Poles and Zeros

IRE and IRIS. \Ve have al-
ways been privately pleased
that no one seems able to pro-
pose a generally acceptable
definition of scope for the field of electronics. The very process
of defining an area seems to imply bounding or circumscril)-
ing—placing certair. subject matter properly inside, setting
other areas outside the purview—the result seeming to limit
growth and development to areas and subjects in view at the
time of definition. \\here would we be professionally today if
a defined bound of 1920 had limited us to radio and the
vacuum tube?

One may suspect that the defining operation is a luxury
which only mature fields should undertake—and only as an
exercise in geriatrics even then. Certainly electronics derives
much virility from its immaturity, and its willingness and
ability to follow new paths wherever scientific curiosity leads.

This special issue of the PROCEEDINGS is a result of this
freedom to invade rew areas, which is characteristic of elec-
tronics. Infrared radiation, discovered and explored by the
great classical physicists of an earlier century, remained only
an obscure portion of the clectromagnetic spectrum until a
succession of recent engineering and scientific developments,
particularly in the solid-state field, led us to the state of the
art detailed in this publication. In the process we have once
more gone full circle—from the incoherent radiation of the
early sparks, to the highly sophisticated coherent radiation
forms of our tube transmitters, and now back to the inco-
herent molecular radiation of the infrared!

The infrared spectrum, usually thought of as valuable
only before the fireplace on winter evenings, is already one of
our most complex areas, calling for application of a great
variety of optical and electronic methods, Since all objects are
emitters of infrared energy, then any signal will likely be
received with a high-noise level, and filtering techniques are
of value. Frequency translation, as illustrated by the methods
required to produce our first-of-its-kind cover illustration, is
another adaptation of standard concepts in a totally new
frame. As electronic science grows the problems get no easier.

This gives us also another opportunity to reiterate our
philosophy that a major reason-to-be of a professional or-
ganization should be the education of its members in those
things to be needed in the profession of the future—and that
the society’s publications should consistently carry their
readers to the brink of the precipice of knowledge. Of especial
importance in this particular illustration of this philosophy is
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the opportunity to take you to the brink in a region all too
long enshrouded in a fog of official secrecy and classification.

Infrared, more optical than electronic in its genesis, now
represents possible tools and potential products for many
facets of the electronic industry. \We believe this issue, virtu-
aliy a textbook on infrared, should stand well as an example of
the policy of seeking out and developing the background of
new scientific areas, and is well worthy of inclusion on our
growing shelf of IRE ProceepixGs' Special Issues.

We wish to record here that the idea for this issue de-
veloped from a casual luncheon on October 24, 1957, with
Harry Dauber, of the Department of Defense, as a guest of
E. K. Gannett, our Managing Editor. As first discussed the
subject was thought appropriate for a single paper, but it was
soon seen that part of an issue would be needed, and finally it
developed that nothing less than a complete issue could do
justice to the available material. It was felt that the govern-
ment-industry group known as IRIS (InfraRed Information
Symposia) could be of great help in planning for the issue,
and this aid brought with it the support of the IRIS chair-
man, Dr. Arthur R. Laufer, of the Office of Naval Research.
The major effort in organizing the issue and coordinating the
70 contributions into a logical whole was made by Dr. Stanley
S. Ballard, of the University of Florida. \We also wish to
recognize the section editors, Warren N\, Arnquist, Lewis
Larmore, Sidney Passman, Paul J. Ovrebo, and William
Wolfe, as well as Harry Dauber, who generated the spark and
fanned it into a roaring fire—of course he had a warm subject.

Saddle Points. Soon to be available is the index of 1RE pub-
lications—yes, ALL of them, for the vears 1953-1958. By use of
a simple code you will find all the papers by prolific Jonathan
Gloop properly listed, be they in PROCEEDINGS, TRaNSAC-
TIONS of the 28 Groups, or THE STUPENT QUARTERLY. Also
in planning is a complete fifty-year index, again including all
publications of the IRE, to be issued after the celchration of
our Golden Anniversary in 1962.

As another improvement in service, we hope, vour next
PG assessment billing will include the assessments for all
Professional Groups of which you are a member. As a result
you may find a few fractional year amounts on the bill for
some of your PG memberships, to adjust all to a common
date, but we are sure you will understand the arithmetic when
the bill arrives. Now you will know all at once to which PG’s
you belong, and more importantly—the ones to which you do
not and should.—]J.D.R.
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and audio equipment. During World War II, as a member
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tubes for the company-produced radars.

Since the war he has served with Philips Electronics
Industries of Toronto, successively as chief engineer of the
electron tube division, government projects officer, director
of engineering of the professional equipment division, and
general manager of engineering and manufacturing of the
same division, a post he currently occupies.

He is a registered professional engineer and has at
various times heen chairman of the Toronto Section of the
IRE, a member of the Canadian Convention Committee
and chairman of its Papers Committee. He is chairman of
the Microwave Committee of the Canadian Radio Techni-
cal Planning Committee and also takes an active part in
the LElectronics Industries Association.
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PREFACE"

ARTHUR R. LAUFER T, CHAIRMAN, NATIONAL EXECUTIVE COMMITTEE OF IRIS,
AND EDITOR-IN-CUHIEF, Proceedings of IRIS

NE hundred and fifty-nine vears ago, while mov-

ing a thermometer through the sun’s spectrum,

the astronomer Sir William Herschel found that
the temperature recorded by the thermometer increased
from violet to red and then continued to increase, reach-
ing a maximum in the dark region bevond the red
end of the visible spectrum. Thus was discovered the
“infra”-red region of the electromagnetic spectrum. For
more than one hundred years little use was made of in-
frared energy, largely because of the lack of a suitable
detector. The detection problem can be understood from
the fact that a modern wide-range infrared detector,
the thermocouple, must often detect radiation which
causes a temperature rise of only one-millionth of a de-
gree with a resulting electrical signal of less than one
billionth of a volt; the infrared radiation, being incoher-
ent in nature, cannot be amplified through the use of
resonant circuits such as are commonly employed with
the coherent radiation in the radio portion of the elec-
tromagnetic spectrum.

Despite the discovery in 1917 by T. W. Case that
thallous sulfide is photosensitive in the infrared, little
practical use was found for this radiation outside the
laboratory. Then, early in World War 11, captured
equipment revealed that the Germans were using infra-
red for secret signalling between infantry groups, for
the surveillance of Russian tanks supposedly sccure in
the darkness, and for the detection of Allied night bomb-
ers which confused radars by the use of chaff. This was
the turning point in the practical application of infra-
red to military problems. At about the same time, the
American synthetic rubber program required rapid anal-
vsis of the C; fraction in butadiene production; since
this could best be achieved through infrared spectros-
copy, commercial infrared spectrophotometers for
chemical analysis began to appear in 1943. This was the
turning point for the commercial application of infra-
red. Also at this time, Dr. Robert J. Cashman of North-
western University developed a design and a sensitizing
treatment for thallous sulfide that resulted in a detector
which was both simpler and more rugged than previous
cells. The practical application of infrared radiation was
now assured.

The physical basis for the military interest in infra-
red is simply that any object at a temperature above
absolute zero (and every object is), having an emissivity
greater than zero (and cvery object has), radiates elec-
tromagnetic energy, much of which is in the infrared.

* Original manuscript received by the IRE, February 23, 1959.
T Office of Naval Research, Branch Office, Pasadena, Calif,

Thus all objects, ranging from heavenly bodies to jet
aircraft to human beings, are natural radiators of in-
visible infrared energy, and can thereby be detected by
means of passive instrumentation which does not reveal
the presence of the observer. Add to this the facts that
infrared detection is virtually jamproof, as contrasted
with radio and radar, that many military targets are
copious emitters of infrared, that infrared systems are
far smaller, lighter, less complex and less expensive than
comparable radar systems, and that the shortness of in-
frared wavelengths permits resolution far higher than
that attainable even with our highest-resolution radars
—and the military interest becomes obvious. An ex-
ample often quoted is that whereas an X-band (3-cm)
radar, with a 12-inch-diameter antenna and at a range
of 5 miles, can resolve two twin-engine aircraft as sepa-
rate targets if they are laterally separated by at least 1
mile, at the same range an infrared system working at
2 microns (0.002 mm) and using a 3-inch-diameter
scanner can resolve individual engines on cach aircraft,
Commercial interest in infrared stems not only from
this natural emission, but also from the [act that the
spectral absorption bands of most molecules lie in the
infrared. Thus the selective absorption of infrared radi-
ation by molecules reveals their presence and structure.
The development in production quantities during the
past decade of new photoconductive detectors such as
lead sulfide and lead selenide, which are both highly
sensitive and fast in response, and of suitable optical
materials, has led to an enormous growth in the com-
mercial and military applications of infrared. Several
hundred industrial and military organizations now in-
clude infrared research, development, and production in
their programs. In industry, several thousand infrared
spectrophotometers are being employed for the non-
destructive and quantitative identification of chemical
and biological unknowns, and this application is only in
its infancy. Infrared is also being used in the automatic
monitoring of chemical and biological processing, in
temperature measurement and control in the manufac-
ture of textiles, plastics, and metals, in fire and incipi-
ent-explosion detection, and in weather research. Future
civilian applications are being developed in navigation,
altitude determination, collision-avoidance systems,
ground-speed indication, automatic landing systems,
and in astronomy and various outer-space projects.
Ever-increasing military use for infrared is being
found in surveillance, early warning and detection, pho-
tography and aerial mapping, search, acquisition and
track, secure communications, missile guidance, fire
control, fuzing, decoying, and countermeasures.
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Despite the major current and anticipated activity in
the infrared field, there is at present no unclassified
American publication which brings together in one
place the bulk of the basic information on infrared phys-
ics and technology. The PROCEEDINGS oF THE |RE ap-
pears to be a highly appropriate journal in which to
publish a review of the infrared field, inasmuch as the
field is substantially a marriage of optical physics and
electronics. An attempt has been made to present here
as comprehensive a review of the subject as security re-
strictions will allow. The material has been prepared
wunder the auspices of the Infrared Information Sym-
posia (1 RIS), an organization sponsored by the Oftice of
Naval Research and under joint-service direction. The
1R1S organization sponsors a continuing series of classi-
fied symposia devoted to the military applications of
infrared. The symposia are designed to facilitate the ex-
change of technical information, on a “need to know”
basis, among the many government laboratories and in-
dustrial contractors engaged in infrared research, de-
velopment, and production. The papers presented at
the symposia are published in the classified journal en-
titled Proceedings of IRIS, which is distributed to all
members of 1R1S and to such others as establish the
required need to know.

1t may be of interest to mention here, as being repre-
sentative of the difficulties encountered in fields other
than infrared, the factors which led to the creation of
IRIS. In the years immediately following World War 11,
the military infrared program was severely handicapped
by the inadequate facilities for the exchange of infor-
mation, such exchange being effected at best only with
delay and through the exercise of considerable per-
sistence and inquisitiveness. The flow of information
was restricted to such an extent that certain contrac-
tors were not even aware of the existence of almost iden-
tical efforts being conducted by certain other contrac-
tors. These difficulties were not occasioned primarily
by the need for military security, but stemmed rather
from the lack of rapport between the different cogni-
zant branches of the armed services, institutional rival-
ries, the desire of commercial concerns to keep secret
their own technical procedures, and the absence of uni-
fying meetings and reports. Such needless barriers were
a real impediment to the military program, resulting in
the duplication of effort from ignorance of parallel ef-
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forts, and slowing the advance of science and technology
which thrive on the cross-fertilization of ideas.

In an effort to alleviate this situation, the Office of
Naval Research, which has the responsibility for the
coordination of research and development within the
Naval establishment, in 1949 undertook the creation
and sponsorship of the 1RIS organization. RIS meet-
ings, now held bimonthly on alternate coasts, are at-
tended by hundreds of scientists and engineers who
gather together to discuss freely their problems and
achievements in the classified areas of infrared. By pub-
lishing in the Proceedings of IRIS, these men have the
opportunity of presenting their results to a relatively
wide audience and of benefiting from the constructive
criticism which such publication engenders. In sub-
stance, the RIS organization affords those employed in
this classified area the opportunity for discussion and
publication which is afforded in unclassified areas by
organizations such as the Institute of Radio Engineers
and the American Physical Society. As a result, these
scientists and engineers, though engaged in classified
work which formerly entailed confining procedures and
oppressive secrecy, now may again enjoy the feeling of
“belonging” to the scientific community, with many of
the benefits that society membership provides. The
consequent improvement in the attitudes of these sci-
entists and engineers and in the quality of their efforts
cannot help being reflected in achievements beneficial
to the missions of the military services.

Holding membership in IRIS are all the leading in-
vestigators in the field of military infrared; it is for this
reason that the material in the following pages, pre-
pared by these men, can be regarded as current and
authentic. The dithcult task of procuring, reviewing,
and coordinating the material submitted by the many
authors has been handled with high competence by the
various section editors, whose efforts are gratefully ac-
knowledged. Special acknowledgment must be made of
the contribution of Dr. Stanley S. Ballard, whose re-
sponsibility it was to coordinate the over-all effort.

1t is hoped that this presentation of the physics and
technology of infrared radiation will furnish engineers
with the necessary background for understanding the
ficld, and will provide them with a foundation for fur-
ther study of this rapidly growing science, which ap-
pears to be only on the threshold of its full realization.
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SECTION 1. INFRARED, A NEW FRONTIER
OF PHYSICS AND TECHNOLOGY*

STANLEY S. BALLARDTY, GUEST EDITOR

NFRARED techniques have already proved their

worth in academic and industrial applications and

are now considered to be indispensable to the or-
gaitic chemist and to many others. The acceptance of
infrared as a basic technique in military applications
has lagged behind its aceeptance in the laboratory by
15 or 20 years, however, and is only now becoming gen-
erally acknowledged. Thus in semitechnical magazines
and the press one sees infrared referred to as “the fron-
tier frequency” and sees reference to “the infrared chal-
lenge of radar.” It does appear that infrared is sup-
planting or at least supplementing radar as a basic de-
tection, tracking, and reconnaissance technique, very
much as radar partially replaced visual-optical methods
during the course of World War I1. The reasons for this
emergence of infrared techniques after such a long pe-
riod of borderline acceptance (or often downright re-
jection on the grounds of ineffectiveness) are now clear-
Iy seen: The greatest factor has been the development
of more sensitive, faster, more reliable receivers of in-
frared radiation, usually called “detectors.” Another
important fact bearing on the favor now being found
for infrared military applications is that military tar-
gets, for example jet engines and rocket motors, radiate
much more power in the infrared portion of the spec-
trum than was previously the case. The fact that infra-
red is a passive technique in most applications is also
strongly in its favor in the military theater, as is its ad-
mitted difficulty of being countermeasured and jammed.
Finally, much more is now known about atmospheric
absorption processes, but many military operations are
now taking place at such high altitudes that atmos-
pheric attenuation is no longer a serious factor. These
various facts are well known by persons involved in
military technology, but they bear repeating since they
account, in a very real sense, for the present high level
of interest in infrared.

The final user of an infrared equipment is not likely to
be interested in the individual components, but rather in
the device, machine, or over-all system. It is informative
to compare the various elements of a laboratory infra-
red instrument such as a spectrophotometer with the
elements in an infrared detection and tracking system
such as an air-to-air homing missile. At first glance one

* Original manuscript received by the IRE, July 22, 1959,
t University of Florida, Gainesville, Fla., and Consultant to The
RAND Corp., Santa Monica, Calif.

sces very little similarity between these two major ap-
plications of infrared. On closer examination, however,
one sees that in cvery case there are five basic units:
the source of radiant energy, an absorbing medium, an
optical system, a detector of radiant energy, and finally
a presentation or output by which the data are made
available to the operator or observer. In a spectropho-
tometer, which is of such great value to chemists and
others in analyzing the molecular constituents of gases,
liquids, and solids, the elements are as follows: The radi-
ant source is fixed and is controlled so as to be as con-
stant and steady in output as possible; the absorbing
medium is usually of the greatest interest since it is the
“unknown”—the sample being analyzed chemically or
whose composition is used to control a chemical manu-
facturing process. The optical system of the spectro-
photometer performs two functions: the first is to bring
to a focus on the detector the energy from the radiant
source, often providing a parallel beam in which the
sample can be placed; the second is to vary the wave-
length at which the absorption measurement is being
made. This variation is carried out by rotating prisms
or gratings and is usually programmed so as to sweep
through a predetermined part of the spectrum. The de-
tector in a spectrophotometer should be a very stable
element. Sensitivity is important, but a short time con-
stant is not nearly as critical as in “field” applications.
The presentation means is usually simple and straight-
forward, such as a pen-chart recording in which trans-
mission or absorption of the sample is plotted against
wavelength. For some special spectroscopic instruments
such as those used in studying flame and explosion
spectra, faster operation is required and the spectrum
is scanned at a much more rapid rate of several times
per second; cathode-ray-oscilloscope presentation is or-
dinarily employed,

In what might be called a field equipment and is most
often a military infrared device, the same five elements
are present but the requirements placed on them differ
considerably. For instance, the source is usually not con-
trollable but is in fact the item which is being detected,
tracked, or mapped —the “target,” in military parlance.
The target is always seen against some sort of back-
ground: the cold blue sky, a cloudy sky, the horizon
thermal discontinuity, or perhaps ground clutter. There-
fore considerations of source or target radiation end up
as considerations of target signal vs background signal.
The absorbing unit in this second example is the earth’s
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atmosphere. At the lower altitudes, say 30,000 feet and
below, and particularly in times of inclement weather,
the infrared absorption of the atmosphere may be the
limiting factor in the operation of the system. For very-
high-altitude observations, however, one 1s above most
of the water vapor and carbon dioxide absorption-and is
in an environment where the weather is always clear and
the deleterious effects of atmospheric absorption need
hardly be considered. A critical case is in reconnaissance
or mapping the surface of the earth from a high altitude,
when the incidence of cloud cover may interfere entirely
with obtaining the desired results.

The optical system of a military infrared device is
ordinarily rather simple and comprises chiefly a means
of intercepting radiation from the target or source and
bringing it to focus on the sensitive area of the detector.
Sometimes scanning motions are incorporated for the
search phase, and usually the beam is chopped just in
front of the detector in order to provide an ac signal
and also to permit spatial filtering techniques to be used.
Very rarely is the wavelength band passed by the system
varied during operation—it is usually predetermined by
the transmitting optical elements and optical filters in
the system as well as by the sensitivity limits of the de-
tector. The special requirements placed on the detector
usually emphasize high sensitivity, short time constant,
and low noise. The presentation features of modern in-
frared systems may incorporate the various sophisti-
cated techniques that are now used in radar and sonar
systems. The signal may be stored on a magnetic tape
for playing back at leisure and through appropriate filter
circuits to bring out the desired frequency components
and enhance contrast, or it may be presented for visual
observation in real time on a cathode-ray-tube face,
where it can be photographed for later study.

A final general consideration which should be men-
tioned is that ol noise, in its broadest sense. In each unit
of an over-all system, noise must be considered and its
suppression or control must be properly effected. Back-
ground noise may limit target detection, detector noise
has been a limiting factor in many systems until rela-
tively recently, and amplifier and circuit noise are sub-
jects well known to the readers of this journal.

The major sections of this issue are devoted to de-
tailed and critical treatments of the various compo-
nents, factors, systems, and applications involved in
present-day infrared instrumentation. Many if not all
of the items mentioned in the above comparison of the
spectrophotometer with a military system are treated
in considerable detail, as the reader will discover. Addi-
tionally, some less technical, qualitative material has
been included both because of its possible interest to
the reader and because it serves to complete the pictiure
of “infrared today.” Section 5 on applications is a rather
lengthy but probably not exhaustive listing and brief
discussion of the many places, both military and non-
military, where infrared is being used with success—
some of the items included therein may be surprising
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eveil to those who have worked in the field for many
years. Section 2 is a survey of early infrared develop-
ments, and it effectively traces the history of the field
from the time of World War [ up to practically the
present day. The more academically minded reader will
realize that the infrared art is an older one and that
whereas great advances have been made during the last
decade or two, there must have been significant dis-
coveries made in the early davs. An excellent discussion
and historical survey of the very early development of
the infrared spectral region, commencing of course with
Sir William Herschel’s discovery in 1800 and carrying
through to the end of the 19th century, has been pre-
pared by Professor E. Scott Barr of the University of
Alabama and Redstone Arsenal and will be published
in an early issue of the American Journal of Physics.

A 100-item bibliography is given in Section 6 to sup-
plement the specific literature references quoted in the
several papers of this issue.

There are references, especially in Section 2, to the
fact that infrared developments have been pursued also
in England and in Gerinany during this same time pe-
riod. The French have been active in cell development
work and are now producing satisfactory photocon-
ductive detectors. Some indication as to the Russian
interest in infrared matters is given in paper 5.1.10.

Section 3, “Infrared Physics,” lays the scientific
groundwork for discussing the subsequent technological
applications by treating sources, atmospheric proper-
ties, detectors, and finally the basic range equation
which is the theoretical and predictive heart of any de-
tection system. Section 4, “Infrared System Considera-
tions,” is the largest of all, including some 27 papers
as compared to 15 in Section 3. Tables of contents of
cach of the larger sections are given in the introductory
paragraphs for the convenience of the reader, and a
master Table of Contents is of course to be found in the
front of the issue.

1t will be understood that the several sections cannot
be written at the same technical level, because of the
differing nature of their subject matter. Therefore Sec-
tions 1, 2, 5, and, of course, 6 are necessarily of a qualita-
tive nature whereas some of the papers in Sections 3 and
4 should be sufficiently highly technical and mathemati-
cal to satisfy the most demanding reader.

It might be thought that a collection of papers such
as this, with over fifty individual contributors, would
provide what might be called a “Who's Who” of infra-
red physics and technology, and this possibility is al-
luded to at the end of the Preface. This is partially true,
to be sure, but several individuals who were invited to
prepare papers for this issue were unable to do so be-
cause of the urgency of their professional duties. Also,
there are those who were active in infrared during
World War 11 but have gone into other fields and would
no longer consider themselves to be contemporary work-
ers in infrared physics and technology. 1 am glad that
Dr. Arnquist has listed, throughout Section 2, so many
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of the individuals who have been active in infrared re-
search and development during recent years. The com-
bination of his extensive listing of persons with the
authors of articles in this issue does in fact comprise a
fairly complete list of the acknowledged contributors to
the advance of contemporary infrared. There are a few
names missing that come to my mind immediately, such
as those of A. II. Canada and E. R. Ricker, who were
active during the war in infrared developments at the
U. S. Army Engineer Board, now called the Engineer
Research and Development Laboratories: and J. ML
Fluke and F. B. Isakson, then in the Navy's Bureau of
Ships, who were vigorous exponents of applications of
near-infrared, active systems. There were a number of
persons who worked on infrared projects of the National
Defense Research Committee but who are no longer as
active in this field; the names of E. I1. Land and D. S.
Grey of Polaroid Corporation should be mentioned, as
well as J. S. Owens and G. A. Van Lear, formerly of the
University of Michigan, and A. C. Bemis and R. C.
Lord of M.LT. Il. H. Nielsen carried out the first com-
parison of the new infrared detectors at the Ohio State
University. N. I, Beardslev was active in optical proj-
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ects in those days, and since the war has played a major
part in the sponsoring of infrared developments by the
Wright Air Development Center, where his place has
recently been taken by L. H. Meuser. L. M. Biberman,
T. R. Whitney, and R. S. Estev worked in infrared at
the Naval Ordnance Test Station, as did a number of
others whose names are not listed on these pages.

