


RN

CRC

HANDBOOK
of
LASERS
with
Selected Data on Optical Techpology

Editor
ROBERT J. PRESSLEY, Ph.D.
Manager of Research and Development

.Laser Products Division
Holobeam, Inc.

Published by

THE CHEMICAL RUBBER CO.
1890-1 Cranwood Parkway, Cleveland, Ohio 44128

D004 V144



This book presents data obtained from authentic and highly regarded sources.
Reprinted material is quoted with permission, and sources are indicated. A
wide variety of references are listed. Every reasonable effort has been made to
give reliable data and information, but the zditor and the publisher cannot
assume responsibility for the validity of all materials or for the consequences of
their use.

© 1971 by The Chemical Rubber Co.
All Rights Reserved
Library of Congress Card No. 72-163066
Printed in the United States of America



EPRESS

Division of THE CHEMICAL RUBBER CO.

Editor-in-Chief
Robert C. Weast, Ph.D.

Vice President, Research, Consolidated Gas Service Company, Inc.

_ Coordinating Editor
George L. Tuve, Sc.D.

Editor-in-Chief, Mathematics
Samuel M. Selby, Ph.D., Sc.D.
Professor of Mathematics

Hiram College

Editor-in-Chief, Biosciences

Irving Sunshine, Ph.D.

Chief Toxicologist, Cuyahoga

County Coroner’s Office, Cleveland, Ohio

#"HANDBOOK SERIES

L N
\2@ O /U
BIOCHEMISTR ‘

Herbert A. Sober, Ph.D.
National Institutes of Health

BIOENGINEERING
David G. Fleming, Ph.D.
Case Western Reserve University
Lester Goodman, Ph.D.
National Institutes of Health

CHROMATOGRAPHY
Gunter Zweig, Ph.D
Syracuse University Research Corp.

CLINICAL SCIENCES
Willard R. Faulkner, Fh.D.

Vanderbilt Uiivensity Medical Cente:

John W_King ,M.D., Ph.D.
evodand Chinic Foundation

ELECTRO-OPTICS
Robert J. Pressley, Ph.D.
Holobeam Corp.

ENGINEERING SCIENCES
Ray E. Bolz, D. Eng.
Case Western Reserve University
George L. Tuve, Sc.D.
THE Chemical Rubber CO.

ENVIRONMENTAL SCIENCES
Richard G. Bond, M.S., MP H.
University of Minnesota
Conrad P. Straub, Ph.D.
University of Minnesocta

FOOD AND NUTRITION
Nicolo Bellanca, Ph.D.
CIBA-GEIGY Corp.
Giovanni Fenaroli, Ph.D.
University of Milano, Italy
Thomas E. Furia
CIBA-GEIGY Corp.

MARINE SCIENCES
F. G. Walton Smith, Ph.D.
University of Miami

MATERIALS SCIENCE
C.T. Lynch, Ph.D.
Wright-Patterson Air Force Base

MATHEMATICS AND STATISTICS
William H. Beyer, Ph.D.
University of Akron
Brian Girling, M.Sc., FIM.A.
The City University, London
Samuel M. Selby, Ph.D., Sc.D.
Hiram College

MICROBIOLOGY
Allen 1. Laskin, Ph.D.
Esso Rescarch and Enzineering Co.
Hubert Lechevatier, Ph D.
Rutgers University

ORGANIC CHEMISTRY
Saul Patai, Ph.D.
Hebrew University of Jerusalem
Zvi Rappoport, Ph.D.
Hebrew University of Jerusalem



e~ 37"

RADIOLOGICAL SCIENCES
Yen Wang. M.D., D.Sc. (Med.)
University of Pittsburgh

SPECTROSCOPY
Jeanette Grasselli
Standard Oil Company (Ohio)
James W. Robinson, Ph.D.
Louisiana State Univerrity

TOXICOLOGY
Irving Sunshine, Ph.D.

Cuyahoga County Coroner’s Office, Ohio

CRITICAL REVIEW JOURNALS

ANALYTICAL CHEMISTRY
Louis Meites, Ph.D.
Clarkson College of Technology

BIOCHEMISTRY
Robert A. Harte
American Society of .
Biological Chemists, Inc.

BIOENGINEERING
David G. Fleming, Ph.D.
Case Western Reserve University

CLINICAL SCIENCES
Willard R. Faulkner, Ph.D.
Vanderbilt University Medical Center
John W. King, M.D, Ph.D.
Cleveland Clinic Foundation

ENVIRONMENTAL SCIENCES
Richard G. Bond, M.S., MPH.
University of Minnesota
Conrad P. Straub, Ph.D.
University of Minnesota

FGOD AND NUTRITION
Thomas E. Furia
CIBA-GEIGY Corp.

