the Findlay, Ohio, plant, and 
Brandice LeMay of the Marion, Indiana, 
facility. 

.. stro-Electronics Division 

K. R. Johnson received the Engineering 
Excellence award for the month of No­
vember. J. Barletta, J. Board, H. Rouland, 
and J. Swale received the award for the 
month of December. 

terospace Systems Division 

Richard H. Holder of Systems Support 
Engineering was selected as Engineer of 
the Month for August, 1969, for his per­
formance on the Walt Disney World 
Project. 

-4ihe team of E. E. Corey, R. F. Dearborn, 
M. E. DeFlumere, F. J. Kudirka, C. E. 
LaCount, N. Meliones, N. L. Roberts, J. F. 
Salemme, R. P. Seversen, and G. A. 
Tromblee from Electro-Optics and Con­
trols Engineering received the Technical 
Excellence Team Award for August, 1969. 
The award recognized excellent team per­
.rmance in the design, construction, test 
and delivery of the Integrated Observa-
tion Device. 

R. A. Welter of Systems Support Engi­
neering, was selected as Engineer of the 
Month for September, 1969, for his per­
formance on the TRIM Special Support 
~uipment Program. 

The team of T. E. Kupfrian, R. B. Mark, 
D. J. Morand, M. Z. Neiman, H. J. Porter, 
and S. Waldstein has received the Techni­
cal Excellence Team Award from Electro­
Optics and Controls Engineering for 
September, 1969. The award recognizes 

:jle outstanding work of the team on the 
temperature-controlled filter for a narrow­
band, high-sensitivity detector. 

Professional Activities 
Astro-Electronics Division 

Members of the AED Environmental Sim­
ulation and Test Engineering Activity will 
chair two sessions of the Institute of Envi­
ronmental Sciences Meeting at Boston, 
Massachusetts, April 13 to 16, 1970. F. J. 
Yannotti, Manager of the Environmental 
Simulation and Test Engineering Activity, 
will be the Chairman of the session en­
titled "Laboratory Management" and J. E. 
Herrmann, will be the Co-Chairman. J. 
McClanahan and T. Baran, will be Chair­
man and Co-Chairman of the session en­
titled "Digital Control of Shock and 
Vibration Testing." Mr. Yannotti is the 
DEP Member on the Aerospace Industry 
Association Environmental Testing Com­
mittee. 

Plans and Systems Development 

J. C. Bry of the Communication/Naviga­
tion Systems activity served as Financial 
Chairman for the 1969 IEEE Systems Sci­
ence and Cybernetics Conference, held at 
the Warwick Hotel in Philadelphia, Octo­
ber 22-24,1969. 

W. E. Rapp of the Systems Evaluation and 
Simulation activity was a panelist at a 
meeting of the Philadelphia Chapter of 
the Society of Logistics Engineers at the 
Naval Aviation Supply Office in Philadel­
phia. 

Aerospace Systems Division 

J. W. Vickroy, Manager of System Proj­
ects, has been elected to the Administra­
tive Committee for the IEEE Group on 
Engineering Management. 

M. M. Miller, Senior Member, Technical 
Staff, was among those listed in the 1970-
71 edition of Who's Who in the East. This 
is the second consecutive year for Mr. 
Miller. 

Defense Engineering 

H. S. Ingraham, Jr., Defense Engineering 
Staff, was elected to the post of Vice­
Chairman of the National Conference of 
Standards Laboratories, in its annual elec­
tion of officers, completed September 30, 

1969. Mr. Ingraham has been an RCA 
delegate to the NCSL since 1962, was first 
elected to the Board of Director& in 1968, 
and is currently Chairman of the NCSL 
Measurement Comparison and Statistical 
Procedures Committee. 

T. B. Martin of Advanced Technology 
Laboratories has been selected as Chair­
man of the IEEE Subcommittee on Speech 
Processing. 