Finally, the name of Harry Dauber must be men-
tioned. It is he who originally conceived the idea of hav-
ing a special issue of this journal devoted to infrared
technology, and he was active in planning the contents
of the issue. It is regretted that the pressure of his pro-
fessional duties, plus the fact that he has recently set
up his own business, with offices in New Jersey and in
Germany, prevented him from continuing to work with
us in the preparation of this issue. We have known Mr.
Dauber as a vigorous worker in electronics, and his
many ingenious and far-looking projects in infrared in-
strumentation are well recognized. [t is particularly ap-
propriate that the cover photograph illustrates one of
his favorite developments namely the use of color trans-
lation to aid in the presentation and interpretation of
infrared reconnaissance pictures.
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SECTION 2. SURVEY OF EARLY
INFRARED DEVELOPMENTS?

W. N. ARNQUIST}

represent at the same time a branch of physics dat-

ing from the pioneering discoveries of Sir William
Herschel in 1800, and a rapidly expanding arca for appli-
cations to industrial and military problems today. After
more than a century of basic research, practical prob-
lems are utilizing infrared techniques more and more
and we are witnessing the birth of a new technology.
That the current applications are but a beginning may
be confidently anticipated. Man is moving rapidly in the
direction of “sceing” his environment by making full
use of the thermal radiations characteristic of all bodies
in many octaves of the electromagnetic spectrum in-
stead of just the one octave of the visible region.

The word “infrared” recalls different things to differ-
ent individuals. It reminds the physicist of a compara-
tively small part of the electromagnetic spectrum, and
of numerous characteristic interactions between the
radiation in this region and various forms of matter. To
the chemist and chemical engineer, it recalls that tre-
mendously useful area known as molecular spectroscopy
aid all of the analytic and control processes that make
use of these techniques. The industrial design engineer
and the space technologist think of radiative heat-trans-
fer processes and various specialized devices. Finally,
the man on the street remembers heat lamps, infrared
photography, infrared cooking, Sniperscopes, Sidewind-
ers, and various other wonders which he hears about
from time to time.

The present survey of early infrared developments
was prepared to serve as background material for the
technical articles on current infrared physics and its ap-
plications found in this issue. As such, it is restricted
largely to those developments leading to the current
emphasis on photodetectors. The first phase is the
World War I period and the decade following this in
which the Case Thalofide cell appeared. The secon | pe-
riod carries through World War 11, when infrared . hoto-
emissive and phosphor devices appeared and many im-
provements were made on photoconductive receivers.
The more recent period has been characterized by rather
sophisticated developments with photoconductive and
photovoltaic receivers, making use of the tremendous
current advances in solid-state physics and electronics.
A section entitled “Other Applications” is included to

]:[ NFRARED energy and its interaction with matter

* Original manuscript received by the IRE, July 17, 1959.
t System Development Corp., Santa Monica, Calif.

give some idea of the breadth of the infrared field today
and of the possibilities for tomorrow.

Besides being appropriate for the present purpose,
the emphasis outlined above results in very little dupli-
cation with other surveys in the open literature. This is
largely because the early infrared developments, out-
side the field of infrared spectroscopy and related areas,
were for military devices and only scattered accounts
are available. Even today the influence of military in-
terest in the field of photodetectors is the dominant one.
It is interesting to note the recent words of the Director
of the National Physical Laboratory of England, a lead-
ing physicist in that country and for a number of years
Professor of PPhysics at the University of Michigan. On
the occasion of the Forty-Eighth Kelvin Lecture de-
livered before the Institution of Electrical Engineers in
1957, Sutherland! said, “There is little doubt that the
problem of detecting a military target by the ‘passive’
method of observing the heat radiated from it was
primarily responsible for the recent remarkable ad-
vances in the techniques of photodetection of infra-red
radiation. Yet the applications of these new photodetec-
tors have been of far greater importance in pure and
industrial science than in the military field.” It is well
to remember that knowledge and techniques developed
for military applications reach their greatest importance
when introduced into scientific and industrial fields.

Because of the restrictions of time and space, the
present survey is not as complete as it might be. The
available sources have been limited, particularly with
regard to pertinent military developments. It is well-
known that the policies of sovereign states are far from
uniform in the release of military information. For the
present purpose, it is particularly fortunate that vol-
umes 3 and 4 of the Summary Technical Report of Di-
vision 16, National Defense Research Committee, have
been declassified recently. If the account of German
military infrared seems proportionately large, it is be-
cause this information was carefully collected by the oc-
cupying powers at the end of the war and much of it
has been relcased in the United States.

Infrared systems are classified ordinarily as image-
forming or non-image-forming. Also, one distinguishes
“active” systems, where the target must be illuminated
appropriately, from “passive” systems, where the nat-

¥ G. B. B. M. Sutherland, “Infra-red radiation,” Proc. IEE, vol.
105, pt. B, pp. 306-316; 1958.
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ural radiations of the target are utilized. Systems are
sometimes identified according to the detecting element
used as “thermal,” where the change in temperature of
the receiving element is important, or “photo,” where a
specific effect results from the absorption of a photon.
Furthermore, the region of the spectrum is often used to
distinguish near- (NIR), intermediate- (I1R), or far-
(FIR) infrared types. For an introduction and general
reference to modern infrared instrumentation and tech-
niques, the reader is referred to the recent book by
Smith, Jones, and Chasmar? to which a number of sub-
sequent particular references will be made.

EARLY APPLICATIONS

It is not generally known that the United States, the
British, and the German military organizations had ac-
tive interests in infrared systems nearly half a century
ago. In World War 1, each country produced devices
which were promising, and in some cases these were
used in an experimental fashion. In the second World
War, the corresponding programs were much larger, so
that certain devices went into limited production and
were used with some success; also other countries be-
ciune interested.

It is casy to see the origin of this interest. The infra-
red part of the spectrum represents that invisible radi-
ation which makes possible secure signaling and com-
munication with light-weight equipment and the de-
tection of military targets by means of their natural
radiations. “Seeing in the dark” is facilitated, and thus
nocturnal military operations can be conducted, often
to better advantage than in the daytime. The hopes of
military planners [requently outdistanced the techno-
logical development of the time and so, in the words of
a military observer a few years ago, infrared has been
until recently, “always a bridesmaid, never a bride.”
Basically, this has been because the military needs have
been, alimost exclusively, for information-gathering sys-
tems, and so success has depended on the development
of both high-speed receivers of sufficient sensitivity and
high-speed information-handling equipments; that is,
on photodetectors and electronic systems. Thus, the
history of military infrared follows very closely the de-
velopment of fast receivers whose output is electrical,
and the successful devices make full use of the available
electronic development at the time.

Although optical photoconductivity was discovered
in selenium in 1873 by Smith® and a similar photovoltaic
cffect had been noted as far back as 1839 by Becquerel,
the phenomena attracted little interest. Apparently

2 R. A. Smith, F. E. Jones, and R. P. Chasmar, “The Detection
and Measurement of Infra-Red Radiation,” Oxford University Press,
New York, N. Y.; 1957,

® W. Smith, “Effect of light on selenium during the passage of
an electric current,” Nature, vol. 7, p. 303; 1873.

*A. E. Becquerel, “On electric effects under the influence of solar
radiation,” Compt. rend. Acad. Sci., vol. 9, pp. 711-714; 1839.
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nothing was done with infrared in this connection until
1904 when Bose® announced the discovery of an infra-
red photovoltaic effect in naturally-occurring lead sul-
fide or galena. This too was seemingly ignored until the
World War I period, at which time Case® reported the
“change of resistance” of a number of natural minerals
besides galena in the visible and near infrared, and
Plund? studied this photoconductivity in cuprous ox-
ide. However, because of the relatively advanced state
of thermocouples and bolometers, most workers tried to
use these receivers in military devices in this country
and also in England and Germany, but with little suc-
cess. Hoffman® has described one of the earliest passive
systems, utilizing a thermopile and galvanometer, with
which a man could be detected at 600 feet and an air-
plane at nearly a mile.

The principal historical development of this period
was the Case “Thalofide” cell. This was invented during
the war years, and some of its propertics were described
by Coblentz.® Although some infrared photoconduc-
tivity was found in pure thallous sulfide, the big dis-
covery of Case!® was that appropriate heat treatments
with the addition of oxygen increased the sensitivity
considerably. Furthermore, the cells were fast in their
response compared to thermocouples and bolometers.
This work represents the first attempt te enhance the
natural photoconductivity of a material by the addition
of small amounts of another substance; it made possible
the first military use of infrared.

Late in 1917, the Case Research Laboratory at
Auburn, N. Y., demonstrated to the U. S. Army and
Navy an active system composed of a filtered scarch-
light source, a 24-inch collector, and a Thalofide cell.
The device transmitted and received blinker signals
over an 18-mile range in “average” weather. Smaller
versions usable to about 4 miles were built by the end
of the war. Voice systems were also developed using
modulated acetylene flame sources with some success.
Thalofide blinker systems actually saw field use with
the military forces during the latter part of the war in
guiding airplanes to landing fields and in keeping con-
voys together." Some of this early work has been de-
scribed by Case.!

5 J. C. Bose, U. S, Patent No. 755,840; 1904.

8 T. W. Case, “Notes on the change of resistance of certain
substances in light,” Phys. Rev., vol. 9, pp. 305-310; 1917,

7 A. H, Pfund, “The light sensitiveness of copper oxide,” Phys.
Rev., vol. 7, pp. 289-301; 1916.

8S. O. Hoffman, “The detection of invisible objects by heat
radiation,” Phys. Rev., vol. 14, pp. 163-166; 1919,

?\W. W. Coblentz, “The spectro-photo-electric sensitivity of
thalofide,” Phys. Rev., vol. 15, pp. 139-140; 1920.

10T \V. Case, “ “Thalofide cell'—a new photo-electric substance,”
Phys. Rev., vol. 15, pp. 289-292; 1920.

" “Summary Technical Report of Division 16, National Defense
Research Committee,” vol. 3, chs. 1, 6 by W. L. Hole, pp. 18-26
(microflash lumps), pp. 38-43 (cesium vapor lamps), pp. 200-214
(IRRAD); vol. 3, chs. 4, 5 by J. R. Platt, pp. 108, 109, 111, 146
(military communication systems), pp. 170-189 (Type D system);
vol. 4, ch. 2, by C. A. Federer, Jr., pp. 28-30 (night driving); 1946.

2 T. W. Case, “Infrared telegraphy and telephony,” J. Opt. Soc.
Am., vol. 6, pp. 398-406; 1922,
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The Thalofide cell was marketed for a few years after
the war and, partly because it was incompletely de-
scribed in the literature, it did much to stimulate in-
terest in infrared in other countries. Thallous sulfide
cells were made in Ttaly by Majorana and Todesco'® and
in Germany by Sewig." Similar cells of the photovoltaic
type were developed in the U.S.S.R. and have been de-
scribed by Kolomiez.' An excellent review of this field,
which includes an account of the comparable cells made
for the British Admiralty, has been published by Suther-
land and lLee.'

The military developments for signaling purposes in
Germany during the first World War were largely con-
fined to narrow-beam optical systems in the visible
range using a selenium photoconductive receiver. These
forerunners of the “Lichtsprechers” of the next war
period have been described by Thirring,'? including a
device which went into production but did not see field
use. As selenium is sensitive in the near infrared, this
could have been an carly infrared system. However, no
infrared Alter is mentioned in this account. Work on
similar communication systems was done in Lngland at
this time and has been described by Rankine.!®

\Wori.D War Il APPLICATIONS

After a decade of essentially no infrared activity, in-
terest in improved detectors began in Germany around
1930 when Lange'?20 described a galena photovoltaic
cell for detecting infrared radiation. In about 1932, the
German military infrared program was resumed. The
initial work was with galena using “cat-whisker” con-
tacts. It was found that some natural crystals were
much better than others, that the contacts were unreli-
able and, in general, that the detectors were far from
satisfactory. Two approaches were used in developing
sensitive layers with dependable electrode contacts. In
time, not only lead sulfide but also lead selenide and lead
telluride detectors were made by several organizations,
and many of the properties of the cells were measured,
including the increase in sensitivity due to cooling. This
feature was incorporated into a few practical devices
using solid carbon dioxide as the coolant in most cases
and liguid nitrogen in a few instances. The two ap-

13 Q. Majorana and G. Todesco, “Thallium photo-conducting
cells,” Atti accad. nazl. Lincei, vol. 8, pp. 9-14; 1928.

1R, Sewig, “Thallofide and selenium cells,” Z. tech. Physik, vol.
11, pp. 269-273; 1930.

15 B, Kolomiez, “New positive barrier plane photoelectric effect
and the new barrier plane photo-cell,” Compt. rend. Acad. Sci.,
U.R.8.S., vol. 19, p. 5; 1938.

16 G. B. B. M. Sutherland and E. Lee, “Developments in the
infra-red region of the spectrum,” Repls. Prog. Phys., vol. 11, pp.
144-177; 1946-1947; published by The Physical Soc., 1948.

17 H. Thirring, “Neue Apparate fiir Lichttelephonie,” Physik Z.,
vol. 21, pp. 67-73; 1920.

18A. Q. Rankine, “On the transmission of speech by light,”
Proc, Phys. Soc. London, vol. 31, pp. 242-268; 1919.

1 B. lLange, “Uber eine neue Art von Photozellen,” Physik Z.,
vol. 31, pp. 964-969; 1930.

20 B, Lange, " Uber die spektrale Empfindlichkeit von Sperrschicht-
Photozellen,” Naturwiss., vol. 19, pp. 5§25-530; 1931.
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proaches were differentiated by the method used in
forming the layers. Professor B. Gudden of the Uni-
versity of Prague used the vacuum evaporation or
“dry” technique and made excellent receivers. Uncooled
lead sulfide cells of this type that were used mainly in
signaling and communication equipment were produced
at Zeiss-lkon, Dresden, by a group under P. Goerlich.
At the University of Berlin, a group under E. W. Kutz-
scher became interested in chemical deposition, or “wet”
techniques, and ultimately made the most sensitive of
the German cells. These detectors were known as Elac
cells and were produced mainly at the Electroacustic
Gesellschaft in the city of Kiel by an infrared rescarch
and development group under Kutzscher. Laboratory-
type lead selenide cells were made by this group also.
These detectors have been described by Oxley? and
others.’® At the Research [nstitute of the Siemens-
Ilalske A.G. in Berlin, some investigations on lead tel-
luride cells were conducted, and in the field of thermal
detectors, bolometers were developed at the Physical
Institute of the University of Frankfurt by Professor
M. Czerny and his collaborators and at the Carl Zeiss
Company in Jena.

The availability of photoconductive and thermal de-
tectors made possible the development of a number of
infrared detection systems. These included a ground-
based device for directing searchlights and anti-aircraft
fire against airplanes, a ground-based device for detect-
ing ships from the shore, a fixed-base triangulation-type
rangefinder for night use, a Snorkel installation for de-
tecting ships and airplanes, airborne detection devices
for airplanes and hot targets, both air-to-air and air-to-
ground homing controls for missiles, and an infrared
proximity fuze. Work on these systems was performed
by a number of governmental and industrial organiza-
tions. Most of the devices became available for tests in
the laboratory and some were produced on a limited
scale. Among the latter were two types of a ship detector
and tracker: one of these, using photoconductive de-
tectors, was developed by Kutzscher’s group at Kicl
while the other, using a bolometric detector, was de-
veloped by a group under W. K. Weihe at the Carl
Zeiss Company in Jena. Both devices were used against
shipping on the English Channel. The devices for the
detection of bombers from night fighters were known as
Keil systems, and one of these, which became known
as the Kiel 1V, was planned for substantial production
when the war ended; it was developed by Weihe and
his group. Other devices were in a partially developed
state at the end of the war, and since most of the re-
search and development centers were by that time
located in the eastern and central parts of Germany,
much of the equipment, engineering data, and reports
were acquired by the U.S.S.R.

2 C, L. Oxley, “Characteristics of cooled lead sulfide photo-
conductive cells,” J. Opt. Soc., vol. 36, p. 365; 1046.
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Considerable effort was directed toward the develop-
ment of the voice communication devices known as
“Lichtsprechers.”®:® They employed thallous sulfide
and later lead sulfide receivers and were of ingenious
design using a variable total-reflection-type modulation
system with precision optics. The performance was
nearly as good in the daytime as at night up to ranges
of about 10 miles. Although they were used in the Afri-
can campaign, their narrow beams resulted in alignment
problems which limited their military importance. In-
frared image converters of the focused-electron-beam
type were developed by two groups in Germany under
W. Schaeffernicht and W. Heimann, respectively. These
saw limited applications in communication devices, in
detecting infrared identification signals, and in night
driving with infrared headlights, but apparently
they were not made in sufficient quantity to be of real
value. Some imaging work was done with phosphors,
but this was started too late to result in usable
devices,

As a matter of history, the first working infrared
image device, based on a technique called “evaporogra-
phy,” should be mentioned here; it is due to Czerny® in
1929 and dates from the original work of Sir John
Herschel.®* The operation depends on the differential
evaporation of a volatile liquid sprayed on a thin mem-
brane, when an infrared image is formed on the mem-
brane. As a detector, it is relatively slow and fragile;
therefore, there was little military interest in it. Further
work since the war has been done in Germany by Go-
brecht and Weiss.?® B. H. Billings and co-workers, with
Air Force and Signal Corps support at Baird Associates
(now Baird-Atomic, Inc.), have developed an advanced
design which is quite successful and which has been de-
classified; it is described elsewhere in this issue.

Besides the Kiel IV, there were other noteworthy
developments from the research laboratories of the
Zeiss company. About 1940, G. Hass found that silicon
monoxide could be used as a protective layer on front-
surface mirrors. This was of special importance for the
German optical and infrared equipment, as the pro-
tected surfaces could be cleaned repeatedly in the field
with ordinary care, without destroying the optical
properties. Since the war, SiO layers have been used by
many workers in providing protective or antireflection

2 A. Elliott, “Recent advances in photo-cells for the infrared,
in “Electronics and their Application in Industry and Research,
Pilot Press, Loondon, Eng.; 1947.

BAV. S, Huxford and J. R, Platt, “Survey of near infrared com-
munication systems,” J. Opt. Soc. Am., vol. 38, pp. 253-268; 1948.

2 M. Czerny, “Uber Photographie im Ultraroten,” Z. Physik.,
vol. 53, pp. 1-12; 1929.

% J. F. W. Herschel, “Account of a process for rendering visible
the calorific spectrum by its effect on paper properly prepared and
some further results obtained respecting the distributions of heat
therein,” Trans. Roy. Soc., London, vol. 131, pt. 1. pp. 52-59;
1840.

% H. Gobrecht and W. Weiss, “Zur photographischen Aufname
im Ultrarot nach der Methode von Czerny (Evaporographie),”
Z. angew. Physik., vol. 5, pp. 207-211; 1953,
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coatings on various optical materials, and Hass and co-
workers*-*® have described these developments for in-
frared applications. Another important discovery from
the same laboratories, due to A. Smakula and R. Koops
about 1943, was KRS-5 and the other mixed crystals of
this kind. KRS, incidentally, stands for “Kristalle aus
dem Schmelzflus"—crystals from the melting-pot.
These crystals are remarkably transparent at the longer
wavelengths. For example, KRS-S, which is given by
Koops* as being 44 per cent thallium bromide and 56
per cent thallium iodide, is transparent to about 40 u.
Further references to these interesting materials may
be found in the volume by Smith and co-authors,? and
in this issue.??

Shortly after the National Defense Research Com-
mittee and the Office of Scientific Research and De-
velopment were established in the United States, in
1940-1941, Division 16 Optics and Camouflage, was or-
ganized to deal with the fields of light and infrared,
under the direction of Dean George R. Ilarrison of the
Massachusetts Institute of Technology. Two volumes
of the NDRC Summary Technical Report are devoted
to Non-Image-Forming Infrared and lmage-Forming
Infrared, respectively. The work on components, com-
munication by voice and code, recognition and identi-
fication, ranging and direction of targets, and develop-
ment of detectors and of receiving equipments for a
variety of purposes was carried out by Section 16.4
under O. S. Duffendack. Section 16.5, under W. E.
Forsythe and H. E. Ives, was concerned with imaging
devices and their applications. A list of the major or-
ganizations in this OSRD program together with a de-
scription of some of the components developed has been
given by Fluke and Porter.®

Probably the most significant infrared development
in the United States during the 1930’s was the RCA
infrared image tube. Using the silver-cesium-oxide
photoemissive surface, due mainly to the work of
Koller,® and the developments in electron optics of
Morton and Ramberg,® Zworykin and Morton at the
Radio Corporation of America constructed a device
which accepted an infrared image at one end and de-
livered a corresponding visible image at the other. With

3" G. Hass, H. H. Schroeder, and A. F. Turner, “Mirror coatings
for low visible and high infrared reflectance,” J. Opt. Soc. Amer., vol.
46, pp. 31-35; 1956.

* J. T. Cox and G. Hass, “Antireflection coatings for germanium
and silicon in the infrared,” J. Opt. Soc. Am., vol. 48, pp. 677-680;
1958.

» R. Kopps, “Optische baustoffe aus bindiren Mischkristallen,”
Optik, vol. 3, pp. 298-304; 1048,

3. L. Wolfe and S. S. Ballard, “Optical materials, films, and
filters for infrared instrumentation,” paper +.2.3, this issue.

# J. M. Fluke and N. E. Porter, “Some developments in infrared
communications components,” Proc. IRE, vol. 34, pp. 876-883:
November, 1946.