MACROMOLECULAR SCIENCE
Eric Baer, Ph.D.
Case Western Reserve University
Phillip Geil, Ph.D.
Case Western Reserve University
Jack Koenig, Ph.D.
Case Western Reserve University

MICROBIOLOGY
Allen L. Laskin, Ph.D.
Esso Research and Engineering Co.
Hubert Lechevalier, Ph.D.
Rutgers University

RADIOLOGICAL SCIENCES
Yen Wang, M.D., D.Sc. (Med.)
University of Pittsburgh

SOLID STATE SCIENCES
Richard W. Hoffman, Ph.D.
Case Western Reserve University
Donald E. Schuele, Ph.D.
Bell Telephone Laboratories

TOXICOLOGY
Leon Goldberg, D.Phil., D.Sc.
Albany Medical College of
Union University



PREFACE

The aim of this volume is to collect and present critically evaluated original data, both published
and unpublished, that are relevant to laser research and development. The laser is close to its eleventh
birthday. It has experiznced o rapid growth, both in numbers and in complexity. Lasers of different
types, frequencies, powers and energies have proliferated to such a degree that scientists are even be-
coming specialized in restricted fields within the general field of lasers.

The theory of the generation and control of coherent radiation is covered in various articles and
texts. The experimental data, however, are being extended and enlarged much faster than the theory.
To provide convenient access to this rapidly expanding volume of information is the goal of this hand-
book. The textual material is, in general, only that necessary to explain the data.

The data are the results of many different experimental arrangements. There has been little stan-
dardization between various laboratories in certain measurements such as threshold or efficiency. With

this in mind, an important part of this handbook is the references to the original work, which should be

consulted for details of how the various measurements were made. This referencing will become of less
importance in later editions when there should be more standardization of measurement techniques.

The listings of the laser transitions for this first edition represent data available in late summer of
1970. There will undoubtedly be important additional data available between that date and the publica-
tion date, but this is an inevitable consequence of publishing in a current field of research.

The selection of data on related optical elements is not intended to be inclusive, but is meant to be a
representative selection of some of the more useful items of considerable current interest. Both the
American Institute of Physics and the Optical Society of America are currently preparing revised
Handbooks, which will contain much more complete and detailed tabulations of topics covered periph-
erally in this handbook. '

. This handbook is intended for the use of active researchers in the field of lasers, and as such needs
comments, criticisms and suggestions from these researchers if future editions are to be of maximum
value. We welcome your cooperation in helping us to correct any errors or omissiens.

The advisors to this handbook have contributed considerable time and effort toward the compila-
tion of the data presented. That this Handbook could appear at all is due to their unstinting co-operation
in collecting, collating, evaluating and referencing the data, in addition to their continuing normal
scientific responsibilities.

I am personally indebted to both the David Sarnoff Research Center at Princeton, New Jersey, and
Holobeam, Inc. at Paramus, New Jersey, for their cooperation during the compilation of this volume.
I also wish to thank Mrs. Mary Lou Wu of the Chemical Rubber Company for her continuing en-
thusiasm and technical expertise in the editing of the book.

Hopewell, New Jersey ROBERT J. PRESSLEY
September 1, 1971
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A. M. Clarke
t‘*’l .ﬁ fg F Department of Biophysics
W :/ Medical College of Virginia
\N...«v" Virginia Commonwealth University

Richmond, Virginia 23219

Ocular hazards in the vicinity of laser devices include not only the laser itself, but the optical pumps
used for excitation, the off-axis spontaneous radiation from gas discharge tubes, and occasionally the
blackbody radiation of absorbers used to stop extremely intense beams. Geometrical considerations
make the latter two cases a lesser hazard, but obviously do not remove them from inclusion in a safety
protocol.

Ultraviolet devices of all types must be carefully controlled, as exposure of the cornea to even
relatively low levels of irradiation at wavelengths less than 320 nm produces “ sunburn ™ of the cornea,
called “ photophthalmia.” Because a source in this region is not visible, has a cumulative effect, and the
extremely dehabilitating * blepharospasm,” or “sand in the eye” reaction to the corneal epithelium
sloughing off and exposing the nerve tissue does not occur until 30 minutes to 24 hours following ex-
posure (usually in the evening or night after exposure), any source which has a significant ultraviolet
component must be used with caution. Figures 1-1 and 1-2, from the work of Pitts and his associates,!-?
indicate the sensitivity of rabbits and primates to the ultraviolet.

The middle infrared (10.6 x) portion of the spectrum also affects the corneal epithelium as the
primary damage site. In this spectral region the damage mechanism is of thermal origin, not abiotic
as in the case of the ultraviolet. Thus, the damage mechanism is a function of the time-temperature
history within a single exposure interval. The threshold for a minimal irreversible lesion on the cornea is
given in Figure 1-3.
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Fig. 1-1. Threshold exposure (Q.) for the production of photophthalmia in rabbits versus
wavelength of ultraviolet light. Each point on the curve is plotted at the peak wavelength of the

various 10 nm wavebands. (From Pitts, D. G. and Kay, K. R., Amer.J. Optom., 46, 561, 1969.)
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