Electromagnetic and Aviation Systems 
Division 

G. F. Fairhurst, Manager, Engineering 
Support and Logistics, was recently 
elected the National President of the So­
ciety of Logistics Engineers (SOLE) for 
the year 1969/1970. Previously, Mr. Fair­
hurst has served as Chairman of the 1968 
national convention and as National Mem­
bership Chairman for 1968/1969. He 
holds Charter and Fellow membership 
and has been on the Board of Directors 
since September 1968. 

J. Valtos, Manager, Design Drafting, was 
elected President of the California Coun­
cil of the American Institute for Design 
and Drafting (AIDD) for the year 1969/ 
1970. Mr. Valtos previously served as the 
Program Chairman for the California 
Council of AIDD. 

Electronic Components 

W. E. Harbaugh, Industrial Tube Divi­
sion, Lancaster, Pa., was Chairman of a 
session on Heat Pipe Technology at the 
4th Inter-Society Energy Conversion Engi­
neering Conference held September 22 to 
September 26, 1969 in Washington, D.C. 

Dr. Harold Sobol, Manager, Microwave 
Microelectronics, Solid State Division, 
Somerville, N.J., has been elected National 
Lecturer for the IEEE Group on Micro­
wave Theory and Techniques for 1970. 
Dr. Sobol's topic will be microwave inte­
grated circuits and devices. The G-MTT 
National Lectureship was instituted in 
1967 to make available to chapters a 
prominent speaker on one of the current 
microwave technologies. The National 
Lecturer receives $2000 subsidy from 
IEEE for expenses during his one-year 
tenure. 

G. F. Fairhurst (center), Manager Enqineering Support and Logistics, 
at Electromagnetic and Aviation Systems Division, and recently 

,&\ected national president of the SOCiety of Logistics Engineers, 
1I!:lmires gavel and desk plaque presented by Dr. Werner von Braun 
(left) to John C. Goodrum (right), past president of the Society. in 

Denton Clark, Division Vice President, RCA Range Projects (right), 
accepts congratulations from Dr. Thomas Paine, NASA Administrator 
(left), and Dr. Kurt Debus, Director, NASA Kennedy Space Center 
after receiving NASA's coveted Public Service Award. Mr. Clark was 
cited for "outstanding contributions as a key leader of the govern­
ment industry team which made possible the exceptional success of 
the Apollo program." 

recognition of outstanding performance during his term of office. 

III 
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Staff Announcements 
Commercial Electronic Systems 

A. F. Inglis, Division Vice President, has 
announced the Commercial Electronic 
Systems organization as follows: N. R. 
Amberg, Manager, Industrial and Auto· 
mation Systems Dept.; T. J. Barlow, Man­
ager, Production Department; G. W. 
Bricker, Manager, Professional Electronic 
Systems Dept.; E. J. Hart, Division Vice 
President, Commercial Communications 
Systems Department; A. F. Inglis, Acting, 
Broadcast Systems Department; A. L. 
Hammerschmidt, Division Vice President, 
Broadcast Engineering and Product Man­
agement; E. C. Tracy, Division Vice Presi­
dent, Broadcast Sales; A. Mason, Chief 
Engineer; A. M. Miller, Division Vice 
President, Systems Program; J. P. Taylor, 
Division Vice President, Marketing Pro· 
grams. 

Defense and Commercial Systems 

I. K. Kessler, Executive Vice President, 
Defense and Commercial Systems has ap­
pointed W. V. Goodwin as Division Vice 
President, AEGIS Program. 

I. K. Kessler, Executive Vice President, 
Defense and Commercial Systems has ap­
pointed J. H. Sidebottom as Division Vice 
President, Special Projects. 

AEGIS Program 

W. V. Goodwin, Division Vice President, 
has announced the organization of the 
AEGIS Program as follows: F. G. Adams, 
Manager, Management Operations; R. M. 
Fritz, Manager, System Requirements; 
W. V. Goodwin, Acting Manager, Engi­
neering; D. Lesser, Manager, Quality As­
surance and Value Engineering; H. A. 
Magnus, Manager, Project Management; 
P. C. Westhead, Manager, Contract Man­
agement. 