® I.. R. Koller, “Some characteristics of photoelectric tubes,”
J. Opt. Soc. Am., vol. 19, pp. 135-145; 1929,

3 G. A. Morton and E. G. Ramberg, “Electron optics of an
image tube,” J. Appl. Phys., vol. 7, pp. 451-459; 1936,
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this “image-converter” tube, both an infrared telescope
and a microscope were built and described by these
workers® in 1936. lmprovements were added at RCA
until, in 1939, the sensitivity was adequate for a night-
driving demonstration for the military. With the estab-
lishment of the National Defense Rescarch Commiittee,
the development of the tube was accelerated and work
was started on 2 number of active systems built around
it. In 1942, the tube went into production as the RCA
1P25 shown in Fig. 1, and several thousand were manu-
factured. The chief uses in the Army were in the
Snooperscope and the Sniperscope, which were em-
ployed to a considerable extent, especially in the
Pacific. Fig. 2 shows modern Sniperscopes mounted on
carbines ready for use. Truck- and tank-driving equip-
ments, including a binocular electronic telescope with
which a driver could operate a vehicle at about 25 miles
per hour," were developed for the Army. This binocular
instrument made possible airplane landings on a dark
runway marked out with infrared sources. Devices using
the image-converter tube were shown to be useful in
launching and landing boats at night, in driving loco-
motives, and for night communication between ships.
Morton and IFlory* % have described this modern
focusing-type image converter and some of its military
uses.

Infrared detection devices of quite another tyvpe re-
sulted from the development of phosphors, principally
by B. O’Brien and his group at the University of
Rochester. Following earlier work in Vienna just before
the war broke out, F. Urbach with others®® continued
the developnient of phosphors at Rochester and intro-
duced the concept of double activation. Further refine-
ments were added by Ward?® at the Brooklyn Poly-
technic Institute, where production of the phosphor
surfaces took place. The detection devices, called
“metascopes,” depended on the stimulated emission of
visible light from previously-excited phosphor layers by
focused infrared radiation on these surfaces. Excitation
by ultraviolet or visible light or by the use of radium
radiations was employed. These devices were lighter,
cheaper, less fragile and simpler, but inferior in sensi-
tivity and resolution as compared to the image tube.
The metascopes went into production and were used by
the Army and the Navy in both the European and the
Puacific Theaters. A number of types were developed, to-
gether with appropriate infrared sources, for special ap-

V. K. Zworykin and G. A. Morton, “Applied electron optics,”
J. Opt. Soc. Am., vol. 26, pp. 181-189; 1936.

% G. A. Morton and L. E. Flory, “Infrared image tube,” Elec-
tronics, vol. 19, pp. 112-114; 1946,

% G. A. Morton and L.. E. Flory, “Night vision with clectronic
infrared equipment,” Electronics, vol. 19, pp. 192-204; 1946.

37 G. A. Morton and L. E. Flory, “An infrared image tube and
its military applications,” RCA Rev., vol. 7, pp. 385-413; 1946.

3 F. Urbach, D. Pearlman, and H. Hemmendinger, “On infra-red
sensitive phosphors,” J. Opt. Soc. Am., vol. 36, pp. 372-381;
1946.

39 R. Ward, “Preparation and properties of infra-red sensitive
strontium selenide and sulfide-selenide phosphors,” J. Opt. Soc. Am.,
vol. 36, pp. 351-352; 1946,
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Fig. 1-—"The original 1P25 image converter tube developed by the
Radio Corporation of America. Its operation is indicated by the
schematic drawing.

Fig. 2—Sniperscopes mounted on carbines for
use by foot soldiers.

plications including paratroop reconnoitering opera-
tions. Much of this work has been described by
O’Brien.*°

The “icaroscope,” or sun telescope, is of interest as a
novel application of the phosphor research at the Uni-
versity of Rochester, although not as an infrared device.
With it one could look directly at the sun and spot air-
planes at more than 25,000-foot altitude with ordinary
sky conditions. Operation depended on the saturation
effect in the afterglow of a specially-developed phosphor.
With a suitable arrangement of rotating shutters, the
phosphor surface first received the focused incoming
light and was stimulated by it. Then the light was cut

1 B, O'Brien, “Development of infra-red sensitive phosphors,”
J. Opt. Sec. Am., vol. 36, pp. 369-371; 1946.
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oft and the eye viewed only the afterglow in which the
sun’s brightness was reduced to some 20 to 50 times that
of the surrounding sky.

Considerable effort was expended in the NDRC pro-
gram on sources and filters, especially for the active in-
frared systems. High-power sources were desired, with
all visible light filtered out for security purposes. The
most practical of the known intense sources were the
heated filament, the carbon arc, and the high-current
gas or vapor lamps. All were strong radiators in the
visible so that the rather severe filtering problem was to
develop sharp long-wave-pass materials which would be
rugged and stand relatively high temperatures, Two
groups in the United States undertook this problem,
cach producing filters with excellent spectral character-
istics but with less heat stability than desired. At the
Ohio State University, Shenk and co-workers* devel-
oped a series of modified formaldehyde plastics using
commercially-available dyes. These were mounted on
glass plates and had sharp cutoffs from 0.5 to 1.0 p.
Similar filters were made at the Polaroid Corporation
by finding dyes appropriate for treating cellophane,
nylon, and polyvinyl alcohol films on glass. These de-
velopments have been described by Blout and co-
workers;* they included a band-pass filter that uses the
cutoff of glass for the long-wave limit.3® In general,
these filters were very successful and were used for the
Snooperscope and Sniperscope, and for most of the sig-
naling or communication devices. In some of the night-
driving systems it was necessary to fall back on glass
filters, which were supplied by the Corning Glass Works
in laminated sheets, and in other cases these were used
as a matter of convenience.

Many of the sources used in the active systems were
tungsten-filament lamps. These were dependable, sim-
ple, rugged, and inexpensive. They were used, for exam-
ple, in the Snooperscope and Sniperscope, and in the
night-driving illuminators. General Eletri¢ constructed
special lamps of this type which could be modulated up
to about 90 cps and thus could be used in code-signaling
systems. In voice communication, low-pressure cesium-
vapor lamps of high modulation efficiency were de-
veloped by Westinghouse. These were very efficient
from the standpoint of energy concentration in the
infrared, with some 20 per cent of the input power
appearing in the two resonance lines at 0.85 and 0.89 .
Microflash lamps were developed by General Electric
using moderate pressures of an argon-hydrogen mix-
ture, for example. They were made in three types,
with flash durations of 30, 3, and 1 usec, and were used
in an infrared “radar” device known as IRRAD (Infra-
red Range and Direction). When triple-mirror reflectors

“ J. H. Shenk, E. D. Hodge, R. J. Morris, E. E. Pickett, and
W. R. Brode “Plastic filters for the visible and near infra-red
regions,” J. ()pt Soc. Am., vol. 36, pp. 569-575; 1946.

2 E. R. Blount, W. F. Amon R. G. Shepherd A. Thomas, C D.
West, and E. H. Ldll(l “Near infra-red transmitting filters,” J. Opt.
Soc. Am vol. 36, pp. 160- 464; 1946.
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Fig. 3—Cashman thallous suliide cells of about 1944,

were used to return the heam, this device operated
reasonably well at ranges of the order of a mile or two.
Diffusely reflecting targets such as a man or a ship off-
shore were tried, and it was (ound that the physieal size
of the target tended to compensate for the low reflec-
tivity, so that the best ranges again turned out to be of
the order of a mile. Although these devices were not
produced, they are of interest as the first application
of pulsing infrared for range determinations.

In that part of the NDRC infrared work which had
to do with non-image-forming devices, there were broad
programs for active systems in the near infrared and for
passive applications in the far infrared. Each required
detector development. Professor R. J. Cashman and his
group at Northwestern University made the most useful
NIR detectors. Beginning in 1941, the Case Thalofide
cells, which had always been relatively unstable and
thus undependable, were highly developed and made
equal to or better than cesium phototubes in both sensi-
tivity and stability.®# A number of these carly units
are shown in IFig. 3 fo indicate something of the state
of the art at that time. The General Electric Company
produced them in considerable quantity. In 1944,
Cashman turned his attention to lead sulfide and de-
veloped this detector also for production. He discovered
the large improvement due to cooling, and both the
room-temperature celis and those cooted with solid CO,
were in considerable demand for a number of vears after
the war,

The Cashman detectors were used in most of the ac-
tive systems. These included an airborne glider position
indicator, a life-raft search equipment, an enemy infra-
red installation locator, a detection and range-measuring
device, and various code- and voice-communiecation

©# R. J. Cashman, “New photo-conductive cells,” J. Opt. Soc.
Am., vol. 36, p. 356; 1946,

“ R, J. Cafehm(m “Photodetectors for ultraviolet, visible and
infrared radiation,” Proc. Nall. Electronics Conf., vol. 2, pp. 171-180;
1946.
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systems for convoy station-keeping, plane-to-plane and
plane-to-ground identification. Of these, only the thal-
lous sulfide code communication equipment, known as
type D, was in quantity production by the end of the
war. Fig. 4 shows the type D-2 receiver equipment. A
good account of much of the communications develop-
ments and an excellent history of infrared signaling has
been given by Huxford and Platt.*

The far-infrared program included several detector
projects. Thermopiles were developed by a number of
groups, especially by L. Harris at the Massachusetts
Institute of Technology, and metal-strip bolometers
were improved by various individuals including J.
Strong working at Harvard University. However, the
semiconductor bolometer or “thermistor,” developed by
Becker and Brattain® at the Bell Telephone Labora-
tories, was by ull odds the most successful detector.
Thermistors were used in all the FIR equipments which
were made either at the Bell Laboratories or at Harvard
University. They included a portable ship detector, a
stabilized ship detector, a rangefinder, a portable and
later scanning detector for personnel, tanks, vehicles,
ships, ete., a thermal map recorder, and a bombsight
with angular rate release. None of these devices was
developed in time to go into production. The thermistor
found an important use in a drift-free, non-microphonic
detector for recording spectrometers which was used by
the chemical industry in the production of aviation
gasoline and synthetic rubber.

Two particularly novel thermal detectors appeared
during the war. The first of these was the ingenious
modification of the simple gas thermometer due to
Golay.* In this device, infrared radiation is absorbed
by a small gas volume. The resulting gas expansion dis-
torts a diaphragm and modifies the reflection of visible
light from the diaphragm through a grid to a photocell.
In a more advanced design, chopped radiation is used
and the detector is rendered insensitive to lower fre-
quencies by incorporating a suitable pneumatic by-pass
compensator into the system. During the war, several
Golay cells were made by the Signal Corps Laboratories
at Eatontown, N. J., and by Don Lee, Inc., in Los
Angeles, and these were used in experimental devices.
The cells did not lend themselves to use in field equip-
ment, although their sensitivity and speed were excel-
Jent for uncooled detectors. The cells are now manufac-
tured by Eppley Laboratories. The other novel detector
was the superconducting bolometer, first announced in
1942 by Andrews and co-workers;*” it used tantalum at
liquid-helium temperature.

Subsequently, the device was improved by using nio-

© J. A. Becker and W. H. Brattain, “Thermistor bolometers,”
J. Opt. Soc. Am., vol. 36, p. 354; 1946.

6 M. ]. E. Golay, “A pueumatic infra-red detector,” Rev. Sci.
Instr., vol. 18, pp. 357- 359; 1947,

. H. Andrews, W. F. Brucksch, W. T. Zeigler, and E. R.
Blanchard, “Attenuated superconductors,” Rev. Sci. Instr., vol. 13,
pp. 281-292; 1942,
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Fig. +—Type D-2 code communication receiver
with cover removed.

bium (columbium) nitride® as the sensitive element.
This detector depends for its very high sensitivity on
the extremely rapid change in electrical conductivity
at the superconducting transition of the material. With
niobium nitride, this transition takes place between
about 14.34° and 14.38°K so that liquid hydrogen is
convenient as the coolant. Because of the relatively
high degree of temperature stability required, this de-
tector, although the most sensitive known for modula-
tion frequencies up to about 1000 ¢ps, remains a special
research instrument for the laboratory.

The information available on foreign infrared systems
developed during the World War 11 period is limited,
as pointed out above. In England, the infrared program
was carried out principally at the Admiralty Signals
Establishment and the Admiralty Research Laboratory,
and accounts of this work have been given by Elliott®
and by Pratt.’® Most of the detector development was
done at ARL with good technical liaison through the
London OSRD office with the corresponding work in

1 D. H. Andrews, R. M. Milton, and D. De Sorbo, “A fast super-
conducting bolometer,” J. Opt. Soc. Am., vol. 36, pp. 518-524; 1946.

49 T, H. Pratt, “An infra-red image-converter tube,” J. Sci. Instr.,
vol. 24, pp. 312-314; 1947.
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this country. Good thallous sulfide cells were made
which were used in communication devices, both code
and voice, and in monitoring operations such as guard-
ing harbor entrances. As in the U. S, cell development
turned to lead sulfide during the last year of the war,
using both the “wet” method (chemical precipitation)
and the “dry” process (vacuum evaporation). A narrow-
beam infrared telephone was developed with a cesium
photocell as detector. Also, a wide-angle communication
system of limited range up to two hundred yards was
made for infantry use at night using the thallous sulfide
cell. In image tubes, efforts were concentrated on the
“uniform-field image converter,” first made by Holst
and co-workers®® in 1934. Although these devices used
cesium-silver-oxygen photoemissive surfaces and the
photoelectrons were accelerated sufficiently to excite a
phosphor screen, electron focusing was not employed
since the screen was mounted very close to the emitting
surface. In other words, the device operated much as
contact prints are made. The work was done by J. D.
McGee and his group at Electrical and Musical Indus-
tries, Ltd., where a simplified design was completed in
1940 which was put into limited production at Gramo-
phone Ltd.*® and used in night driving and other equip-
ment to some extent.

There are brief references" to infrared devices that
were developed and used in the war by the French, the
Italians, the Russians, and the Japanese. Undoubtedly,
a number of individuals deserve recognition for these
accomplishments, but the information is not available
to the writer. It is known that the Japanese made con-
siderable use of a light-beam telephone employing a
vibrating mirror—double-grid-modulation scheme and
a phototube. The corresponding device developed in
Italy was called a photophone. It employed a directly
modulated tungsten lamp as a source, a very narrow
beamwidth of about 0.5°, and concave mirrors instead
of lenses. The French had an advanced communication
system under development as early as 1939 which used
a gas-discharge source modulated at 120 kc and a photo-
tube as a receiver. It was reported that six channels
could be used simultaneously, but details are lacking.

RECENT DEVELOPMENTS

Following the end of the war, the infrared programs
both in the U. S. and in England were continued with
emphasis on receivers. Cashman, with Navy support,
developed PbS cells further and extended his work
to PbSe and PbTe using the evaporation process for
depositing the layers. An extensive program, principally
on chemically-deposited lead sulfide cells, has been
under way at the Eastman Kodak Company, also with
Navy support. This work was begun and conducted
until his death by the late Dr. Gustav \WW. Hammar. The

8 G. Holst, J. H. DeBoer, M. C. Teresa, and C. F. Veenemans,
“An apparatus for the transformation of light of long wavelength
into light of short wavelength,” Physica, vol. 1, pp. 297-305; 1934
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Air Force has supported a program on lead sulfide cells
and mosaics at the Electronics Corporation of America
(formerly Photoswitch, Inc.) under R. H. McFee (now
at Aerojet-General Corporation), and on lead telluride
cells at both Syracuse University under 1. Levinstein
and Farnsworth Radio and Television Company under
J. Kaspar. All these organizations have made excellent
receivers. Other organizations have entered the field
until now lead-salt receivers can be obtained in an as-
sortment of sizes and shapes for general and special ap-
plications from a number of other companies such as the
Santa Barbara Research Center, Infrared Industries,
and others. The cell work in England, at both the Ad-
miralty Research Laboratory and the Telecommunica-
tions Research Establishment, made more rapid prog-
ress for several years than that in the U. S. Moss® has
given an excellent review of the lead-salt photoconduc-
tors which includes a bibliography of 130 references.
Shortly after 1950, the Admiralty work was shifted to
the Services Electronics Research Laboratory, and the
Ministry of Supply development from TRE to Mullard,
Ltd. Now Mullard produces good-quality lead-salt re-
ceivers for the open market. Much of the early British
work of this period has been described by Elliott? and
by Sutherland and Lee.'® A review of all infrared de-
tectors has been made very recently by Moss.®? In
France, excellent lead sulfide cells were made by a group
under A. Lallemand at the Observatory of Paris for
astrophysical research. The Etablissement Jean Turck
in Paris has continued the development of these re-
ceivers and has produced them for the open market.
They also have made lead selenide and lead telluride
cells.

With the disestablishment of the National Defense
Research Committee and the Office of Scientific Re-
search and Development at the end of the war, the mili-
tary infrared program in the United States was taken
over by the respective military services and coordinated
by the Research and Development Board, Panel on In-
frared. Several of the agencies became interested in the
further development and application of the lead-salt
photodetectors. Infrared activity began in the rapidly-
developing Southern California area. To assist in the co-
ordination of this effort, and especially to aid in the dis-
semination of the increasing volume of detector knowl-
edge, the Office of Naval Research, Pasadena Branch,
organized a continuing Conference on Infrared Instru-
mentation in 1949. This activity has grown steadily
since that time until the national Infrared Information
Symposia (IRIS) were organized in 1957. The Physics
Branch of the Office of Naval Research under F. B.
Isakson continues to sponsor this organization as a De-
fense Department effort. Policy is determined by an
Executive Committee which includes equal representa-

8 T. S. Moss, “Lead salt photoconductors,” Proc. IRE, vol. 43,
pp. 1869-1881; December, 1955.

2T, S. Moss, “Advances in Spectroscopy,” Interscience Pub-
lishers, New York, N. Y, vol. 1, 1959,
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tion from the three military departments and a number
of defense contractor representatives. The list of Pro-
gram Chairmen includes several of the authors of this
issue, namely, and in chronological order, W. N. Arn-
quist, S. S. Ballard, L. Larmore, and S. Passman for
the West Coast Section, and T. B. Dowd for the more re-
cently organized East Coast Section. A. R. Laufer of
ONR, Pasadena, is chairman of the National IRIS
Executive Committee and editor of the Proceedings of
IRIS, a classified publication.

No mention of ONR's national role in infrared would
be complete without referring to the liaison work which
has been conducted by the ONR London Branch office,
the “successor” to the OSRD liaison office in London.
Numerous classified and unclassified reports have been
prepared and distributed by the following succession of
individuals: K. R. Eldredge, L. W. llyde, W. N. Arn-
quist, and D. R. Gates; now D. Z. Robinson is con-
tinuing this work.% Another achievement indicating the
extent of infrared activity over the past two decades is
the infrared bibliography prepared by the Library of
Congress at the request of ONR. As originally issued in
1954, it covered all of the available references to pub-
lished literature from 1935 through 1951, some 5300
reports or publications. A second part of about 1600
references was prepared in 1957 to include the many
government reports which had been declassified by that
time. There is a classified bibliography also.

In the years since the Korean War, technical progress
has been very rapid and it is difficult to view it from a
historical standpoint as yet. Great advances have been
made in detectors, in understanding the fundamental
properties of materials, and in a variety of applications
especially in military systems. Besides the lead-salt de-
tectors and thermistors that have been developed
further by a number of groups, a great deal of work has
been done with “doped” germaninm and silicon,
especially by G. A. Morton and E. Burstein in the
United States and B. V. Rollin in England. A very re-
cent announcement™ describes the ZIP (Zinc-Impurity
Photodetector) Model 536-1 made by Perkin-Elmer
Corporation and originally developed at the Naval Re-
search Laboratory by Burstein and his group. This re-
markable receiver has a reasonably flat maximum in
sensitivity from 20 to 40 u with a response time of less
than 0.01 gsec. It must be cooled to the temperature of
liquid helium. Indium antimonide has appeared as an
excellent receiver for the 3- to 7-p range; its photo-
voltaic propertics have been utilized as well as its photo-
conductivity. In many applications now, the limiting
sensitivity is no longer determined by detector noise but
by other considerations. Solid-state physics has given an
adequate quantitative theory for the interpretation of

8 The work of D. S. L.owe as the liaison representative of the
Naval Ordnance lLaboratory, White Oak, Md., should be mentioned
also as an important contribution to this infrared liaison during the
period 1955-1956.

84 See Aviation Week, vol. 70, p. 82; April 13, 1959.
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many of the physical phenomena in photon detectors,
and the tremendous advances in this field have stimu-
lated much of the almost fantastic progress with detec-
tors. An interesting development is the photo-electro-
magnetic effect, originally discovered by Kikoin and
Noskov.% Aigrain and Bulliard® in France, and Moss,
Pincherle and Woodward %7 in England, have studied
this effect in geranium. Hilsum and Ross®® have de-
scribed an infrared detector based on the photo-electro-
magnetic effect in indium antimonide. In-the articles to
follow, these and other current applications are reviewed
more completely.

OTHER APPLICATIONS

It is not possible to discuss here the history of other
infrared deveiopments, but mention will be made of
many of the directions in which applications have been
made, with reference to published material for further
information. The known interactions with matter in-
volve a number of fundamentally different phenomena
ranging from atomic and molecular resonances and scat-
tering in the gaseous state to much more complicated
interactions in the condensed phases. Many properties
utilizing the emission, absorption, reflection, refraction,
polarization, and scattering of infrared radiation have
been employed for particular purposes and essentially
all of the applications have utilized only energy in the
first of the three decades comprising the infrared spec-
trum, z.e., 1 to 30 .

Although by far the most extensive applications of
infrared have been in the field of infrared spectroscopy,
no attempt will be made to say anything of this enor-
mous field in a few words. A good historical account of
infrared atomic spectroscopy and current work has been
given by Humphreys,®® who points out that this field
began before molecnlar spectroscopy. There are many
references that could be cited regarding the develop-
ment of infrared molecular spectroscopy. Coblentz,®
Barnes and Bonner,® Williams,®2 and Strong,% have

& 1. K. Kikoin and M. M. Noskov, “New photoelectric effect
in cuprous oxide,” Phys. Z. Sowjetunion, vol. 5.4, pp. 586-596;
1934.

% P. Aigrain and [1. Bulliard, “Resultats expérimentaux de
l'effet photomagnétoélectrique,” Compt. rend. Acad. Sci., vol. 236,
pp. 672-674; February, 1953.

57 T. S. Moss, L.. Pincherle, and A. M. Woodward, “I’hotoelectro-
magnetic and photodiffusion effects in germanium,” Proc. Phys.
(London) B, vol. 66, pp. 743-752; September, 1953.

58 C. Hilsum and I. M. Ross, “An infra-red photocell based on
the photo-electromagnetic effect in indium antimonide,” Nature,
vol. 179, p. 146; 1957.

59 C. J. Humphreys, “Infrared Atomic Spectroscopy, Based on
Use of Photoconductive Detectors,” Naval Ord. Lab., Corona,
Calif., Rept. No. 146; May, 1954. Also presented at the Rydberg
Centennial Conf., University of Lund, Sweden; 1954.

8 \W. W. Coblentz, “Early history of infrared spectroradiom-
etry,” Sci. Monthly, vol. 68, pp. 102-107; February, 1949.

il R. B. Barnes and L. G. Bonner, “The early history and the
methods of infrared spectroscopy,” Amer. Phys. Teacher, vol. 4,
no. 4, pp. 181-189; 1936.

'V, Z. Williams, “Infra-red instrumentation and techniques,”
Rev. Sci. Instr., vol. 19, pp. 135-178; 1948.

© ], Strong, “Experimental infrared spectroscopy,” Physics
Today, vol. 4, pp. 14-21; April, 1951.
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contributed to the literature. A review of the industrial
field including some 360 absorption spectra and over
2700 references by Barnes and co-authors,® is a stand-
ard reference.

Throughout the history of infrared applications,
radiation sources of various kinds have been required
for research, testing, and calibration purposes. The most
useful have been those that closely approximate black-
body radiations, at least over limited spectral ranges,
such as the Nernst glower, the carbon arc, the Welsbach
mantle, the “Globar” source, and the tungsten filament.
A number of gas or vapor discharge lamps have ap-
peared in recent years and the intensive development of
luminescent materials as visible sources is being ex-
tended into the infrared. Similarly, optical materials
have had a long period of development and many sub-
stances are now available for prisms, lenses, windows,
and filters.?® An outline of the historical developments
is outside the scope of the present article. The reader is
referred to Ballard and McCarthy® for a fairly recent
treatment, to Sutherland and Lee'® for developments
to about 1947, and to Smith and co-authors,? with their
many references to both the early work and modern de-
velopments. Report number 2389-11-S, from the Infra-
red Information and Analysis Center at the University
of Michigan, describes the status of this subject as of
the summer of 1958.%

Modern infrared photography has been made possible
by the development of numerous sensitizing dyes. Al-
though a number of early workers had made spectro-
graphic records with photographic plates sensitized in
various ways, no really useful sensitizers for infrared
were available until the period just before the first
World War. This war stimulated the chemical dye in-
dustry outside of Germany and resulted in important
developmental investigations in England, France,
Canada, and this country. The discovery of neocyanine
at the Kodak Research Laboratories enabled . D.
Babcock in 1930 to photograph the solar spectrum to
about 11,600 & at the Mt. Wilson Observatory, and to
make the first published all-infrared photograph in com-
plete darkness using a 48-hour exposure. The period
1931-1935 saw the development of other dyes at East-
man Kodak, which extended the wavelength range to
the present limit, about 13,500 A, and put infrared
photography within reach of amateur photographers. An
excellent summary of this field has been prepared by
Clark.%

Infrared measurements have been used by astro-

#“ R. B. Barnes, R. C. Gore, U. Liddel, and V. Z. Williams,
“Infrared Spectroscopy—Industrial Applications and Bibliography,”
Reinhold Publishing Corp., New York, N. Y.: 1044,

% S. S, Ballard and K. A. McCarthy, “Optical materials for in-
frared instrumentation,” Nuevo cimento, suppl. 3 to vol. 2, ser. 10,
pp. 648-652; 1955.

% The availability of copies of this report can be determined by
writing William Wolfe, Willow Run Labs., University of Michigan,
P.O. Box 2008, Ann Arhor Mich.

¢ W, Clark, “Photography by Infrared,” John Wiley and Sons,
Inc., New York, N. Y.; 1946.
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physicists for many years. An enormous amount of in-
formation has been obtained about the sun, the planets,
and the stars with infrared spectrographs and spec-
trometers. New stars have been found. The transmission
of the earth’s atmosphere, always a problem to the
astronomer, has been studied extensively and this infor-
mation now is of great importance to the missile and
satellite programs. The atmospheres of the planets are
being investigated. Thus we know of the large amounts
of CO; on Venus and of methane on Jupiter, Saturn,
Uranus, and Neptune. The polar caps on Mars are
probably ice and Saturn’s rings may be ice also. In this
field, the publication of Kuiper® should be read by any-
one interested.

There are, of course, many applications of infrared in
space heating, in cooking, in therapeutic medical treat-
ments and the like, where the heating effects alone due
to the absorption of the radiant energy are important.
Paint drying is a good example; in 1938, the I'ord Motor
Company first publicized the use of infrared tunnels for
drying automobile finishes. Hall® has described this and
many other applications of this type.

In biology and medicine, infrared techniques have
been applied with many interesting results.$” An infrared
pupillometer has been devised to study the dark-
adapted eye. Other studies of the eye have been possible
with infrared because of the smaller scattering of infra-
red as compared to visible light in such conditions as
scratched corneas or turbid conditions of the eye. In
dermatology, the better penetration of infrared radia-
tion through the skin has been utilized in the study of
lesions, of healing under scabs, and of the subcutaneous
circulation system. In hematology, the composition of
the blood has been studied and poisoning by carbon
monoxide is easily detected. More than a beginning has
been made in such directions as the study of plant
diseases and the characterization and identification of
fossils. Infrared photography has been used in the study
of textile fabrics where dyes are more readily evaluated
in many cases with infrared than with visible light. The
broad field of camouflage is important especially for the
military. In graphic arts, it has been found that many
visually similar pigments can be easily differentiated
with infrared. Thus, paintings have Dheen examined to
find that the original scene had been covered with an-
other. Original documents, precious stones, and the like
have been distinguished from imitations. In criminol-
ogy, erasures and forgeries have been detected, charred
remains of documents examined for their information
content, sealed envelopes inspected, and clandestine
photographs of operations in the dark taken to trap
criminals or expose frauds. Aerial photographs have
assisted in geological surveys and the Forestry Service

8 G. P. Kuiper, “The Atmospheres of the Earth and Planets,”
University of Chicago Press, Chicago, !1l.; 1949,

¢ J. D. Hall, “Industrial Applications of Infrared,” McGraw-Hill
Book Co., Inc., New York, N. Y.; 1947,
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has used such photographs to evaluate forests. In short,
infrared radiation is all about us, techniques are avail-
able, and the possibilities of applications seem limited
only by our imaginations.

It is a source of considerable regret that it has not
been possible in this survey to include something of the
history of the developments in such important directions
as atmospheric attenuation, infrared instrumentation,
infrared optical materials, infrared emission, and the
like. This is particularty unfortunate since the field of
infrared applications has developed so extensively over
the past decade that the contributions of a number of
individuals who are active today represent pioneering
work which should be better known than it is. The
reader will realize that any attempt to remedy this
situation will necessarily be incomplete and cven mis-
leading in some respects. Nevertheless it is felt that this
survey would be unfinished without at least a passing
reference to a few individuals, as for example, A. Adel,
W. M. Elsasser, L. Goldberg, and J. Strong in at-
mospheric absorption work in this country. Important
basic work on infrared atmospheric scattering was done
by J. A. Sanderson and his group at the Naval Research
Laboratory and by 1. A. Gebbie and co-workers in
England. M. Migeotte and others have been active in
this field on the Continent. In the infrared instrumenta-
tion and materials field, many individuals such as
R. Bowling Barnes, Van Zandt Williams, P. Nolan,
IE. D. McAlister, S. S. Ballard, B. Il Billings, and
S. Silverman did important pioneering work. The funda-
mental contributions from the U. S. Bureau of Stand-
ards in infrared, connected with such names as \W. W,
Coblentz, W. I°. Meggers, E. K. Plyler, and C. ].
Humphreys, are well-known.
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Similarly, the infrared laboratories at the University
of Michigan, directed for so many years by Il M.
Randall, and those at The Johns Hopkins University
under A. H. Pfund and J. Strong, have produced im-
portant work and have served to train scores of physicists
who have been responsible for expanding the field in
many directions.

ACKNOWLEDGMENT

Many individuals have cooperated in supplying in-
formation and otherwise assisting in the preparation of
this survey. It is a pleasure to recognize especially I, \V.
Kutzscher of the Lockheed Aircraft Company and
W. K. Weihe of the U. S. Army Engineer Research and
Development Laboratories {or their assistance regarding
German infrared developments. G. A. Morton of the
Radio Corporation of America, R. J. Cashman of
Northwestern University and T. S. Moss of the Royal
Aircraft Establishment were particularly helpful with
information and suggestions. E. Scott Barr of the Uni-
versity of Alabama has been generous with his time in
discussions and correspondence. F. B. Isakson of the
Office of Naval Research has supplied a large number of
useful documents. In addition, helpful correspondence
has been had with R. B. Barnes of Barnes Engineering
Company, 1. Levinstein of Syracuse University, J. A.
Sanderson of the Naval Research Laboratory, R. A.
Smith of the Roval Radar Establishment, England,
and J. Strong of Johns Hopkins University. Discussions
with many other individuals too numerous to mention
have been of aid in selecting material and forming opin-
ions. To each of these, and to the Systems Development
Corporation for logistic support, the writer wishes to
express his appreciation.




1959

PROCEEDINGS OF THE IRE

1431

SECTION 3. INFRARED PHYSICS

Paper 3.0

Introduction”

LEWIS LARMOREf, Epitor

trum extends between the long wavelength cutoff

of the human eye sensitivity (about 0.72 micron)
and the short wavelengths produced by microwave radi-
ation (about 1000 microns). This region is frequently
further divided into the near-infrared, intermediate-
mfrared, and far-infrared regions because of the methods
used for detecting the radiation. Thus, the instrumenta-
tion used most frequently for the near-infrared region
closely parallels that used for the visible region of the
spectrum, and we find photography, infrared-vidicons,
and photomultipliers as typical detectors. The inter-
mediate region of the infrared spectrum requires the use
of photoconductors for most efhicient detection, while
the far-infrared region can be detected only with a de-
vice which absorbs the radiation and changes one or
more of its physical properties as a result of the increase
n temperature.

A large portion of the technical progress in recent
years has been due to developments in the field of de-
tectors. Thus, a good portion of this section on “Infrared
Physics” is devoted 1o the physics of infrared detectors.
Much of the progress in this ficld has resulted from work
in the area of solid-state physics, and, while the reader
is assumed to be partially familiar with the basic con-

¥ II VIIE infrared region of the electromagnetic spec-

cepts, considerable emphasis has been placed on apply-
myg solid-state principles to infrared-detection problems.
Also, the limiting noise of any system frequently de-
pends on the noise inherent in a detector. These con-
cepts are given as they apply to the detection problem
in general.

Properties of the source of radiation form an impor-
tant part of the discussion of infrared radiation. Black-
body radiation characteristics and selective radiators
are both discussed from the standpoint of the physics
involved. Atmospheric properties play a dominant role
in the transmission of infrared radiation. Selective ab-
sorption due to the molecular vibrations of the atmos-
pheric constituents allows certain useful windows, while

* Original manuscript received by the IRE, June 26, 1959.
t Lockheed Aircraft Corp., Burbank, Calif.

other regions are rendered almost completely useless.
The physics behind the atmospheric transmission is
treated, as well as the infrared emission of the atmos-
phere itself.

Finally, the basic range equations are derived for an
infrared-detection system. These equations form the
basis for discussion in later sections concerned with in-
frared systems and applications.

The following outline gives the headings of the maujor
divisions of this section.

3.1 Radiators

3.1.1 Radiometriv Quantities, Symbols, and Units
3.1.2 Blackbody Radiation
3.1.3 Selective Radiators

3.2 Atmeospheric Properties

3.2.1 The Infrared Radiation Flux in the Atmos-
phere

3.2.2 The Transmission of the Atmosphere in the
Infrared

3.3 Dectectors

3.3.1 Fundamentals of Infrared Detectors

3.3.2 Infrared Photoemission

3.3.3 Thermal Radiation Detectors

3.3.4 Film-Type Infrared Photoconductors

3.3.5 Single-Crystal Infrared Detectors Based Upon
Intrinsic Absorption

Impurity Photoconductivity in Germanium

Noise in Radiation Detectors

Infrared Photography

3.3.6
3.3.7
3.3.8

3.4 Basic Range Equations

3.4.1 Range Equation for Passive-Infrared Devices
3.4.2 Range Equation for Active Devices

It is a pleasure to acknowledge the cooperation of the
various authors who contributed to this section on In-
frared Physics. In addition, Dr. Lloyd Muudie edited
most of the part on infrared detectors, and it is largely
through his efforts that complete coverage is given in
so many areas of interest.
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Radiometric Quantities, Symbols, and Units”

ELY E. BELL}

INTRODUCTION

N H IS nomenclature, units, and descriptions of the
primary physical quantities considered most im-
portant to infrared technology are given so that

workers in this field may communicate in a common

language. The group prefers the names, symbols, and
units, which follow. These are taken, in the most part,
from the American Standards Association Standard

7 38.1.1-1953.

GENERAL DESCRIPTION OF RADIOMETRIC QQUANTITIES

The concepts of radiant emittance, radiant intensity,
and radiance are usually considered in reference to a
radiating source and are measures of the propertics of
a source. These properties can be determined by meas-
urements made at a distance from the source if the inter-
vening space contains a nonattenuating medium. Let us
consider, first, for the following discussion, that the
measurements are made in a nonabsorbing and non-
scattering medium and leave the difficulties which arise
because of the medium for later discussion.

Radiometric Quantities Referred to a Source in Vacuum

The average emittance of a source is the ratio of the
total power radiated away from the source to the total
arca of the source. The average radiant emittance of a
small portion of a source is the ratio of the total power
radiated {from that small portion of the source to the
arca of that small portion. The limiting value ol the
average radiant emittance of a small portion of a source
as the area is reduced in size about a point is the radiant
emittance of the source at that point. The total radiation
from the elemental area is to include all that which is
radiated into the hemisphere (27 steradians). Radiant
emittance measures the power radiated into the hemi-
sphere per unit area of the source and is, then,
"=6/6.1, where .1 is a measure of area, with I usually
given in watts-cm=2,

The average radiant intensity of a source is the total
power radiated by the source divided by the total solid
angle about the source (4w steradians). The average
radiant intensity within a given solid angle of direction
is the ratio of the power radiated within the given solid
angle to the size of the solid angle. The limiting value
of the average radiant intensity in a solid angle as the
solid angle is reduced in extent about a particular direc-
tion is the radiant intensity J in that direction. Radiant
intensity mecasures the power radiated per unit solid
angle in a particular direction, and it is J =06/8%, where

* Original manuscript received by the IRE, Juue 26, 1959.
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Q is the measure of the solid angle, and J is given as
watts-steradian™!

The average radiance of an area of a source in a given
solid angle is the total amount of power radiated [rom
that area into that solid angle divided by the product
of the area and the solid angle. The limiting value of the
average radiance as both the area and the solid angle are
reduced in extentis the radiance at a point in a direction.
The radiance measures the radiant power per unit area
per unit solid angle in a particular direction, and it is
N=62P/6169Q. Irom this definition it follows that
J=[Nd:l, where the integral is over the source arca,
and also that V= [NdQ, where the integral is over 2w
steradians.

A determination of a value of the radiance at a point
on a source necessitates a determination of the size of a
small, elemental area of the source. Since the measure-
ment is made from a distance, as it always must be,
sometimes there can be a lack of knowledge of the orien-
tation of the elemental area with respect to the line of
observation, and, therefore, the area may be undeter-
mined. The projection of the area onto a plane perpen-
dicular to the direction of the measurement can usually
be determined, however. If the projected area rather
than the true area is used in the definition of radiance,
then the orientation of the source need not be known for
the radiance to be determined. The use of the projected
area leads to the useful radiance concept that sources
which obey Lambert's Cosine Law have a radiance
which is independent of the direction of measurement.
It also allows a sensible measure for the area of a rough
or tortuous surface. In the measurements and considera-
tions of background radiances, it is this projected area
of the background that is usually assumed. The sky, for
example, does not have a uniquely associated true area
—the sky does not even have a distance away from the
observer—yet there is a good measure for the radiance
of such a background. It should be made clear in any
work which of these area concepts is being used.

Irradiance, 11, is a measure of the radiant power per
unit arca received by an elemental surface area. It has
the same units as radiant emittance but refers to the
radiation incident upon a receiving surface rather than
that leaving an emitting surface. Both emittance and
irradiance are measures of the areal density of radiant
power (often called flux density). The radiation incident
upon the receiving surface may be limited, in a particu-
lar situation, to that which originates from a given
source or which arrives within a given solid angle. When
so restricted, the receiver surface irradiance is the areal
density of the power from the source under considera-
tion, and this power need not arrive from a full 27
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steradians of solid angle. 1t is sufficient, then, to speak of
the irradiance of a radiometer collecting mirror produced
by a particular source under measurement simply as the
irradiance of the collecting mirror if the source and its
extent have been implied by previous remarks.

Radiometric Quantities as Field Concepts

As has been indicated, the concepts of emittance and
radiance are normally thought of as referring to a source
of radiation and the irradiance concept, in reference to
a sink, or receiver, of radiation. These radiometric con-
cepts can also be applied to the radiation in a radiation
field away from sources and sinks, however, and it is
often convenient to do so. One could place in the radiant
field a barrier surface containing an aperture. This aper-
ture has the essential radiant properties of a source for
the radiation leaving the aperture and the essential
properties of a sink for the radiation incident on the
aperture. At this point in the radiation field defined by
reducing the size of the aperture, there is a sensible
measure of the emittance, irradiance, and radiance of
the “aperture” and thus of the radiation field. These
radiometric quantities will be dependent upon the orien-
tation of the aperture in the radiation field. For the
usual consideration of the radiation field produced by a
single, distant, small source, it is natural to specify the
radiometric quantities only along the direction of rays
from the source.

It can be seen that these radiometric field quantities
can be measured, ideally, at a point in a radiation field
by a properly calibrated radiometer placed at that
point. :

The extension of the definitions of these radiometric
quantities to measure the properties of a radiant field,
as well as the properties of a source, is of great utility.
These field quantities can be evaluated, for example, as
lenses, mirrors, apertures, entrance pupils, exit pupils,
real images, or virtual images in a variety of ways to
make calculations simpler or more understandable. Of
special importance, in this regard, is the fact that the
radiance from a source measured at any point along a
ray in an image-forming system is a constant. (To be
correct for radiation passing through several media
without loss, the constant quantity is N/#2, where # is
the index of refraction of the medium at the point of
evaluation of N.) It is because these radiometric quanti-
ties have meaning in the radiation field away from the
source that it is necessary to modify carefully the names
of the quantities when they are used away from the true
source. Without such modification, it would normally be
assumed that the values were those as measured neigh-
boring the actual source of the radiation.

The measurement of the radiometric properties of a
source by a radiometer at a distance from the source is
equivalent, in practice, to the measurement of some
radiant field quantity together with certain geometrical
factors, such as the field of view, entrance pupil area or
distance from the radiometer to the source. For example,
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in the case of a small source at a large distance s from
the radiometer, the radiant intensity of the source is re-
lated to the entrance pupil irradiance by J=s2/I. Thus
the determination of H at the radiometer and the dis-
tance s allows one to calculate J at the source. Such de-
terminations of the source properties will he valid only
to the approximation that the intervening medium is
transparent and nonscattering. For attenuating media,
the calculation of the source quantities from the distant
field quantities is difficult—in detail, usually impossible.

Radiometric Quantities Referred to a Sounrce in an
Attenunating Medinm

The calculation of radiometric characteristics of a
source in an attenuating medium from measurements
made at a distance always involves some assumptions
about the nature of the attenuation, emission, and scat-
tering of the intervening medium. Thus, the calculated
source characteristics may be in error by an unknown
amount. If no attempt is made in the calculation of the
source characteristics to include the effects of the inter-
vening medium, then the calculated quantities are
“apparent” quantities. The radiant intensity of a target
calculated from measurements made one mile away with
no correction for atmospheric attenuation would be the
“apparent radiant intensity” of the target. If, on the
other hand, the calculation corrects for the attenuation
and other effects of the atmosphere to the satisfaction
of the data reporter, then it may be called the “radiant
intensity” of the target. Likewise, without consideration
of the intervening medium, one can calculate the appar-
ent emittance or the apparent radiance of a target. The
calculation of the emittance or the radiance would in-
clude some consideration of the intervening medium.

An infrared background is defined to include the
emission, absorption, and scattering of the atmosphere.
An infrared background, therefore, extends from the
measuring radiometer outward. Thus for backgrounds,
unlike targets, a properly calibrated radiometer meas-
ures radiance rather than apparent radiance.

The irradiance of a radiometer, likewise, is measured
by the radiometer rather than an “apparent” irradiance.
The concept of irradiance is that of the power density
at the receiver and, as such, is not referred to the source
position.

Spectral Radiometric Quantities

The radiometric quantities of radiant emittance, ir-
radiance, radiant intensity, and radiance are used to
help specify a particular portion—that within a particu-
lar solid angle, or passing through a particular area—
of all the radiation which is under consideration. These
are quantities differential with respect to solid angle and
area and they must be integrated over the appropriate
variable in order to obtain the radiant power.

There are also quantities differential with respect to
wavelength. One of these is the spectral radiant power,
which is the radiant power per unit wavelength interval
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or 8P/d\=P,. The value of P, will ordinarily vary
with N, and the radiant power with N\, and A. is given
by f)‘l)‘zl))\d)\.

Other spectral quantities of use are: spectral emit-
tance 8§ 1 /8N = 1y ; spectral irradiance, 811/0\ = I1,; spec-
tral intensity, 8J/8A=J,; and spectral radiance
8N /8A= N,. It is to be noted that the subscript notation
for the partial derivative with respect to wavelength
for these particular quantities has had almost universal
acceptance, and therefore the subscript N should not be
used on these particular quantities in any other context.

These spectral quantities are measured by spectro-
radiometers, but may be crudely measured by radiome-
ters equipped with filters.

Other Radiometric Quantities

The absorption « of a system measures the fraction of
the incident radiation which is absorbed by the system.
The absorption must be distinguished from an “absorp-
tion constant” which measures the fraction absorbed
per unit path or the fraction absorbed per unit concen-
tration.

The meaning of a value of the reflectance p for a
single, specularty-reflecting surface is well understood.
The meaning of a value of p for a diffusely-reflecting
surface or for a partially transparent body with internal
scattering is not easily specified. This difficulty arises
from the complicated angular dependence of the “re-
flected” radiation and from the inability to separate, in
a general definition, the transmitted, scattered, and re-
flected portions of the radiation. In the situation in
which the reflection is nonspecular or from more than
one surface, the reporter should carefully specify what
he means by “reflectance.”

The mcaning of a value of the transmittance 7 of a
nonscattering homogeneous medium is well understood.
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As in the case of reflectance, however, some systems
have irregular reflectance, scattering, etc., so that the
reporter may need to specify carefully what he means
by “transmittance.”