Aerospace Systems Division 

J. R. McAllister, Division Vice President 
and General Manager, has appointed E. F. 
Lockwood as Manager, Command and 
Control Programs. 

Missile and Surface Radar Division 

P. A. Piro, Division Vice President and 
General Manager, has appointed J. C. 
Volpe, Manager, MFAR Program. 

Operations Staff 

R. C. Bitting, Program Director, VideO" 
Playback Systems, has announced the 
organization as follows: D. F. Miller, 
Manager, Marketing; H. Ball, Manager, 
System Development; F. X. Conaty, Man­
ager, Administration and Controls; R. C. 
Bitting, Acting Executive Producer, Pro­
gram Albums, R. C. Bitting, Acting, Busi­
ness Development. 

Research and Engineering 

J. Hillier, Executive Vice President, has 
appointed B. A. Jacoby as Operations 
Director of the new Integrated Circuit 
Technology Center. 

Global Communications, Inc. 

H. R. Hawkins, President, has announced 
the organization of RCA Global Commu­
nications, Inc. as follows: E. D. Becken, 
Executive Vice President, Operations; 
E. W. Peterson, Executive Vice President, 
Finance and Business Development; P. 
Schneider, Vice President, Engineering 
and Leased Systems; R. J. Angliss, Vice 
President, Marketing and Traffic; L. W. 
Tuft, Vice President, Washington, D.C.; 
E. F. Murphy, Vice President and General 
Attorney; H. Polish, Vice President, Per­
sonnel; F. D. Chiei, Jr., Executive Vice 
President, RCA Alaska Communications, 
Inc.; G. A. Shawy, Director, Public 
Affairs. 

Services 

D. M. Knight, Division Vice President, 
Educational Development, has announced 
the organization of Educational Develop­
ment as follows: D. T. Bobbitt, Jr., Direc­
tor, Educational Sales Development; 
D. M. Cook, Director, Educational Devel­
opment Planning; R. E. Dickerson, Man­
ager, Educational Project Development; 
A. L. Hardwick, Manager, Educational 
Sales; L. F. Jones, Director, Educational 
Development; D. M. Knight, Acting Direc­
tor, Educational Development Adminis­
tration; C. D. Sullivan, Manager, 
Educational Project Development; J. W. 
Wentworth, Director, Educational Devel­
opment Engineering; G. Wyckoff, Direc­
tor, Audio-Visual Programs. 

Consumer Electronics Division 

D. L. Mills, Senior Executive Vice Presi­
dent, Consumer Products and Com­
ponents has appointed B. I. French as 
Manager, News and Information. 

Information Systems 

J. R. Bradburn, Executive Vice President, 
has announced the organization of 
Information Systems as follows: L. E. 
Donegan, Jr., Division Vice President 
and General. Manager of the newly 
named Computer Systems Division, for­
merly called Information Systems Divi­
sion; S. P. Marcy, Division Vice President 
and General Manager, Memory Products 
Division; N. R. Miller, Division Vice 
President and General Manager, Graphic 
Systems Division; J. Stefan, Division Vice 
President and General Manager, Magnetic 
Products Division; S. W. Cochran. Divi­
sion Vice President, Business and Eco­
nomic Planning; H. H. Jones, Controller, 
Finance; E. S. McCollister, Division Presi­
dent, Marketing Staff; M. J. Shuman, 
Manager, Personnel. 

Computer Systems Division 

L. E. Donegan, Jr., Division Vice Presi­
dent and General Manager has announced 
the organization of the Computer Systems 
Division as follows: A. W. Carroll, Divi­
sion Vice President, Systems Program­
ming; M. E. Heislev, Administrator, 
Computer Systems Programs; H. W. 
Johnson, Division Vice President, Field 

.. 