The absorption of a system is usually calculated from
measurements on the reflectance and transmittance by
the relation a=1—p—7. When there is no scattering
and when the reflection is specular, calculation is simple.
If there are diffuse reflections and scattering, then the
calculations will be complex, necessarily including all of
the incident radiation which escapes, without absorp-
tion, from the system.

The emissivity of a body at some temperature is the
ratio of the emittance of the body to the emittance ol a
blackbody having the same temperature. If a body does
not have a single, recognizable, temperature, then its
“emissivity” will be meaningless.

Physical systems have values of a, p, 7, and € which
are dependent upon the spectral distribution of the radi-
ation used in the measurement of these quantities. If
the radiation used for the measurement is confined to
an infinitesimally small wavelength range about wave-
length X, then the particular values a(N), p(A\), 7 (N), and
e(\) are determined. The subscript nota “on aa, pa, €, 7
etc., is likely to be confused with the differential nota-
tion W7, I5, Py, Ja. Hence, the parenthetic notation is
preferred.

U~NiTs

The following list of units in Table I gives those de-
scribed in the previous section along with symbols which
have been recommended by the Working Group on
Infrared Backgrounds. Units differing from the given
units by factors which are an integral power of ten are
desirable where the size of the measured quantity makes
such a change convenient.

TABLE |
PrEFERRED SYMBOLS, NAMES, AND UNITS

Symbol Name Description ' Unit
U Radiant energy Joule
u Radiant energy density Joule cm ®
P Radiant power Rate of transfer of radiant energy Watt
i Radiant emittance | Radiant power per unit area emittd from a surface Watt ¢m 2
" Irradiance Radiant power per unit area incident upon a surface Watt cm 2
J Radiant intensity Radiant power per unit solid angle from a source | Watt ster !
N | Radiance Radiant power per unit solid angle per unit arca from a source Watt ster™ em 2
T2 Spectral radiant power Radiant power per unit wavelength interval l Watt micron !
o | Spectral radiant emittance | Radiant emittance per unit wavelength interval ' Watt em™2 micron !
H) Spectral irradiance Irradiance per unit wavelength interval | Watt cn™2 micron™!
Ja Spectral radiant intensity | Radiant intensity per unit wavelength interval Watt ster™ micron !
Ny Spectral radiance | Radiance per unit wavelength interval \Watt ster ! cm 2 micron !
€ Radiant emissivity l Ratio of “emitted™ radiant power to the radiant power froma |
black body at the same temperature ’
o Radiant absorption | Ratio of “absorbed” radiant power to incident radiant power |
0 Radiant reflectance Ratio of “reflected”™ radiant power to incident radiant power
r Radiant transmittance | Ratio of “transmitted” radiant power to incident radiant power |
N Wavelength | micron
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T. P. MERRITT} anp F. F. HALL, Jr.}

LL objects in the physical universe which are not at
absolute zero radiate energy in the form of elec-
tromagnetic waves. This fact is not surprising

when it is understood that matter is composed of elec-
trically-charged particles which are constantly under-
going energy changes because of thermal agitation.
Furthermore, a body upon which electromagnetic radi-
ation is incident may transmit, reflect or absorb certain
portions of this radiation, or combinations of these phe-
nomena may occur simultancously.

In 1860 G. R. Kirchhoff [1] demonstrated that a good
absorber is also a good radiator, and that consequently,
a complete absorber is also a perfect radiator. An object
which absorbs all of the radiation incident upon it is
commonly known as a blackbody; hence, when reference
is made to this type of radiator or absorber, it may be
assumed that we mean a “perfect” blackbody. \When
reference is made to a radiator less than “perfect,” the
term graybody will be used.

Results of observations on the nature of the spectral
distribution of the radiation from a blackbody are
shown in I'ig. 1. The ordinate is given in arbitrary units,

10
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Fig. 1—Relative spectral energy distributions for blackbodies
at temperatures indicated.

but it may have dimensions of power per unit area per
unit wavelength or frequency interval, in which case it
is called the spectral emissive power, or spectral radiant
emittance. Radiation curves representing emission from
blackbodies of higher temperatures lie completely above
those for lower temperatures, and in the longer wave-
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length regions, the radiated power is directly propor-
tional to the temperature. It is also to be noted that the
peak of the radiation curve moves toward the shorter
wavelengths as the temperature is increased.

The role of physics in connection with blackbody
radiation becomes that of describing mathematically
what is observed experimentally. Prior to 1900, the
mathematical tools available were in the realm of classi-
cal physics, and it was on this basis that attempts were
first made to explain this type of radiation. Following
the turn of the century, however, quantum theory was
introduced to account for the discrepancies arising from
the inability of classical methods to account for the ex-
perimental data.

Tie STEFAN-BOLTZMANN Law

It is observed that a solid body heated to a tempera-
ture 1" above absolute zero will radiate energy in the
form of clectromagnetic waves at a rate proportional
to the fourth power of the temperature. This fact may
be expressed in equation form as

E=oT* (1)

where ¢ is the proportionality constant. £ is usually ex-
pressed in dimensions of power per unit area, and as
such is called the total emissive power, or radiant emit-
tance. The energy may be radiated into a sphere as
from a spherical surface or a point source, or into a
hemisphere as from a flat surface, but in cither case the
radiating region should be specified. An enclosure in
isothermal equilibrium, called an isothermal enclosure,
will contain radiant energy, the density of which is
proportional to the emissive power of the inner surface,
and may be expressed as energy per unit volume. The
proportionality constant obviously involves the velocity
of the radiation, ¢, and, for a complete enclosure, it can
be shown [1] that the radiation density, p, is related to
E by p=4E/c. We can then write

p = 4eT*/c. (2)

The fourth-power relationship was originally stated by
Josef Stefan in 1879, and was later verified theoretically
from thermodynamic considerations by Ludwig Boltz-
mann in 1884.

The line of argument followed by Boltzmann con-
sisted in the application of radiation as a working sub-
stance in a Carnot engine. It is shown, classically, that
the average pressure on the walls of an isothermal en-
closure is equal to one-third of the energy density within
the enclosure. Utilizing two isothermal enclosures at
temperatures T; and T, as heat source and receiver,
respectively, one can readily compute the heat ex-
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changes taking place as a Carnot engine executes a
complete cyele.

If the work done on the piston while producing an in-
crease, Az, in the volume of the cylinder is given by
(1/3)p:Aw, the energy supplied to the engine can be
shown to be

I = (4/3)mAv A3)

where py is the radiation density (constant if 7' remains
constant) within the heat source.
For small pressure changes

Ap = (1/3)ap €]

and the adiabatic changes taking place can be consid-
ered negligible. Thus p, of the source and ps of the re-
ceiver remain unchanged. The net energy expended on
the system by the working substance becomes

AW = ArA, = (1/3)ArAp. (5)
The fundamental relationship for the Carnot cycle is
AW/I, = AT/T, (6)
giving
(1/3)AvAp/(4/ DAty = AT/ T, (N

and for any temperature, 7, associated with a radiation
density p we have

Ap/p = HAT/T. (8)
Integration gives
p = b1 9)
where b is the constant of integration. Since p=4E/c

E = c¢bT4/4 = oT* (10)

where ¢ =c¢b/4, and is called the Stefan-Boltzmann con-
stant. It will be shown later how the Stefan-Boltzmann
Law can be obtained directly by integration of the
Planck radiation equation. A body which radiates ac-
cording to this law is known as a blackbody, and the
radiation is called blackbody radiation. The magnitude
of ¢ is given as 5.668 X108 watt-m~2.°K~* and is cal-
culated from atomic constants appearing in the inte-
gration of the Planck radiation equation which will be
derived subsequently. Thus o itself beconies one of the
well-known atomic constants.

THe WikN DisPLACEMENT Law

Classical thinking was brought into play in an at-
tempt to explain the wavelength distribution of the
energy as shown in Fig. 1. From purely thermodynamic
considerations, and application of the theory of Doppler
shift, W. Wien [1] in 1898 showed that the effect of an
adiabatic expansion on blackbody radiation is to change
the wavelength of any spectral component in such a
manner that at any moment the wavelength of this com-
ponent is inversely proportional to the absolute tem-
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perature of the enclosure. This relationship may be
stated as

)\1T1 = )\QT-Z (11)

and is known as the Wien Displacement Law. 2\ special
condition of this law occurs for the wavelength of the
maximum of the energy curve, in which case we write

(12)

Eq. (12) indicates that the peak of the radiation curve
is shifted toward shorter wavelengths as the tempera-
ture is increased, and accounts for the red glow of a
solid object which has been raised to a temperature so
that it just begins to emit radiation in the visible por-
tion of the spectrum. Electric heaters, for example,
have this red glow. Objects at higher temperatures such
as the carbon particles in a candle flame emit a yellow-
orange light, indicative of the shift of the radiation peak
to shorter wavelengths, while tungsten filaments in
evacuated envelopes can be raised to a temperature per-
mitting radiation of sufhcient intensity at all wave-
lengths in the visible region that they appear white in
color.

With a knowledge of the general shape of the black-
body radiation curve, together with the Stefan-Boltz-
mann and Wien displacement laws, attempts were made
to fit equations to this curve. Considerations leading to
the Wien law indicated that the spectral emissive power
should be of the form

Ex = X\ f(AT).

MmT1 = Ao T2 = a constant.

(13)

On assumptions of emission and absorption processes
Wien developed a formula of the form

E, = ¢\ "PemeMT,

(149

For especially selected values of ¢; and ¢,, this equation
will fit the experimental curve near and at wavelengths
less than that for the peak, and for temperatures below
4000°K. For this reason, this equation has been found to
be satisfactory in optical pyrometry applications.

THE RAVLEIGH-JEANS Law
It can be shown, by a consideration of the number of
modes of vibration, or degrees of freedom, per unit
volume for electromagnetic waves in a rectangular en-
closure with reflecting walls, that this number, within a
wavelength range X to A4-dA, is

dn = 8md\/\4. (15)

Since, by the principle of the equipartition of energy,
each degree of freedom has associated with it an average
energy, k7T, the radiant energy per unit volume, or
energy density, becomes

(16)

md\ = 8wkTA"4d\
where k is the Boltzmann constant having the magni-
tude 1.38 X102 Joules °K-1. This equation reduces to

pudv = (8wvkT/c¥)dv an
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since A\=c¢/v, and d\ = —cdv /2. Eq. (17) is a form of the
Rayleigh-Jeans (Lord Rayleigh and Sir James Jeauns,
1900) law of radiation, giving the energy density as a
direct function of the absolute temperature and the
square of the frequency. The latter produces what was
called the “ultraviolet catastrophe,” in which the energy
density increases without limit with increased fre-
quency, and was in direct discord with the experimental
facts. The equation fits the experimental curves well at
longer wavelengths or higher temperatures, where a
direct dependence on temperature is observed.

THi: PLANCK RADIATION EQUATION

The quantum theory approach to the Planck radi-
ation equation is long and tedious [1], [2]. However,
certain approaches with particular assumptions can
simplify the calculations.

We shall begin with the consideration of a group of
simple harmonic oscillators in thermal equilibrium, each
possessing a frequency of vibration ». The total energy
of a single oscillator written in terms of momentum
(p) and displacement (g) is given by

U = kinetic energy + potential energy
= p¥/2m + 2ximpiq. (18)

This is the equation of an ellipse in p and ¢ coordinates,
such a system of coordinates being commonly known as
phase space, and shown diagrammatically in Fig. 2. The

Fig. 2—Phase space for harmonic oscillator.

semi-major and -minor axes and area of the ellipse speci-
fied by a particular energy U are, respectively,

a=2mU (19)
b= \/U/2x*mv? (20)
A = mab = Uly. (21)

The quantum theory now states that an oscillator
cannot have any value for the total energy, but only
discrete values, the oscillator changing energy by dis-
continuous jumps. Let us then write (21) as U= Av, and
assume that the ellipses in phase space have areas which
increase sequentially by an amount A When U in-
creases by the smallest allowable amount, the energy
for the nth cllipse is given by

3.1.2  Merritt and 1lall: Blackbody Radiation
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U, = nhv. (22)

The factor k2 has come to be universally known as
Planck’s constant, and has the magnitude of 6.624 X 10-3
Joule-sec.

Now, the average energy for N oscillators is obtained
by weighting the values shown in (22) in accordance
with the Boltzmann factor, giving

0
Z ne—nhvikT

— n=0

U=hv—°°-

Z e IvIkT

n=0

(23)

Carrying out the summations indicated, we can write
U = hvlerikm — 1], (24)

It is possible to show that, within a parallelepiped of
volume V, which is large compared with the wavelength,
the number of vibrations possible within the frequency
range v to v+dv is given by

dn = (8xv?V /cY)dy (25)

where ¢ is the velocity of light. If the average energy of
an oscillator is given by U, the density of radiant
energy in an isothermal enclosure within the above fre-
quency range is p,dv, and

p, = U(8mv/c?). (26)
Substitution from (24) gives
po = (8xh3/c%) /(e — 1) (27)

which is Planck’s radiation equation, giving the radi-
ation density per unit frequency interval in an iso-
thermal enclosure. To place (27) in terms of unit wave-
length interval corresponding to the equivalent fre-
quency interval, we recall that pyd\ = —p,dv, v =¢/\ and
dv= —cd\/N, giving

8wch
A

[ecr./xkr — 1]—1‘ (28)

=

Since the spectral emissive power E, is related to
spectral energy density by Ey=cp,/4, we have

Ey = e\ 8[eehT — 1] (29)
where
¢ = 2wc?h = 3.74 X 108 watts- micron*- m—2 (30)
and
¢ = ch/k = 1.4388 X 10# micron-°K 31)

and are known as the first and second radiation con-
stants. It should be pointed out that 8rch in (28) is
often indicated as ¢, and to avoid errors in using any
particular value from a reference, one should be certain
as to how it is defined. Furthermore, the spectral emis-
sive power is sometimes defined as that radiated into
unit solid angle normal to a Lambert radiating surface.
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In this instance, ¢; is given by 2¢%h. Table | shows the
different values of ¢, for the different conditions indi-
cated. If the wavelength is given in microns, the three
quantities defined in Table I take on, respectively, the
following dimensions: Joules-m=*-micron™!, watts-m™
-micron~!, and watts-m—2-steradian—!-micron~".

TABLE |

VALUES OF ¢ FOR IIFFERENT QUANTITIES DEFINED BY
PPLANCK'S EQUATION

- .
Expression |

Quantity Defined Magnitude of o

for o
Spectral Radiant Density 8wch 4.99 Joule-micront-m™3
in Isothermal Enclosure
Spectral Emissive Power 2nch 3.74 X 10% watt-micron!-m™2
into a Hemisphere
Spectral Emissive Power 2¢%h 1.19X 10® watt - micront-m~2

into Unit Solid Angle steradian™!
Normal to Radiating
Surface, or Spectral

Radiance

Integration of the Planck equation over all wave-
lengths results in the Stefan-Boltzmann Law. Substi-
tuting 2 =ca/N1"in {29) gives

2 0
f Exdn = E = (clT“/cg“)f wer — 1) 'du. (32)
0 0

The value of the integral can be shown to be 674,90, so
that

E = (/") (67/90)T* = oT* (33)

where ¢ is the Stefan-Boltzmann constant referred to
earlier.

By differentiating the Planck equation with respect
to wavelength and setting the result equal to zero, the
condition for the maximum of the radiation curve will
be obtained. Performing this operation on (29), we have

dE\/d\ = — 5/N + (co/N2T) e T (e*AT — 1)1 = 0. (34)
Simplification will give

(1 — co/5NT)eshT = 1. (35)

It can be shown that to satisfy this equation, ¢3/AT must
be either zero or 4.965. The first root is of no interest.
Using the second root, and setting A =X\,, we have the
Wien Displacement Law for the maxima,

Al = c2/4.965. (36)
Substitution for ¢s gives
AT = 2891 micron-°K. (37)

Planck’s radiation equation should also reduce to
Wien's equation for small values of N7, and to the Ray-
leigh-Jeans equation for large values of this quantity. If
AT is sufficiently small, e?*” is substantially greater

than unity, and (29) may be written
E)\ = cl)\—.‘oe—cel)\T

(38)

which is the Wien expression.
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FFor large values of AT we may obtain an expression
by expanding the reciprocal factor in brackets, giving

Ex = o\ 8o/ AT + (1/2)(e2?/N2T?) + - - - |7 (39)
Using the first term, (39) becomes
E)\ = (61/62))\-4T (40)

which is the Rayleigh-Jeans equation.

The deviations of both the Wien and Rayleigh-Jeans
equations from the Planck equation are shown in IMig. 3,
where these deviations are plotted as functions of A7

It is also of interest to note that a single blackbody-
radiation curve may be drawn which can be used for
determining spectral emissive power at any wavelength
and temperature if this quantity is known for N, 7.
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Fig. 3—Fractional deviation of classical radiation
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Fig. 4—General blackbody radiation curve useful for any
combination of A and 7.

This curve is shown in Fig. 4, where the fractional emis-
sive power relative to that at the peak is plotted as a
function of A7 The fraction of the total energy lying
below any given value of AT is also shown. It is of further
interest to note that one-fourth of the total power radi-
ated always lies on the shorter wavelength side of the
peak of the radiation curve.

Another method of representing the radiation curves
is to plot both the spectral emissive power and the
wavelength logarithmically, as shown in Fig. 5. WWhen
this is done, it becomes obvious that all curves have the
same shape, and are simply shilted to their proper posi-
tions, the peaks falling on a line representing the Wien
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Displacement Law. An additional advantage of this
method of plotting is that absolute values of emissive
power can be shawn over a considerably large tempera-
ture variation,

PracTICAL CONSIDERATIONS

Up to this point, we have considered thermal radiation
only when itis contained within an isothermal enclosure.
Such conditions are practically realized, for mstance, in
a well-insulated furnace which has reached a stable
temperature. Under such conditions, the interior of the
furnace is traversed uniformly in all directions by
thermal radiation, as has been assumed to be the case in
the theoretical derivation given previously. In many
cases, however, the conditions of the isothermal enclos-
ure are not experimentally realizable, and it becomes
necessary to stuely the physics of more general situa-
tions.

The rate at which a body emits radiation depends not
only upon its temperature, as given by Planck’s radi-
ation law, but also upon the physical characteristics of
its surface. The total emissive power E of a body has
already been defined as the total radiant energy emitted
in unit time per unit area of the surface of the body. 1f
the total emissive power is multiplied by the area of the
body, the product is termed the radiant flux. Since the
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physical dimensions of radiant flux are energy per unit
time, this quantity is, in fact, power in the form of radi-
ation, and may be called radiant power. The total
emissive power of tungsten frequently used in heaters
and hlaments was investigated at an carly date |3],
and by studying such data, one notes a rapid increase of
£ with increasing temperature.

Lasiirt's Cosing Law

A knowledge of total emissive power of a body does
not allow one to calculate the radiation field surround-
ing that body, unless additional information is given on
the directional distribution of emission. Simple experi-
ments may be conducted to measure the radiation from
a heated surlace, and such an experiment is suggested
in Fig. 6. The area dS is a small surface element of a

Fig. 6—Geometry for experimental investigation of
Lambert’s cosine law.

radiating body, and the radiation detector, which might
be a thermocouple, is of area d.1, located on a hemi-
sphere of radius r surrounding dS. The radius vector
from dS to d.1 makes an angle 8 with the normal to the
surface element. Many experimental studies have shown
[4] that the radiant energy intercepted by dA from the
area d§ is proportional to the cosine of the angle 8. This
cifect, known as Lambert’s cosine law, is not unex-
pected, since the solid angle subtended by dS as scen
from d.1 is also proportional to cosine §. A radiating sur-
face which obeys this cosine law exactly is an ideal,
diffuse radiator, and is known as a Lambert surface. It
should be noted that, although surfaces which are good
diffuse reflectors [5] are also good diffuse radiators,
specular metal surfaces may also act as good diffuse
radiators. This explains why objects which have heen
brought to incandescence in furnaces seem to appear
flat and somewhat transparent, since all sides look
equally bright from all directions. In addition to its
dependence upon the cosine law, the power, dp, inter-
cepted by the area, d.1, also depends upon the familiar
inverse square law, the area dS, and the area d4. Since
d.l divided by r? is simply the solid angle dw which the
detector subtends at d.S, the above relationships may be
stated more simply in the equation:
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dp = BdSdwcos 8 = BS [cos 0 sin 8d8de].  (41)

The proportionality constant B is defined as the steradi-
ance of the surface, and has the dimensions power
carca U steradian— ! Tt is measured in a direction normal
to the surface or to a projected area of the surface. This
quantity is sometimes called the radiance [26]. but
since radiant intensity is then used to denote power per
steradian, and these terms are confusingly similar,
steradiance is preferred by many authors. There is, un-
fortunately, no internationally accepted terminology in
the field of radiometry at the present time, although
many syvstems have been proposed {271

For extended surfaces which obey Lambert's law, B
wili be the same in all directions provided a unit area on
the projected radiating area is considered. Integrating
the factor shown in brackets over the hemisphere, the
power radiated by dS is

dP = whdS. (42)

but P dSis the total enissive power, 2, ot the surface,
and we may write

I = rB. (43)

Since this relationship obviously holds for any given
spectral region, the monochromatic emissive power may
be expressed in terms of the monochromatic steradiance
as i =mB,.

The discussion thus far has dealt only with surfaces
which radiate into a hemisphere, and we note that the
effect of Lambert's taw is to vield only one-half the
eniissive power which might be expected for a surface
radiating into 2 steradians. Occasionally, one finds the
total radiant flux defined for a body which is free to
radiate in all directions. If care is not taken, it is easy
to sce how an error by the factor 4 may occur, since
the cross-sectional area of a radiating sphere is only one-
fourth of the surface area.

EansseviTy

Another important characteristic of surface radiators
is the manner in which they react with radiant energy.
Elec tromagnetic radiation incident upon a surface may
be either reflected from the surface or transmitted
through the surface. Of the transmitted component,
some mav be absorbed and converted into heat, while
the remaining fraction may pass on through the body
and escape. FFor simplicity, we may confine our discus-
sion to objects which are either so thick or so highly
absorbing that the sum ol the fraction reflected and the
fraction absorbed is unity. The reflectance r will, in
general, be a function of the angle of incidence, so that,
precisely, 7 is defined as that fraction of the energy at
normal incidence which is reflected by the surface.
Similarly, the absorptance @ is the fraction which is ab-
sorbed. Both r and a are numerical ratios, and are less
than unity for any realizable objects. Both are functions
of wavelength of the incident radiation, and it is this

1See K. K. Bell, “Rafometric quantities, symbols, and units,”
paper 3.1.1, this issue, p. 1432
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effect in the visual region of the spectrum which pro-
duces the sensation of coior. A perfectly black surface
would be one for which r=0and a=1, while a perfectly
white surface would be described by r=1 and «=0.
Additionalty, such perfect surfaces should obey Lam-
bert's cosine law.

Suppose that a body with a perfectly black surface
is placed within an isothermal enclosure. Lventually,
the body will come to an equilibrium temperature with
the enclosure, and, since it is perfectly black, it would
reflect none of the radiation incident upon it. All radi-
ation leaving the surface of the body would be thermally
emitted by If the enclosure were
suddenly removed, the radiation leaving the surface of
the blackbody would be identical with that moving in
any one direction within an isothermal enclosure at the
same temperature as the body. Thus, blackbody radi-
ation and radiation within an isothermal enclosure are

the black surface.

mathematically identical and may be treated as such.
Experimentally, a black surface is closely approximated
by coatings of metallic blacks [6]-[8], [25]. or by open-
ings into spheres, cones, or grooves where incident radi-
ation is permitted to teave the aperture only after many
low-order internal reflections [9], [10]. Carbon or
graphite surfaces are only fair approximations to black
surfaces [11], [25].

Since a perfectly black surface has the highest possible
emissive power Ep, any real surface will be characterized
by a smaller emissive power £, The ratio £ [, is termed
the total radiant emissivity of the surface and is indi-
cated by e

If a body has reached an equilibrium temperature, it
is necessarily emitting the saie amount of radiation as
it absorbs from its surroundings, or otherwise its tem-
perature would change. Thus, the absorptance equals
the emissivity under such conditions. This fact, which
may be proven more rigorously if desired [12], is known
as Kirchhoff’s law.

Monochromatic radiant emissivity is defined simi-
larly, in terms of monochromatic emissive power, as
e = Ey/ . For most surfaces the monochromatic radi-
ant emissivity is a function of wavelength and, to a
lesser extent, of the temperature of the body. A good
example of the wide variation of € over the spectrum
is given by white paint which reflects a large fraction of
visual wavelength energy, but emits well at wavelengths
bevond three microns [13]. This explains why white,
painted surfaces have temperatures only slightly above
ambient in direct sunlight. Much of the solar energy is
concentrated in the visible spectrum, and any energy
which is not reflected is efficiently radiated in the infra-
red, with the maximum spectral emissive power occur-
ring near 10u for surfaces at or near room temperatures.
Tests made at Naval Ordnance Test Station, China
Lake, Calif. [14], showed that white, painted surfaces
were up to 19°C cooler in direct sunlight than an
atuminum plate, for, although visual region reflectivities
are similar, the metal has a low emissivity in the infrared
and thus cannot radiate away its excess heat at the
same temperature. Airline operators have recently rec-
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ognized this fact and many are painting fuselage tops
white, to relieve air-conditioning requirements during
airport based operations.

The emissive power for a blackbody over a finite
spectral region is given by

Epndi (44)

Eb(x,—x,) =
Az

as discussed earlier. For real surfaces, the emissivity
would enter into such an expression, so that

a
Epny =f aEndh. (45)
A

2

It is usually not possible to express €, in functional form.
Consequently such integrations are performed using
numerical methods.

A surface for which the monochromatic emissivity is
less than unity and does not vary rapidly with wave-
length may be descriptively termed a graybody. Such
a body will have a spectral distribution of energy very
similar to that of a blackbody, as given by Planck’s
radiation law, except that the monochromatic emissive
power will always be less than that of a perfectly black
surface. A blackbody and a graybody at the same tem-
perature, therefore, will appear to be the same color by
virtue of their thermal radiation, the blackbody being
somewhat brighter. The so-called color temperature of
the body [15], [16] relates the dominant wavelength as
seen by the human observer to the corresponding black-
body temperature, and this relationship is made use of
in the design of optical pyrometers [17] used to measure
temperatures of glowing objects at a convenient dis-
tance. The device is merely a telescope which serves to
superimpose the optical image of the body to be meas-
ured upon that of a glowing filament whose temperature
may be controlled by the observer. The voltage across
the filament is equivalent to a given temperature when
the colors are matched, and once the device is properly
calibrated it will serve to measure temperatures of
bodies whose monochromatic emissivities are not too
different from those of the comparison filament.

CALCULATIONS INVOLVING BLACKBODY RaDIATION

Due to the complicated mathematical nature of
Planck’s equation, it is not a convenient tool to use
directly in solving problems dealing with blackbody
radiation. Fortunately, many graphs and tables are
available [18]-[20], [24] from which numerical values
of the function may be obtained. The explanations
given with these tables are usually such that little
previous experience is required, but care must be taken,
as has been pointed out earlier, in the choice of the
proper value for the constant ¢ Special slide rules
[21], [22] are also available which enable one to deter-
mine simply and accurately such quantities as total
emissive power, emissive power in a given spectral
region, the wavelength where maximum monochromatic
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emissive power is located, the numbers of quanta in
blackbody radiation, and many combinations of these
quantities. Although not as accurate as the radiation
tables, the slide rules are fast and convenient to use.
Values of emissivities of many surfaces are also available
over various temperature ranges [18], enabling one to
calculate graybody radiation from such sources, and a
bibliography consisting of 127 entries has been prepared
by the Atomic Energy Commission [23].
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Selective Radiators®

GILBERT N. PLASSt

INTRODUCTION

I1E absorption coefficient for radiation is nearly

constant over wide frequency intervals for many

solids and liquids. In this case, the intensity of a
beam of radiation decreases exponentially with the
amount of absorbing material traversed (Beer’s law).
Unfortunately Beer's law is not valid for gaseous sub-
stances, except at very high pressures. Absorption by
gaseous molecules can occur only at certain frequencies
corresponding to allowed quantum transitions. A num-
ber of different processes cause the absorption to take
place over a small range of frequencies around each
transition frequency. For infrared applications, the per-
turbation from the collisions between gas molecules is
usually the most important such process. The spread in
frequencies is specified by the half-width of the resulting
spectral lines. This Lorentz or pressure-broadened hali-
width is nearly proportional to the total pressure in the
gas.

A typical molecule that absorbs in the infrared has a
large number of spectral lines arranged in bands which
oceur in certain definite frequency intervals. The half-
width of these spectral lines at atmospheric pressure is
usually somewhat smaller than the average spacing
between the lines. There are usually a number of spec-
tral lines in any frequency interval of practical interest.
The absorption coefficient oscillates rapidly between
large and small vahues in such an interval. Alter integra-
tion over frequency, it is found that the absorption de-
pends on the shape of the spectral lines and their par-
ticular arrangement into a band. The dependence on
pressure and the amount of absorbing gas is in general
quite different from Beer’s law. Kirchhoff’s law of radi-
ation states that the emission and absorption coefficients
of a given substance are proportional to each other at a
particular frequency. Thus, the same results apply to
both the absorption and emission from a band. In the
following sections, the most convenient process is chosen
for discussion.

The physical processes and mathematical equations
which describe the absorption and emission of radiation
by gaseous substances are presented. The emission from
a single spectral line is discussed first. Then the influence
on the emission of various arrangements of spectral lines
into bands is considered. Finally, several examples of
emission from flames are given.

EMisstoN FroM A SINGLE SPECTRAL LINE

The emission from a single spectral line is discussed in
this section. The total emission from a band of spectra]

* Original manuscript received by the IRE, June 26, 1959.
t Aeronutronic Systems, Inc., Glendale, Calif.

lines can be obtained by merely multiplying the emis-
sion from a single line by the number of lines, provided
that the lines do not overlap appreciably. As the amount
of radiating gas increases, the spectral lines begin to
overlap at a point determined by their intensity and
half-width and the amount of radiating gas. \WWhen over-
lapping occurs, the particular arrangement of the spec-
tral lines in the band influences the emission, and must
be taken into account. The effects due to overlapping
are considered in the following section.

For most problems of practical interest in the infra-
red, the shape of an individual spectral line can be taken
to be the Lorentz pressure-broadened line shape. Only
at pressures equivalent to those encountered at 50 km
or higher in the atmosphere is it sometimes necessary to
include the Doppler line shape in the calculations.! The
Lorentz line shape is given by the expression

k, = (S/m) [a,/(v — »)? + a?l, (N

where £, is the absorption coethcient at the frequency v,
S and « are the total intensity and half-width of the
spectral line, and vy is the frequency of the line center.
The half-width is nearly proportional to the total pres-
sure in the gas.

The emission from a gas at the {requency v is obtained
by considering the change in the radiation intensity /
in passing through an infinitesimal slice of the material.
The change in the intensity is

dl. = kIndu — k1,du, (2)

where d1, is the change in the intensity [, in a layer du,
k., is the absorption coefficient at the frequency v, [y, is
the blackbody intensity, and u=pl is the mass of radi-
ating gas per unit area. The first term on the right-
hand side of (2) represents the radiation emitted by the
thickness dit of the gas and added to the original beam,
while the second term represents the absorption in this
same thickness.

When the pressure and temperature are constant
along the path, the solution of (2) is

I, = In(1 — e, (3)

Thus, at a particular frequency, the exponential de-
pendence of Beer’s law is obtained. When the tempera-
ture and pressure vary along the path, more general
solutions are available.?

For most applications, the emitted flux over a fre-
quency interval Av is desired, where Av is large com-

1 G. N, Plass, “Influence of Doppler effect and damping on line-
absorption coefficient and atmospheric radiation trausfer,” Astrophys.
J., vol. 117, pp. 225-233; January, 1053,

2 G. N. Plass, “Infrared radiation in the atmosphere,” Am. J.
Phys., vol. 24, pp. 303-321; May, 1956.
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pared to the half-width of a spectral line. At the same
time, the interval Av must be sufficiently small so that
there is only a small change in the blackbody flux over
the entire interval. Then, from the integral of (3) over
the interval Ay, the emitted flux is found to be

I=1 (1 — e**)dy, €Y}
av
where I, is the average value of the blackbody intensity
over Ay,
If there is only a single spectral line in the interval
Ay, then the result of the substitution of (1) in (4) is that

I = l,,af 11 — exn [—2.\‘/(1 + u'z)]!(lu', &)

where
X = Su/2xa, (6)
and
Vo= (v — v/ (7)

The limits of integration have been extended to infinity
since it is assumed that the frequency interval Av is very
large compared to the half-width of the spectral lines.
Since there is a negligible contribution from the ends of
the interval, the absorption from a single line is the saume
over the interval Av or over an infinite interval,

Two limiting results for the absorption can readily be
derived from (5): 1) the lincar region; 2) the square-root
region. First, if x is sufficiently small, the exponential
in (5) can be replaced by the first two terms in its series
expansion around the origin. After an clementary inte-
gration, it is found that

I = L2rax = I,d8x, < 0.2, (8)

where
8 = 2ra/d. (9)

It has been shown? that this equation is accurate within
10 per cent when x<0.2. Thus, when the emission is
small even at the center of the spectral line, the emis-
sion increases linearly with the amount of radiating gas.
It is also directly proportional to the intensity of the
spectral line and is independent of pressure. IZach spec-
tral line is emitting as much radiation as possible for its
strength and the amount of radiating gas present. There
is negligible absorption by the gas of the emitted radi-
ation.

It is instructive to compare this result with a sub-
stance that has an average absorption coefficient £ and
obeys Beer's law over a spectral interval Av. For such a
substance, the emitted flux is

I = ILAv(1 — k). 10)
If ku is sufficiently small so that the exponential can be
replaced by its series expansion, then

¥ G. N. Plass, “Models for spectral band absorption,” J. Opt.
Soc. Am., vol. 48, pp. 690-703; October, 1958.
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I = IAvku. (11)

Thus the emission from a substance that follows Beer's
law also increases linearly with the amount of radiating
gas, when the emission is a small fraction of the black-
body intensity. In fact, (8) and (11) are formally identi-
cal if BAv=S. However, as the amount of radiating gas
increases, the emission from a band of spectral lines at
moderate pressures is quite different from that pre-
dicted by Beer's law.

The square-root region occurs for larger values of x.
In this case, the emission can be calculated approxi-
mately by neglecting the factor unity compared to
v'*in the denominator of the exponential of (5). When
v'>>1, this factor is always negligible. On the other hand,
when »" is of the order of unity or smaller, the exponen-
tial is nearly zero tor large values of x and need not be
evaluated accurately. After the introduction of a new
variable 2= 2x/v"2, it is found that

I = 1,(28%x/7)V2, (12)

This equation is accurate within 10 per cent for a single
spectral line when x>1.63.34 In this region the emission
increases as the square root of both the pressure and
amount of radiating gas. In this square-root region, the
full blackbody radiation is emitted over a frequency
interval of at least several half-widths around the center
of the spectral line. The emission falls off from the
blackbody value only at frequencies that are many hali-
widths from the line center. Thus, as the amount of
emitting gas increases, additional emission can only
come from the wings of the spectral lines. In this case,
there is appreciable absorption by the gas of its own
emitted radiation at frequencies near the line center.
This process limits the total radiation to the blackbody
intensity at any particular frequency.

An exact expression for the emission from a single
spectral line can be written in terms of the Bessel func-
tions of imaginary argument.3® However, it is only
necessary to use this more complicated expression when
0.2<x<1.63. For larger and smaller values of x, the
limiting forms given by (9) and (12) may be used.

x> 1.63.

Banp Eaission

The emission from a band can be obtained by multi-
plying the number of spectral lines by the emission from
a single line, (9) and (12), as long as the lines do not
overlap appreciably. llowever, when the lines do over-
lap, the emission depends on whether the lines are regu-
larly arranged in the band or occur virtually at random
throughout the frequency interval. It also depends, to a
lesser extent, on the distribution of line intensity
throughout the band.

Because of the large number of spectral lines that

¢ G. N. Plass, “Useful representations for measurements of spec-
tral band absorption,” J. Opt. Soc. Am.; 1959. (In press.)

8 \W. M. Elsasser, “Heat Transfer by Infrared Radiation in the
Atmosphere,” Harvard Meteor. Studies No. 6, Harvard University
Press, Cambridge, Mass.; 1942,
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occnr i nimy bands and because of the extremely
rapid fluctuations of the absorption coefticient as a hunce-
tion of frequency, a numerical integration over fre-
quency of the emission is a formidable task even with a
large electronic computer. Fortunately, three models
have been developed which accurately represent the
absorption for the various possible arrangements of
spectral lines in a band. Relatively simple mathematical
expressions can he obtained in each case for the band
emission. Thus, once an appropriate model is chosen,
the emission can be calculated easily and accurately.
The three models are: 1) Elsasser model  2) statistical
model;73 and 3) random Llsasser model.** The arrange-
ment of the spectral lines in the band for each of these

models isillustrated in Fig. 1. The Elsasser model is appli-
T T T T T T T T 1 T T T T T T T 1.
STATISTICAL MODEL

Ao

RANDOM £15455¢R MODEL

f P ' ' L JIAIAA
—

FREQUENCY

T T
ELSASSER MODEL

{

[ E———

ABSO!

Fig. 1—Typical arrangement of spectral lines in a band for the
Elsasser model, the statistical model, and the random Elsasser
model.

cable to a band of equally-spaced and equally-intense
spectral lines. Portions of the COq spectrum can be accu-
rately represented by this model. The statistical model
represents a band where the spacing between adjacent
spectral lines varies in an essentially random fashion. The
intensity of the spectral lines may also vary in any
manner whatsoever, as long as it can be represented by
some distribution function. The statistical model ac-
curately represents portions of the Ho() spectrum.

An actual band is formed by the superposition of a
number of fairly evenly-spaced transitions fromdifferent
groups of quantum transitions and possibly from dif-
ferent isotopic forms of the molecule. If only a single
one of these quantum transitions has an appreciable

6\, M. Elsasser, “Mean absorption and equivalent absorption
coefficient of a band spectrum,” Phys. Rev., vol. 54, pp. 126-127;
1938,

7 H. Mayer, “Mcthods of Opacity Calculations ” Los Alamos,
[.A-647; October 31, 1947.

8 R. M. Goody, “A statistical model for water-vapour absorp-
tion,” Quart. J. Roy. Meteor. Soc., vol. 78, pp. 165-169; April, 1952.

9 L. D. Kaplan, “A quasi-statistical approach to the calculation
of atmospheric transmission,” Proc. 1953 Toronto Meteor. Conf., pp.
43-48; 1954
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intensity, then the Elsasser model isapplicable. If many
different groups of transitions are superposed, then the
resulting arrangement of spectral lines is nearly random
and the statistical model applied. llowever, in many
cases, a small number of groups of spectral lines are
superposed. Then the random Elsasser model applies. 1t
assumes that the band is composed of a random super-
position of a small number of Elsasser bands, each of
which may have a different line spacing and line in-
tensity. In Fig. 1, the random superposition of three
Elsasser bands of different spacing and intensity is
shown. Portions of the HCl spectrum can be represented
accurately by the random Llsasser model.

A detailed study has been made by Plass® of the con-
ditions under which these models are applicable and
when various simple mathematical expressions may be
used for the calculation of the emission. It is found that
the region of validity of the single line, (8) and (12),
depends on the arrangement of the lines in the band.
IFor example, when 8=0.1 and the Elsasser model is
valid, the overlapping can be neglected when x <60. On
the other hand, it can be neglected for the statistical
model when x <6.3. The physical reason for these differ-
ent regions of validity is that some of the spectral lines
always occur by chance very close to each other in the
statistical model. Thus the effects due to overlapping
occur with less emitting material in this case than for
the Elsasser model.

IFor larger values of x, the single-line equations for the
emission must be generalized to include the effects of
overlapping. FFor large values of 8, effects due to over-
lapping may occur for quite small values of x. The emis-
sion for small values of x is found to be®*

. I=1,(1—¢*). (13)

This expression is accurate within 10 per cent when
x=3Su1'2 2ra <0.2. Since the half-width of the spectral
lines is directly proportional to the total pressure of the
gas, it follows that (13) is valid, either for small amounts
of radiating gases or at large pressures. This equation
has the same exponential dependence as appears in
Beer's law. The physical reason for this is that the
emission from a single spectral line is small even at its
center under these conditions. Thus, either the lines act
individually giving a contribution to the emission pro-
portional to their intensity or, when they overlap, the
spectral lines are so broadened that the emission is
nearly constant as a function of frequency, instead of
being a rapidly-varying function.

On the other hand, when x¥>1.63, the emission for
each of the three models can be written as:

Elsasser model:
I = Lip[(3820)12], (14)
statistical model:
I = I,§1 — exp |—(28%/7)'2]},

random Elsasser model:

(15)
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[ = 1,,{1 “Ia- ¢[(%Be’x.~)"’])}. (16)

1=1

where ¢ is the error function integral, and the summa-
tion in (16) is over the N superposed Elsasser bands each
with a half-width «; and line intensity S;, so that
Bi=2ma;/d and x;=S;/27a;. In (15), an average value
of S over the intensity distribution is used. Plass®* de-
scribes the correct method for the computation of the
average value of the intensity, and also gives more
complicated equations for intermediate values of x. Egs.
(14), (15), and (16) are valid when the emission is
nearly equal to the blackbody intensity for at least
several half-widths away from the centers of the strong-
est lines in the band. Thus, the dependence of the emis-
sion on the amount of radiating gas depends both on the
line shape far from the line center and on the manner in
which neighboring spectral lines overlap. When there is
no appreciable overlapping of the spectral lines, (14)-
(16) reduce to (12).

Some typical absorption curves for the Elsasser model
are shown in Fig. 2. The absorption is plotted against

1.0F Ty —r T T

ELSASSER MODEL

AR TE!

—— CONSTANT PRESSURE

—.— CONSTANT AMOUNT
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001 I
0.0001

FR B e |

Yy 1 s " Lol L
0.00% 0.01 0.1 1.0 10
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Fig. 2—Absorption by the Elsasser model as a function of
B2 =27 Su /d®. Absorption curves are shown {or constant pressure
(B=const.) and constant amount of absorbing gas (@x =const.).

B2 =2raSu/d? on a log-log scale. Of course, the same
curves are valid in emission by Kirchhoff's law. The al-
sorption curves are shown both at constant pressure
(B=constant) and at constant amount of absorbing gas
(Bx=constant). The absorption curves for the other
models are qualitatively similar to those for the Elsasser
model.?

First, let us consider an absorption curve at constant
pressure; for example, 8=0.1. As the amount of absorb-
ing gas, u, slowly increases from a very small value,
the absorption at first is directly proportional to u. The
absorption curve has a slope of unity on a log-log plot.
The linear approximation for the absorption, (8), is
valid when x<0.2. As « further increases, the slope of
the absorption curve decreases to a value of one-half, as
a region several half-widths wide around the line center
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becomes completely absorbing. When 1.63 <x <60 (the
particular value, 8=0.1, is assumed in this paragraph),
the absorption increases as u'2. The square-root ap-
proximation, (12), is valid until x =60, where the effect
of the overlapping of the spectral lines begins to become
appreciable. As u increases further, the slope of the ab-
sorption curve decreases slowly from a value of one-half
to zero. For a sufficiently large value of #, all of the inci-
dent radiation is absorbed. The slope of the absorption
curve on a log-log plot indicates immediately whether
the absorption is from the centers or the wings of the
spectral lines, and the extent of the overlapping of the
neighboring lines.

When 8=10 (which for most gases corresponds to a
pressure considerably above atmospheric pressure), the
absorption curve is the same as described above, except
that there is no square-root region. For this particular
value of 8, the absorption increases linearly with # until
x¥=0.02. For larger values of x, overlapping must be
taken intoaccount. In this case, the slope of the absorp-
tion curve continuously changes from unity to zero as
u increases.

Absorption curves at constant # where the pressure,
p. varies are also shown in Fig. 2. Since x varies inversely
with p, small values of p correspond to large values of x.
Thus, for a given value of u (Bx=1, for example), the
absorption increases as p'/* for small values of p. This
occurs because the half-width decreases with the pres-
sure and, for sufficiently small values of p, the spectral
line becomes completely absorbing near its center. As p
increases at constant #, the absorption increases as p' *,
as long as x> 1.63. For still larger values of p and smalle.
values of x, the absorption increases less rapidly, and
approaches a limiting value which depends on the
amount of absorbing gas present and on the extent of
the overlapping of the spectral lines.

The slope of the absorption curves on a log-log plot
varies from unity to zero at constant p and from one-
half to zero at constant #. Thus in a series of experi-
ments which cover a wide range of values of u and p,
the absorption is always found to depend more strongly
on z than on p.