Andrews 

Andrews and Stellman are new Ed Reps 

Mr. Raymond N. Andrews has been aI4' 
pointed Editorial Representative for the 
Record Division in New York. Mr. W. D. 
Stellman has been appointed Editorial 
Representative for the Computer Systems 
Division in Marlboro, Mass. Editorial Rep­
resentatives are responsible for planning 
and processing articles for the RCA ENG:r.., 
NEER, and for supporting the activities o~ 
the TP A's in their respective divisions 
(see listing on inside back cover) . 

Mr. Andrews joined the RCA Record 
Engineering Labs at Indianapolis as a 
technician. After receiving the BSEE from 
Purdue University in 1968, he returned to 
Record Engineering as a member of tl+ 
Engineering staff. In April of 1969, he was 
appointed Manager of Recording Engi­
neering Liaison, responsible for new 
equipment for the RCA Recording Stu­
dios at New York, Chicago, Nashville, and 
Hollywood. He is a Member of the IEEE 
groups on Audio and Magnetics and the 
AES. • 

Mr. Stellman received the BA in Econom­
ics from Muskingum College, New Con­
cord, Ohio in 1947 and the MBA from 
Drexel University (evening division) in 
1955. He joined RCA in 1953 as Budget 
Analyst in Bizmac Engineering, and then 
progressed to Leader, Office Services-t. 
Leader, Financial Control and Office Ser­
vices-to Manager, Financial Control and 
Office Services-to Manager, Engineering 
Administration. He transferred to Palm 
Beach Gardens operation in 1962, and was 
promoted to Manager, Engineering Ac­
counting in 1963. In December 1967, he 
.ioined the Computer Peripheral activity '* 
the Computer Systems Division (now at 
Marlboro, Mass.) as Manager, Stores. In 
September 1969, he was promoted to 
Manager, Engineering Services. 

Engineering; J. R. Lenox, Division Vice 
President, Manufacturing and Engineet 
ing; J. W. Rooney, Division Vice PresI­
dent, Marketing; D. L. Stevens, Manager, 
Product and Programming Planning; J. J. 
Worthington, Manager, Product Assur­
ance; D. H. Camubell, Manager, Finan­
cial Controls; L. E. Donegan, Jr., Acting 
Manager, Personnel. 

H. N. Morris, Manager, Engineering @ 
Palm Beach, has appointed T. K. Mulligan 
as head of the new consolidated Commu· 
nications Engineering function for the 
Computer Systems Division in Palm 
Beach Gardens, Florida. 

• 
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Defense and Commercial Systems 
• Defense Electronic Products 

Editorial Representatives 
The Editorial Representative in your group is the one you should contact in scheduling 
technical papers and announcements of your professional activities. 

Aerospacl') Systems Division D. B. DOBSON" Engineering, Burlington, Mass. 

Electromagnetic and Aviation Systems Division R. J. ELLIS" Engineering, Van Nuys, Calif. 
J. McDONOUGH Engineering, West Los Angeles, Calif. 

Astro-Electronics Division I. M. SEIDEMAN" Engineering, Princeton, N.J. 
S. WEISBERGER Advanced Development and Research, Princeton, N.J. 

Missile & Surface Radar Division T. G. GREENE" Engineering, Moorestown, N.J. 

Defense Communications Systems Division 

Defense Engineering 

Commercial Electronics Systems 

• Industrial and Automation Systems 

Information Systems 
Computer Systems Division 

Magnetic Products Division 
Memory Products Division 

Graphic Systems Division 
Research and Engineering 

Laboratories 

~')nsumer Products and Components 
Electronic Components 

Solid State Division 

Receiving Tube Division 

Television Picture Tube Division 

Industrial Tube Division 

Technical Programs 

Consumer Electronics Division 

RCA Service Company 

RCA Global Communications, Inc. 
National Broadcasting Company, Inc. 

Record Division 

RCA International Division 
RCA Ltd. 