It is often useful to know that the absorption can
never be greater than the uppermost curve in Fig. 2.
The mathematical expression for this limiting curve for
each model is given by either (14), (15), or (16). This
limiting result is called the strong line approximation.*
Other useful limiting curves which can be drawn are the
weak line and nonoverlapping line approximations.*

A series of laboratory absorption measurements may
be analyzed from graphs of this type. The resulting
curves may then be used directly for the calculation of
the emissivity or the atmospheric absorption of the gas.
As an example of this method, the absorption measure-
ments of Walshaw!® for the 9.6-u band of ozone are

19 C. D. Walshaw, “Integrated absorption by the 9.6 band of
ozone,” Quart. J. Roy. Meteor. Soc., vol. 83, pp. 315-321; 1957.
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Fig. t—Absorption divided by pressure as a function of u/p for the
9.6-u band of ozone as measured by Walshaw.!?

shown in Iig. 3 and Fig. 4. All of the measurements for
the indicated pressure ranges have been included. The
curves in these figures were calculated from the appro-
priate theoretical equations discussed here.

The absorption is plotted against pu in Fig. 3. The
strong line approximation is clearly shown with the
square-root region, together with the region where the
spectral lines overlap. The absorption divided by p is
plotted againts «/p in Fig. 4. The uppermost limiting
curve in this case can be shown to represent the absorp-
tion when there is no overlapping.* The hnear and
square-root regions are clearly shown in Fig. 4, together
with the transition region in between.

EMISSION FROM FLAMES

The general features of band emission have been dis-
cussed in the preceding section. In order to apply these
il eoretical results to the various infrared bands of prac-
ticil interest, the theoretical parameters which appear in
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(13)-(16) must be evaluated. This can be done either by
comparing experimental measurements with the theo-
retical results as discussed above, or by actually calcu-
lating the intensity and position of the spectral lines by
the rules of quantum mechanics. In atmospheric prob-
lems it is necessary to take into account the variation of
the intensity with the temperature and the variation of
the half-width with temperature and pressure.

The emissivity of a flame depends on the temperature
and pressure in the various regions of the flame as well
as on the composition ef the fuel. Ilowever, it is found
experimentally that the spectral emissivities of many
different types of flames are remarkably similar. An
emissivity curve of a white gasoline and air flame as
measured by Bell, ef al.,' is shown in Iig. 5. It is typical
of many flames. Large corrections had to be made to the
experimental values in regions of large atmospheric ab-
sorption. Although the curve is somewhat uncertain in
these regions, the general features of the emission are
clearly determined.

Most of the emission occurs in the band from 4 to 5y,
with most of the remaining radiation emitted at wave-
lengths just below 3u. The majority of the radiation
from 4 to 5u is emitted by the 4.3-u band of COy; the
radiation just below 3u is from the 2.8-u bands of CO,
and H,O0.

Both CO; and H;0 are abundantly present among the
combustion products of most flames. This is the reason
that there is strong emission from these in the same
spectral region. If other molecules are present which
emit strongly in the infrared, their emission is added to
that of CO; and ;0. Two other molecules commonly
present in flames are CO and OH. However, they do not
increase the emissivity greatly, since their bands happen
to occur at nearly the same wavelengths where there is
already appreciable emission from COz and H,0. On the
other hand, if a molecule such as FCl is present, the
emission may be greatly increased, since its bands occur
in the spectral region from 3 to 4 where there is little
emission from CQO, and H,O.

Extensive calculations of the total emissivity of
numerous gases have been made by Penner' and his
students together with important contributions to the
theory of these processes. The only calculations of the
spectral emissivities of gases which have been reported
to date are for CO,'?® and HCLM

The spectral emissivities of these gases have been cal-

W E, E, Bell, C. F. Dam, F. P Dickey, S. L.. Kopezynski, E. 1.
Palik, and R. F. Rowntree, “Study of Infrared limission From
Flames,” The Ohio State University, Columbus, Ohio, Final Rept.,
Contract AF 30(602)-1047; January, 1956.

128 S, Penner, “Infrared Emissivity of Diatomic Gases,” NBS
Circular No. 523 on “Energy Transfer in Hot Gases,” U. 5. Gov.
Printing Office, Washington, D. C.; 1954.

13 G. N. Plass, “Spectral emissivity of carbon dioxide from 1800-
2500 cmn™,” J. Opt. Soc. Am., vol. 49; August, 1959. Similar calcula-
tions have been reported in the classified literature by R. O'B Car-
penter.

UV, R. Stull and G. N. Plass, “Spectral emissivity of hydrogen
chloride from 1000-3400 cm™,” J. Opt. Soc. Am.: 1959. (In press.)



1959

o T T

08

[ 24

m =2 steraoian = microN 71 )
-]
&
T

N ATTS { C

Fig. §5—Spectral radiance of a white gasoline-air flame as measured
by Bell, Dam, Dickey, Kopczynski, Palik, and Rowntree.! This
is typical of the emission of many flames.

culated for a range of temperatures from 300 to 2400°K.
From these results the emission may readily be ob-
tained for any amount of emitting gas at any pressure
that may occur in practice. As an example, the emis-
sivity of COz at 1800 and 2400°K is given in Fig. 6 and
Fig. 7. The curves show the emissivity for various values
of p°X, where p is the pressure in atmospheres and X is
the thickness in centimeters of CO, at one atmosphere
pressure. For a given amount of emitting gas, the emis-
stvity decreases with increasing temperature near the
center of the band, while it increases at longer wave-
lengths far from the band center. Thus, the emission
appears to shift 1o longer wavelengths as the tempera-
ture increases. The sharp drop in the emissivity near
2400 cm™! is due to the formation of a band head.

CONCLUSION

Emission of radiation from gaseous substances occurs
through bands of spectral lines. The dependence of this
emission on the amount of radiating material is, in
general, quite different from the case of a solid or liquid
substance where the absorption coefficient is usually a
slowly-varying function of frequency. The general lea-
tures of band emission have been discussed. The appli-
cation of these results to the determination of the emis-
sivity of flames has been considered.
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The Infrared Radiation Flux in the Atmosphere”

GILBERT N. PLASS}

l. INTRODUCTION

YHIE background of natural infrared radiation
emitted by the ground and atmosphere is deter-
= mined by the absorption bands of the atmospheric
molecules and by the emission characteristics of emitting
surfaces such as the ground, ocean, and clouds. The same
absorption bands, discussed in the article by Howard,!
determine the radiative flux in the atmosphere and its
variation with altitude. In the [requency region near
the center of a strong absorption band, the infrared
flux is nearly equal to the blackbody intensity appropri-
ate to the local atmospheric temperature. This relation
is valid from the ground up to a considerable altitude
where, finally, the few remaining atmospheric molecules
are no longer able to interact appreciably with the radi-
ation. On the other hand, in a frequency region of weak
absorption, the flux is determined largely by the emis-
sion of the ground, ocean, or clouds, rather than by the
atmospheric molecules. Our present knowledge of the
atmospheric infrared flux is reviewed in the following
sections. The relevant atmospheric parameters which
determine this flux and the heat budget of the earth are
also discussed.

1. ATMOSPHERIC PROPERTIES

In order to determine the atmospheric infrared flux,
the temperature, pressure, and composition of the at-
mosphere must be known as a function of height. In
addition, the relevant parameters which determine the
absorption by a given infrared band and its variation
with path length, pressure, and temperature must be
available in a form which can be used for the variable
conditions along a path in the atmosphere.

The three most abundant gases in the earth’s atmos-
phere, nitrogen, oxygen, and argon, have no absorption
bands in the infrared. The atmospheric gases that have
important infrarad absorption bands are 11,00, CO., and
();. The amount of water vapor in the atmosphere is
highly variable and may range from 1 per cent to
0.001 per cent by volume. The average relative hu-
midity over an entire latitude zone is usually between
70 and 80 per cent. The relative humidity is a minimum
at altitudes of 5 to 10 kim where it usually has a value
from 30 to 55 per cent. 1t rises again at higher altitudes
to a value of 50 to 90 per cent at the tropopause. How-
ever, the amount of water vapor that can be held in a
given volume of air decreases very rapidly with temper-

* Original manuscript received by the 1RE, June 26, 1959.

T Acronutronic Systems, Inc., Glendale, Calif.

tJ. N. Howard, “The transmission of the atmosphere in the
nfrared,” paper 3.2.2, this issue, p. 1451.

ature. Thus, because of the decrease of temperature
with height, most of the water vapor is near the surface
of the earth and only very small amounts can be present
in the stratosphere. In the troposphere, the average
water vapor concentration relative to the major atmos-
pheric constituents varies approximately with altitude
as the cube of the pressure.

Carbon dioxide is more uniformly distributed
throughout the atmosphere. The average amount pres-
ent in the atmosphere today is 0.033 per cent. The
amount present in a given air mass depends somewhat
on its past history. Such factors as whether the air mass
has recently been over the ocean or a land mass, or
whether it has been over a large forest or over a city,
can change the carbon dioxide amount by as much as
50 per cent. However, these fluctuations should be a
maximum near the ground and should be much smaller
at higher altitudes. There is now rather convincing evi-
dence that the average amount of CO; in the atmos-
phere has increased by 10 per cent in the past fifty
years, due to the burning of fossil fuels.

The ozone concentration is also highly variable. The
amount of ozone in the air increases with altitude to a
maximum of about 0.001 per cent at around 30 km and
decreases rapidly at greater heights. Minor constituents
of the atmosphere that can absorb over long path
lengths are CO (2X 1075 per cent), CH, (1.6 X10* per
cent), and N,O (3.5X 107 per cent).

The temperature of the atmosphere influences infra-
red radiation in three different ways: 1) the blackbody
intensity changes with temperature; 2) the population
of the energy levels of the atoms changes with tempera-
ture so that the absorption at a particular frequency
may be a rapidly-varying function of temperature; 3)
the half-width of the spectral lines varies with tempera-
ture. The atmospheric temperature decreases to a mini-
mum of about 210°K in the lower stratosphere, rises to
a maximum between 270 and 330°K at 50 km, falls to
another minimum of about 190°K at 75 km, and then
increases to very large values as the altitude further
increases. A recent survey has been given by Goody.*

At standard temperature and pressure the half-width
of the spectral lines that are of interest generally is in
the range from 0.1 to 0.2 cm™'. This Lorentz half-width
decreases linearly with the pressure, and this variation
must be taken into account in atmospheric work. As the
pressure decreases, the Doppler half-width, due to the
thermal motion of the molecules, becomes equal to the
Lorentz half-width at some height. This usually occurs
at altitudes from 20 to 35 km.

2 R. M. Goody, “The Physics of the Stratosphere,” Cambridge
University Press, Cambridge, Eng.; 1954,



1959 3.2.1

ITI. ArvosrHERIC EMISSION

Since a strong absorber of radiation is also a good
emitter, the H;O, CO,, and O3 molecules in the atmos-
phere emit strongly in the frequency regions where they
have infrared absorption bands. However, the back-
ground radiation in the atmosphere arises not only from
the emission of these atmospheric molecules, but also
from other sources, such as the ground and clouds.
Fortunately, at least to a first approximation, most
types of ground cover and suthiciently thick clouds radi-
ate as a blackbody in the infrared. Thus the initial fiux
of radiation entering the atmosphere from such surfaces
is known.

This radiation, however, is greatly modified in many
frequency bands as it passes through the atmosphere.
This can be calculated from the differential equation
which describes the change in the flux as it passcs
through an atmospheric layer of thickness, dz:

dIt = — kI sec Op,ds + kI sec Op.ds, (1)

where I" is the upward component of the radiative flux
which makes an angle 6 with the verticle, & is the ab-
sorption coetficient, [, is the blackbody radiation flux
determined from the Planck radiation law, p, is the
density of the radiating gas, and z is the height above
the surface of the earth. The first term on the right of
(1) represents the energy absorbed from the incoming
beam by the absorbing gas in the infinitesimal laver;
the second term represents the energy that is emitted
by this same layer of gas and thus is added to the orig-
inal beam.

In order to solve (1), it is convenient to introduce two
quantities: 1) the mass of radiating gas per unit area
from the top of the atmosphere down to the height 3,

" =f p:ds; (2)

and 2), the transmission function between the two
heights, 2o and 2, where u takes on the values u, and u;,
and makes an angle along the slant path with the
verticle,

(19, 1t;) = exp [—sec ef k(lu:l,

2

e < 1y, (3)

It can be verified by direct substitution that the gen-
eral solution of (1) is

It () = Iy 7(ut, 110) + sec Hf mk(z')lb(z')'r(u, v)de, (4)

where u; is the value of # at the lower boundary
(usually the surface of the earth or the upper surface of
a cloud). The physical meaning of (4) is that the total
upward flux at a given height, u, is equal to the sum of
two terms: 1) the upward flux that enters the atmos-
phere at the lower boundary, #;, multiplied by the trans-
mission between ux and u,; and 2) the blackbody flux
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emitted by each layer of the atimosphere between « and
#,, multiplied by the transmission along the path be-
tween u and the emitting layer.

In a similar manner, it is found that the downward
flux is given by

T(u) = T (uo)(ue, u) + secef "k(z')l,,(z')-r(z', wydv, (3)

where w, is the value of # at the upper boundary:.

As an example, let us consider a particularly simple
solution of (4) and (3). If the atmospheric temperature
is a constant independent of height, and if the ground
has this same temperature, then

I (u)
I (n)

Iy
Is{1 = 7(0, w)]. (6)

Thus, the upward flux has the same value at alt heights.
The downward flux is zero at the top of the atmosphere
(it is assumed that there is no incident flux from out-
side the atmosphere) and increases as the height de-
crcases. If the transmission becomes nearly zero between
the top of the atmosphere and some altitude, then the
downward flux has nearly the limiting blackbody in-
tensity below this altitude.

This simple example illustrates qualitatively how the
downward flux in the atmosphere arises from molecular
emission. In the actual atmosphere, the upward and
downward tluxes are also modified by the atmosphere
because the temperature varies with height. Molecular
absorption and emission act to bring the radiative flux
more closely into agreement with the blackbody in-
tensity appropriate to the temperature at a particular
altitude.

Because of the many spectral lines that comprise a
molecular absorption band, the absorption coefficient,
k, is a rapidly varying function of frequency. Egs. (1)
through (6) are valid only at a particular frequency.
For a band of frequencies, it is usually dithcult to decide
on the appropriate average values to be used in the:e
equations. Some of the complications are: 1) the hali-
width of a pressure-broadened line varies linearly with
the pressure and approximately inversely as the square
root of the absolute temperature; 2) the intensity of an
individual spectral line is usually a rapidly-varying
function of temperature; 3) the absorption from a pres-
sure-broadened line increases linearly as the amount of
absorber for small values of the absorption, and then
increases as the square root of the amount of absorber
as the absorption increases; 4) for larger absorption, the
spectral lines overlap, causing the absorption to depend
on the particular arrangement of the lines in the band;
5) in the stratosphere above a certain height, the
Doppler line shape must be taken into account. A
number of papers have been written on this subject
which cannot be discussed further in this brief review.
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A recent summary of some of this work has been pub-
lished.?

Although an order of magnitude estimate of the radi-
ative flux can often be made quite easily, an accurate
calculation which takes into account all of the above
factors requires an elaborate calculation using an elec-
tronic computer. The only such calculations that have
been published are for the 15-u band of CO,;* and the
9.6-u band of 03.° The results for the upward and down-
ward radiation flux in the atmosphere for the 12- to 18-u
region are shown in Fig. 1. The solid curves refer to the
present average COq concentration. The other two curves
give the flux if this concentration were to be doubled or
halved.

Since the absorption is nearly symmetrical around
the center of the band at 15u, the results for similar
wavelength intervals (for example, 12-13 and 17-18u)
have been combined.
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Fig. 1—The upward and downward radiation flux in the atmosphere
as a function of height for the combined frequency intervals from
12-13 and 17-18 g; from 13-14 and 16-17 g; from 14-16 gx; and
for the entire interval from 12-18 ». The results are given for the
following CO. concentrations: ¢=5X10740.033 per cent by
volume); ¢=10X10740.066 per cent by volume); c¢=2.5X10"¢
(0.0165 per cent by volume).

The typical behavior of the flux in regions of weak,
intermediate and strong absorption is illustrated by the
results shown in Fig. 1. If the absorption is strong, the
upward flux nearly follows the blackbody curve ap-
propriate to the atmospheric temperature at each
height. The curves for the 14-16-u interval do this up to
22 km and clearly show the temperature minimum in
the atmosphere. The flux further increases a small
amount at higher altitudes because of a weak interaction
with the warm atmosphere at these heights. When the
absorption is weak, (12-13 and 17-18u), the upward
flux is nearly constant, since the atmosphere has only a
small interaction with the radiation stream. Similar con-
sitlerations show that the downward flux is small when
the absorption is weak. It has an appreciable value only
ataltitudes of less than 10 km for the 12-13-and 17-18-u
intervals. 1lowever, in the interval 14-16u, the down-

3 G. N. Plass, Am. J. Phys., vol. 24, pp. 303; 1956.
* G. N. Plass, Quart. J. Roy. Meteor. Soc., vol. 82, p. 310; 1956.
& G. N. Plass, Quart. J. Roy. Meteor. Soc., vol. 82, p. 30: 1956,
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ward flux is appreciable at much greater altitudes and
approaches the backbody curve below 13 km.

Experimental measurements of the infrared emission
of the atmosphere as observed on the ground have
shown® that for a clear sky, the downward radiation flux
is strong near the 6.3-u band of 11;0 and the 4.3-u and
15-u bands of COs. In addition, a weak emission is ob-
servable near the 9.6-u band of O;. The emission varies
greatly with the humidity. On an overcast day, the
downward flux is nearly equal to the blackbody radia-
tion appropriate to the temperature of the lower surface
of the cloud.

IV. HeaT BUDGET OF THE EARTH

The heat budget of the earth’s atmosphere is deter-
mined by the absorption, reflection, and reradiation of
the solar and terrestrial radiation, and by the transport
of latent and sensible heat from the surface of the earth.
The interaction of the infrared flux with the atmosphere
has been discussed in Section 111 above.

The absorption of solar radiation by the atmosphere
has been studied extensively. Howard! reviews this work
and gives the solar spectrum as observed at ground
level. It is interesting to compare the heating caused by
solar energy absorption at high altitudes with the cool-
ing from infrared radiation. The result is usually ex-
pressed as the temperature change in degrees Kelvin per
day caused by the process in question. Theoretical cal-
culations”® of the ultraviolet ozone absorption of solar
radiation show that it is the main radiative heat source
of the atmosphere from 30 to 70 km. The heating rates
vary with latitude and season, but are usually in the
range of 1-10°K/day. The maximum heating is usually
at about 45 km: Below 30 km, the near infrared bands of
water vapor absorb solar radiation. The heating rates
vary with the amount of water vapor, but may be as
large as 4°K/day in the lower stratosphere.

The stratosphere is cooled by the infrared bands of
COz and Q3. The 15-u CO, band hasa maximum cooling
rate of 5°K/day at 45 km for typical conditions.* Simi-
larly, the 9.6-u O3 band has a maximum cooling rate of
about 2°K/day at 45 km.J? It is interesting that the sum
of these cooling rates nearly balances the heating rates
from solar radiation. This indicates that the stratosphere
is, at least approximately, in radiative equilibrium.

The most extensive recent study of the heat balance
of the entire earth has been made by London.? He has
calculated the various terms in the heat budget for each
of the four seasons and for 10° latitude belts in the
Northern Hemisphere. For the entire year and the
Northern Hemisphere, the main items in the heat budget

¢ R. Sloan, J. H. Shaw, and D. Williams, J. Opt. Soc. Am., vol.
45, p. 455, 1955.

7F.S. Johnson, Bull. Am. Meteor. Soc., vol. 34, p. 106; 1953,

8 J. Pressman, J. Meteor., vol. 12, p. 87; 1955.

9 J. London, “A Study of the Atmospheric Heat Balance,” New
York University, New York, N. Y., Final Rept. Contract No. AF
19(122)-165; 1957.
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are given below expressed as a per cent of the average
incoming solar energy received outside of the earth’s
atmosphere.

The albedo of the earth is estimated at 35 per cent.
The solar energy is reflected from clouds (24 per cent),
from the molecules and dust particles in the atmosphere
(7 per cent), and directly from the ground (4 per cent).
In addition, an observer outside the earth’s atmosphere
receives infrared radiation emitted directly by the
ground (5.5 per cent), emitted by the molecules in the
troposphere (56.5 per cent), and emitted in the strato-
sphere (3 per cent). The total of the above figures is 100
per cent, which equals the incoming solar radiation. Ap-
proximately 3 per cent of the average incoming solar
radiation is absorbed in the stratosphere and this energy
is re-emitted in the infrared.

The energy balance in the troposphere is more com-
plicated. Energy is gained from direct absorption of the
solar radiation (13 per cent), absorption by clouds (1.5
per cent), absorption of terrestrial infrared radiation
(109 per cent), release of the latent heat of water vapor
(18.5 per cent), and the transport of sensible heat from
the ground to the atmosphere (11 per cent). This is
balanced by the energy loss from infrared radiation to
space (56.5 per cent) and to the ground (96.5 per cent).

The ground and ocean surfaces gain energy by the
direct absorption of solar radiation (22.5 per cent), ab-
sorption of solar radiation transmitted through clouds

Paper 3.2.2

3.2.2 Howard: The Transmission of the .1tmosphere in the Infrared

1451

(14.5 per cent), absorption of solar radiation scattered
by the molecules and dust particles in the atmosphere
(10.5 per cent), and absorption of infrared radiation
emitted by the atmosphere (96.5 per cent). This is
balanced by the emission of infrared radiation (114.5
per cent), loss of latent heat by evaporation of water
(18.5 per cent), and of sensible heat (11 per cent).

Variations in the average amount of absorbing atmos-
pheric gases can change the heat balance sufficiently to
cause important climatic changes. For example, an in-
crease in the amount of carbon dioxide in the atmos-
phere prevents the infrared radiation from escaping to
space and thus raises the surface temperature. Many
complex factors influence the climate; all past climatic
changes certainly cannot be explained by variations of
a single factor. Yet it is interesting that the carbon
dioxide theory' can explain in simple terms many of
the known facts about past climates: during a single
glacial epoch, the continual oscillations of the climate
between a glacial and an interglacial stage with a period
of tens of thousands of years; the increased precipitation
at the beginning of a glacial period; the time lag between
a period of mountain building and the onset of glacia-
tion; the simultaneous occurrence of glacial periods in
both hemispheres; the general warming of the climate
during the last fifty years.

10 G. N. Plass, Tellus, vol. 8. p. 140: 1956

The Transmission of the Atmosphere

in the Infrared”®
J. N. HOWARD?