A. LIGUORI" Engineering, Camden, N.J. 

M. G. PIETZ" Advanced Technology Laboratories, Camden, N.J. 
M. R. SHERMAN Defense Microelectronics, Somerville, N.J. 
E. J. PODELL Plans and Systems Development, Moorestown, N.J. 
J. E. FRIEDMAN Advanced Technology Laboratories, Camden, N.J. 
J. L. KRAGER Central Eng,ineering, Camden, N.J. 

D. R. PRATT" Chairman, Editorial Board, Camden, N.J. 
N. C. COLBY Mobile Communications Engineering, Meadow Lands, Pa. 
C. E. HITTLE Professional Electronic Systems, Burbank, Calif. 
R. N. HURST Studio, Recording, & Scientic Equip. Engineering, Camden, N.J. 
R. E. WINN Broadcast Transmitter & Antenna Eng., Gibbsboro, N.J . 

H. COLESTOCK Engineering, Plymouth, Mich. 

A. D. BEARD (acting)" Engineering, Camden, N.J. 
M. MOFFA Engineering, Camden, N.J. 
S. B. PONDER Palm Beach Engineering, West Palm Beach, Fla. 
W. D. STELLMAN Engineering, Marlboro, Mass. 
E. M. MORTENSON" Instructional Systems Engineering, Palo Alto, Cal. 

A. G. EVANS Development, Indianapolis, Ind. 
L. A. WOOD Engineering, Needham, Mass. 

J. GOLD" Engineering, Dayton, N.J. 

C. W. SALL" Research, Princeton, N.J. 

C. A. MEYER" Chairman, Editorial Board, Harrison, N.J. 

M. B. ALEXANDER Solid State Power Device Engrg., Somerville, N.J. 
T. J. REILLY SemicofJductor and Conversion Tube Operations, Mountaintop, Pa. 
J. D. YOUNG Semiconductor Operations, Findlay, Ohio 
I. H. KALISH Solid State Signal Device Engrg., Somerville, N.J. 

R. W. MAY Commercial Receiving Tube and Semiconductor Engineering, Somerville, N.J. 
J. KOFF Receiving Tube Operations, Woodbridge, N.J. 
R. J. MASON Receiving Tube Operations, Cincinnati, Ohio 

J. H. LIPSCOMBE Television Picture Tube Operations, Marion, Ind. 
E. K. MADENFORD Television Picture Tube Operations, Lancaster, Pa. 

J. M. FORMAN Industrial Tube Operations, Lancaster, Pa. 
H. J. WOLKSTEIN Microwave Tube Operations, Harrison, N.J. 

D. H. WAMSLEY Engineering, Harrii?on, N.J. 

C. HOYT" Chairman, Editorial Board, Indianapolis, Ind. 
D. J. CARLSON Advanced Devel., Indianapolis, Ind. 
R. C. GRAHAM Procured Products Eng., Indianapolis, Ind. 
P. G. McCABE TV Product Eng., Indianapolis, Ind. 
J. OSMAN Electromech. Product Eng., Indianapolis, Ind. 
L. R. WOLTER TV Product Eng., Indianapolis, Ind. 
R. F. SHELTON Resident Eng., Bloomington, Ind. 

B. AARONT EDP Service Dept., Cherry Hill, N.J. 
W. W. COOK COnsumer Products Service Dept., Cherry Hill, N.J. 
M. G. GANDER" Consumer Product Administration, Cherry Hill, N.J. 
K. HAYWOOD Tech. Products, Adm. & Tech. Support, Cherry Hill, N.J. 
W. R. MACK Missile Test Project, Cape Kennedy, Fla. 

W. S. LEIS" RCA Global Communications, Inc., New York, N.Y. 

W. A. HOWARD" Staff Eng., New York, N.Y. 
M. L. WHITEHURST" Record Eng., Indianapolis, Ind. 
R. ANDREWS Record Eng. New York, N.Y. 

C. A. PASSAVANT" New York, N.Y. 

W. A. CHISHOLM" Research & Eng., Montreal, Canada 

" Technical Publication Administrators listed above are 
responsible for review and approval of 
papers and presentations. 
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