INTRODUCTION
7 l NHIS article is intended as a short review of our

present knowledge about atmospheric transmis-

sion of infrared radiation. Several excellent de-
tailed studies devoted to this same topic already exist,
so that we should first review the reviews. There are
several different types of researchers who are all inter-
ested in atmospheric transmission. Much of the original
work was done by astronomers, whose principal interest
was in seeing through the atmosphere to measure the
spectrum of the sun. This spectrum was called a “solar
spectrum” and the published spectrum called a “solar

* Original manuscript received by the 1RE, June 26, 1959.
t U. S. Air Force Cambridge Res. Center, Bedford, Mass.

map,” or a “solar atlas,” a rather unfortunate nomen-
clature, as most of the structure observed in the infrared
is due to absorption of the solar radiation by the mole-
cules of the atmosphere. Goldberg has written an excel-
lent review on the absorption spectrum of the earth’s
atmosphere from this point of view [1].

Meteorologists and geophysicists are mostly inter-
ested in the physics of the atmosphere itself for under-
standing such problems as the temperature profile of
the atmosphere, or the heat balance (heat budget) of the
earth. Articles on various phases of meteorological in-
frared problems can be found in the “Compendium of
Meteorology” [2], or in the book by Goody [3]. For the
geophysicist there are several review articles in the book
by Beer [4] and excellent articles by Moller and by
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Paetzold in one volume of the new “lHandbook of
Physics” [5]. The pure physicist working in the fields
of infrared optics or molecular spectroscopy has also
made major contributions to our knowledge of the
mechanism of infrared atmospheric transmission. For
example, if one measures the transmission of the atmos-
phere when the sun is directly overhead, one would have
to have an absorption path of eight kilometers at one
atmosphere pressure (ground level) in order to have the
same number of molecules in the path. (This number of
molecules is called one “air mass.”)

When the sun is near the horizon, the absorption path
can be of the order of ten air masses. Under these con-
ditions, very weak absorption bands can be detected and
measured. These weak bands may be due to very minor
constituents of the atmosphere, or to isotopic variants
of the common constituents, or may originate from
energy transitions that are less populated or of less
probability. Measurements on such weak bands can be
very useful in testing and extending the basic theoretical
treatment of molecular spectroscopy. A very fine review
of infrared spectroscopy from this point of view was
recently written by Lecomte [6]. Finally, since World
War 11, infrared has found a large number of military
applications, in detection of targets, guidance, recon-
naissance, surveillance, and so on. Almost all of these
applications have an intervening atmosphere between
the infrared source and the infrared detector. An excel-
lent review of atmospheric transmission from this point
of view is the chapter by Sanderson in the book by
Locke [7].

So much for our review of reviews. It ought to be ob-
served at this point that the authors of these various
reviews may constder themselves astronomers, astro-
physicists, meteorologists, geophysicists, molecular spec-
troscopists, or even physical chemists, but called by
whatever name, they are all capable practitioners of in-
frared physics. The military applications of infrared
have brought into the field a vast influx of military men,
engineers, businessmen, salesmen, and politicians who
have acquired the jargon of infrared without always
understanding the physics of it, resulting in a consider-
able amount of practicing medicine without a license.
In the remaining part of this article, we will endeavor
to point out a few of the pitfalls and peculiarities of the
study of infrared transmission.

Fig. 1 presents a so-called solar spectrum for the
region 1 to 15 microns [8]. The other curves of Fig. 1
show the positions and approximate relative intensities
of absorption bands of the molecules known to occur in
the atmosphere. It is a fortunate circumstance of nature
that the molecules N. and O,, being homonuclear di-
atomic molecules, have neither a permanent nor an os-
cillating electric dipole moment, so that they have no
infrared rotation-vibration bands. They do exhibit some
very weak electronic bands [1]| which we need not con-
sider here. Collisions of these “transparent” molecules
with the molecules that do have absorption bands in the
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infrared can have a considerable influence on the in-
tensities of the observed absorption bands. Thisis due to
a phenomenon called pressure or collision-broadening
(also Lorentz broadening), which will be discussed. In
the lower atmosphere, the principal absorbers are 11,0
and CO,. Ozone is not distributed uniformly through
the atmosphere, but is mostly concentrated between 10
and 40 km above the earth’s surface, with a fairly sharp
peak in the distribution at about 20-30 km. The other
minor constituents, Cll;, N.O and CO, appear to be,
like CO,, uniformly distributed through the atmosphere.
Water vapor is highly variable in its concentration in
the atmosphere because the humidity of air fluctuates
widely and most of the water vapor concentration is
near ground level. For example, the H,0 absorption
bands near 1.38, 1.87, and 2.7 microns, which are very
strong at ground level, can scarcely be detected in
measurements of the solar spectrum taken at 50,000
feet [9].

Fig. 1—The near-infrared solar spectrum (bottom curve). Other
curves are laboratory spectra of the molecules indicated.

LLow RESOLUTION STUDIES

It is customary, for most problems of atmospheric
transmission in the lower atmosphere, to neglect the ab-
sorption bands of the minor constituents and of ozone,
and to consider the regions of absorption as being due
entirely to H20 and CO,. Accordingly, in 1948, a labora-
tory study was begun at The Ohio State University on
the absorption bands of H,O at 1.38, 1.87, 2.7, 3.2 and
6.2 microns and those of CO; at 2.7 and 4.3 microns, in
order to determine the total absorption of each band as
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a function of absorber concentration, path length, and
total pressure. The results of this study have been pub-
lished [10], [11]. However, absorption path lengths of
only about 60 meters could be achieved, limiting the
range of concentrations that could be studied to less
than approximately 50 atm-cm, of CO; and less than
0.2 cm of precipitable water.

It is customary to express the water vapor concentra-
tion in cm of precipitable water; that is, if the absorp-
tion path is replaced by a tube of length equal to the
path length and of uniform cross section, and then all
the water contained in the tube is condensed as a liquid
at one end of the tube, the depth of this liquid in cm is
a measure of the amount of water in the absorption
path. For long absorption paths at ground level in the
open air, this quantity is readily calculable if the tem-
perature and humidity are known. The carbon dioxide
concentration is expressed in atm-cm; that is, the
centimeters of path length of the carbon dioxide in the
path if it were present alone at one atmosphere pressure.

At about the same time as the Ohio State Studies,
a group at the British Admiralty Establishment at
Teddington was working on infrared atmospheric trans-
mission of long path lengths in the open air. In the pub-
lished description of this work [12], a spectrum is pre-
sented of a 2000-yard open-air path containing 1.7 cm
of precipitable water. Yates [13] has prepared from the
Ohio State absorption data and from the Admiralty
scattering data a set of tables and curves from which one
can obtain the total transmission of the atmosphere at
ground level for radiation from sources at temperatures
from 373°K to 6000°K, for path lengths up to 20,000
yards, and for various conditions of atmospheric haze.

In 1953, Elder and Strong [14] reviewed all the avail-
able laboratory and long-path open-air infrared trans-
mission data for the 0.7- to 15-micron region. In addi-
tion to the Ohio State and British Admiralty data, they
included early data by Fowle and wartime data by John
Strong and Heinz Fischer. Elder and Strong divided the
spectrum into eight “windows”; that is, the spectral
regions located between the principal absorption bands.
They found that, to a good approximation, the window
transmission data could be fitted to equations of the
form

T"=—Fklogw+ T, ¢))

where 77 is the average transmission of a window, w is
the water vapor concentration of the absorption path,
and k and T are empirical constants for each window.
These values are presented in Table I.

Although very useful for many calculations, the Elder
and Strong summary of earlier data served equally well
to point out areas in need of additional research. High-
resolution data were needed to determine the effects of
minor constituents; no data existed for paths longer
than three miles, and data were needed for horizontal
paths at high altitudes, as well as for vertical or slant
paths through the atmosphere.

TABLE 1
WINDOW REGIONS IN THE INFRARED*
Window Wavelength Interval e
(microns) = Ty
0.72-0.92 15.1 106.3
0.92-1.1 16.5 106.3
1.1-1.4 17.1 96.3
1.4-1.9 13.1 81.0
1.9-2.7 13.1 72.5
2.7-4.3 12.5 72.3
4.3-5.9 21.2 51.2
5.9-14 t t

* Elder and Strong [14].
t Lauger [32].

SoLaRr Maps

In 1950, the group at the University of Michigan pub-
lished [15] a high-resolution atlas of the solar spectrum
from 0.8 to 2.6 microns. A volume of identifications of
the structure of this atlas was published in 1955 [16].
In 1951, the Ohio State group published [17] an atlas
of the region 3.0 to 5.2 microns, and later an atlas of
the region 7 to 13 microns [18]. The data presented in
The Ohio State Atlas were measured at Columbus,
Ohio, at about 800 feet above sea level. Over 1600 ab-
sorption lines were resolved in the region from 3 to 13
microns, and more than 70 per cent were identified as
belonging to bands of gases occurring in the earth's
atmosphere.

The solar spectrum from 2.8 to 23.7 microns has been
mapped by Migeotte, Neven, and Swensson of the
University of Liege [19]. These measurements will be
discussed further. A second volume by the same group
[20] consists of a table ‘of identifications of the more
than 3600 absorption lines observed in this region. Also
included in this second volume are comments by W. S.
Benedict on the spectra of H,O and CO,. Recently,
measurements were made of the solar spectrum under
lower resolution than that of Migeotte, but at the 17,000-
foot altitude of Mt. Chacaltaya, Bolivia, by the group
at the Naval Ordnance Laboratory, White Oak, Md.,
[21].

LoxnG Patit OPEN-AIR STUDIES

Several groups have made useful studies on the trans-
mission of infrared through long paths in the open air.
In France, a group working under Arnulf [22] is study-
ing infrared transmission over land areas under condi-
tions of incipient fog. Studies are being made at the
Chicago Midway Laboratories over long air paths under
various haze conditions [23]|. At the Naval Research
Laboratory, Taylor and Yates [24] have made a very
valuable study of the near-infrared atmospheric trans-
mission over paths as long as 10.1 miles across Chesa-
peake Bay.

ToTAal ABSORPTION

Another approach to atmospheric transmission stud-
ies, which differs in several ways from the measurement
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of solar spectra or open-air studies, is the measurement
of the individual atmospheric gases under controlled
conditions in the laboratory. The chief difficulty is that
very long absorption path lengths are required in order
to simulate atmospheric conditions. The usual solution
to this problem is to use a multiple-traversal cell, in
which the radiation is reflected back and forth many
times inside the absorption cell in order to achieve a
long total path length. Such a cell is described in the
literature [25]. Cells of this sort generally have only a
small aperture, however, and some radiation is also lost
at cach reflection, so that it is necessary to use a fast
spectrometer and to open wide the spectrometer slits in
order to increase the radiation received. This smooths
out the finer details of the spectrum and decreases the
resolution. The “true” spectrum has been modified by
the slit function of the spectrometer. Such smoothed
spectra can still be useful for coarse measurements.
Alternatively, one can determine the “total absorption”
of the infrared band being studied. This quantity is the
area under the curve of fractional absorption against
wavenumber. This quantity is measured because, under
a wide variety of conditions, it is independent of the
width of the slit of the spectrometer or of other charac-
teristics of the instrumentation, and depends only on
the amount of absorber present, its partial pressure, the
total pressure, and other parameters of the sample. The
multiple-traversal cell at The Ohio State University is
capable of total paths in excess of 2000 meters, and the
cell at The Johns Hopkins University, although only
about 200 meters in path, is capable of much higher
resolution [26]. The chief advantage of such a multiple-
traversal study is that altitude conditions can be
simulated.

Fig. 2 shows the near-infrared spectrum of COq and
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Fig. 2—The near-infrared spectrum of CO: and H50. Broken curve
represents the absorption of 46 atm-cm of CO.; solid curve
represents the absorption by 0.7 pr. cm of H:0.

11,0. This is a composite low-resolution spectrum as
obtained with a multiple-traversal cell. Let us forget
pressure variation for the moment and assume that the
H,0O and CO; absorption bands are all broadened to a
total pressure of one atmosphere with dry, COs-free air
(or nitrogen, which has practically the same effect). I
we increase the amount of the absorber, say by increas-
ing the path, then we increase the absorption at each
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and every wavelength (except, of course, where the ab-
sorption is already 100 per cent). We also increase the
“total absorption” of each band, which is the area under
the band. (The band “grows” or follows a “curve of
growth.”) Alternatively, to use the language of Elder
and Strong [14], we decrease the transmission of the
“window” between the bands. Table I lists the empiri-
cally determined coefficients k and T for (1), for window
transmission as determined by Elder and Strong (the
H,O content is here expressed as precipitable milli-
meters of H;0). Melnick [27] has written an interesting
report giving a physical interpretation to the empiri-
cally-postulated type of equation of Elder and Strong.
Burch and Howard [28] treated their total absorption
data somewhat differently. First of all, they measured
the total absorption of each band, rather than the
window transmission between bands. This avoids the
troublesome treatment of a window bounded on one
side by a band of H;O and on the other by a band of
CO,, when both bands are growing at different rates.
They also collected a large body of data, and found that
the curve of growth of each absorption band did not
follow the Elder and Strong logarithmic form for all
concentrations, but that the curve of growth could be
separated into two regions; one for very small concen-
trations, where the band is weak, and in which the total
absorption increased proportionally to the square root
of the amount of absorbing gas, and a “strong band”
region, in which the total absorption increased propor-
tionally to the logarithm of the amount of absorber. The
chief contribution of their study, however, was that they
were able also to vary the total pressure of the sample,
and to determine that for a fixed absorber concentration,
the total absorption increased approximately propor-
tionally to the square root of the total pressure in the
“weak band” region, and to the logarithm of the total
pressure in the “strong band” region. When both con-
centration and pressure are varied, one has the following
relationships for the total absorption of each band:

v2
(weak band) f A, dv = cw'?PF (2)
"

(strong band) f Adv =C+ Dlogw + Klog P. (3)
v

Here »; and »; are the limits of each absorption band,
that is, frequencies outside of which the absorption by
a given band can be considered negligible, ¢, C, D, k, and
K, are empirically determined constants for each band,
w is the concentration of the absorber, and P the total
pressure. In addition, one must more or less arbitrarily
determine values of total absorption for each band be-
low which one uses the weak form of the curve of growth.
For many low-resolution problems, particularly radio-
metric studies, knowledge of the total absorption of the
atmospheric H;O and CO; bands is all that is required.
For those interested in this, the values of these con-
stants are given in [25], [28], and also in [29] for all
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of the near-infrared bands of H;O and CO,. A wide
variety of the spectral curves used in obtaining the
total absorption, in a form similar to Fig. 2 has been
presented [25]. Larmore and Passman have constructed
from minute measurements on the contours of the curves
in [25] a set of very useful tables for the spectral trans-
mission at sea level in 0.1-micron intervals from 0.3 to
7.0 microns for H;O concentrations between 0.01 cm and
100 cm of precipitable 1,0 and for dry air paths (con-
taining 0.03 per cent CO;) between 0.1 and 1000 km. In
addition, they include a table of correction factors for
altitudes of 1000 to 100,000 feet. This set of tables has
been published [30] and is also reproduced in the
“Handbook of Geophysics” [29]. Plass is presently ex-
tending this set of tables to longer wavelengths [31].

Langer [32] has recently published two reports that
should be very useful for ground-level transmission cal-
culations, particularly for radiometry and low-resolution
(broad-band) applications. Langer measured the labora-
tory absorption curves of [25] in order to determine the
window transmission between bands, but with a much
more detailed and elaborate treatment than that of
Elder and Strong. lle also presents a compact chart
showing, for blackbody sources of temperature 250, 293,
500, 1000, 2000, 3000, 4000, 6000, and 8000°K, the ab-
solute value of the energy transmitted through the
eight major infrared atmospheric windows (the wave-
length intervals of Table I) for paths of up to 100 cm of
precipitable H,0.

PRESSURE BROADENING

The multiple-traversal cell described in the preceding
section has been used to study the effects of pressure
on infrared absorption bands of atmospheric molecules.
One can put a gaseous sample into such a cell with a
known absorption path length, measure the absorption
as a function of wavelength (or frequency) and then,
without changing the path length or the sample pres-
sure, add an optically transparent gas such as nitrogen
or oxygen to increase the total pressure. If the spectrum
is again measured, it is found that there is more absorp-
tion than before, even though the added gas has no ab-
sorption of its own in the spectral region studied. This
phenomenon was experimentally observed by Angstrom
in 1892 [33] and was explained theoretically by Lorentz
in 1906 [34] as being caused by the collisions between
the molecules of the absorbing molecule and those of the
added gas. There are also other effects which cause
broadening of spectral lines. Most of the common types
of line broadening are described in detail and derived by
Born [35]. It has been pointed out, particularly by
Hettner [36], that the Lorentz collision broadening pre-
dominates over other causes of line broadening for infra-
red absorption by molecules of the air under conditions
in the lower atmosphere. The quantum transitions giv-
ing rise to each individual absorption line are not strictly
monoenergetic, and the resulting absorption line is
therefore not monochromatic. Rather, one has an ab-
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sorption coefficient for each pressure-broadened ab-
sorption line given by

S a

T (v— )2+ a?
where S is an intensity factor (the line “strength”), v,
is the frequency of the line center, and « is called the
half-width at half-maximum &,, or simply the half-
width of the line. a is a function of the total pressure
(and, to a lesser extent, a function of the temperature)
of the absorbing gas. This is usually called a Lorentzian
line shape.

An actual spectrometer cannot see this “true” contour
of a spectral line, however, and if an absorption band
is being examined, one may be measuring simultaneously
several different overlapped lines with the resultant
spectral blend also modified by the spectral slit function
of the apparatus. Under such circumstances, one cannot
expect such simple formulations for absorption as the
Beer-Lambert law to hold. It is therefore difficult to
predict in terms of simple absorption coefficients the
absorption to be expected for path lengths that are
greatly extrapolated from laboratory data. Further-
more, since the hali-width of each line is a function of
total pressure, it becomes almost impossible to predict
the absorption through a vertical or oblique path
through the atmosphere, in which the total pressure is
changing with altitude. The only practical way to treat
situations of this sort is to postulate certain mathemati-
cal functions for the shape of each line (such as the
Lorentz shape given above), make certain assumptions
about line intensities and half-widths, and assume cer-
tain models which describe how groups of these lines are
arranged into bands. This is decidedly beyond the scope
of this article, and for detailed discussions concerning
band models, one should consult the literature [37] or
[38].

ky = (4)

MiNnor CONSTITUENTS

Prof. M. V. Migeotte of the University of Liege has
recently published an atlas of the solar spectrum as
measured under high resolution from the Jungfraujoch,
Switzerland [19]. The observing station was at an alti-
tude of about 12,000 feet, and the amount of H2O in the
air path was substantially lower than at ground level.
This permitted the detection of weaker absorption
bands of the minor constituents CO,, CO, N0, and
CH,. All these constituents are uniformly distributed in
the atmosphere, and, at higher altitudes, where the
water content becomes vanishingly small, these absorp-
tion bands will become comparatively more important.
As an example, for such military applications as the
detection of an aircraft by its exhaust radiation, the
CO2 emission observed is mostly from excited transitions
(the so-called “hot” bands) which occur generally just
on the long wavelength side of the CO, atmospheric
absorption bands. The N;O molecule is similar in many
ways to the CO; molecule (it has the same molecular
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weight, and comparable force constants, for example)
and it so happens that for almost every CO, absorption
band, there is a band of N;O lying just to the long wave-
length side of the CO.. Therefore, this minor constituent
of the atmosphere, N,O (forming about one-half part
per million in the atmosphere), must be considered in
problems concerned with CO. emission. A detailed de-
scription of the spectra of these minor constituents as
measured by Migeotte and others has been given for the
3- to S-micron spectral region [39] and also for the 8-
to 13-micron spectral region [40].

11G6H-ALTITUDE AND SLANT PATH STUDIES

Only very limited data presently exist for infrared
transmission at altitude or for vertical or oblique ab-
sorption paths in the atmosphere. The Jungfraujoch
data of Migeotte [19], taken at 12,000 feet, are the
most detailed altitude data. A group from the Naval
Ordnance Laboratory, White Oak, Md. [21], have taken
solar spectra from a mountain in Bolivia at an altitude
of 17,000 feet. Yates [41] has reported a study of the
infrared transmission between two lawaiian peaks, 20
miles apart, both of which are more than 10,000 feet
high. In 1953,a group at the Radar Research Establish-
ment at Malvern instrumented a Lincoln aircraft with
an infrared spectrometer [42], [43] and took solar data
in the spectral region 2-5 microns from altitudes of
30,000 feet. At ground level, the absorption between 2.5
and 3.5 microns is dominated by the v, and »; bands of
1,0 at 2.7 microns, and the weaker 2y, band of H,0 at
3.2 microns. At 30,000 feet, the 11,0 absorption has
nearly vanished (the absorption at 2.7 microns is proba-
bly due to COy), and the »; fundamental band of Cll,
at 3.3 microns is clearly visible. In the 4.2-4.7 micron
region, the P branch of the v; fundamental of N0 is
already visible at 12,000 feet, and at 30,000 feet, both
branches of the band can be seen. In 1954 Hampson [44]
obtained data in the PbTe region up to 47,000 feet. At
the Royal Aircraft Establishment at Farnborough,
Houghton [45] has equipped a Canberra aircraft to
obtain high-resolution spectra at altitudes higher than
50,000 feet. Some of these data have been published
[46]. There are groups at the University of Denver and
at The Johns Hopkins University performing balloon-
borne spectral studies of solar spectra and earth albedo
from altitudes of up to 100,000 feet [47]. Other groups
(Suomi at Wisconsin, Stroud at Ft. Monmouth, the
University of Colorado, and others) are designing filter
radiometers and simple spectrometers for similar studies
to be made from satellites.

The problem of transmission along vertical or slant
paths in the atmosphere is particularly complex. Not
only is the pressure varying along the path, but so is the
temperature, and H,0, which is one of the chief infrared
absorbers, does not have a uniform distribution in the
atmosphere (even apart from its variable day-to-day
concentration). Except for some of the multiple-
traversal cell studies there is almost no laboratory or
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field data applicable to reduced pressure conditions.
There have been studies, however, which give procedures
for predicting slant path transmission in the atmosphere.
These usually postulate a mathematical model for the
absorption band, assume that each individual line has
an absorption coefficient of Lorentzian shape, and pre-
sent the results in a series of charts. In general, one can
observe that such procedures are only as valid as the
validity of the mathematical model or line shape
chosen. Altschuler [48] describes such a procedure for
the spectral region 1 to 15 microns, assuming an Elsasser
model [37] for the absorption bands. Subsequently, he
revised his procedure [49] to the more recent King
model of an absorption band [50]. Carpenter has writ-
ten {51] a detailed treatment of this topic. His calcula-
tions are all based on the ARDC model Atmosphere
1956, and simple procedures for correcting to existing
weather conditions are given. Only CO; and H,0 are
treated in detail. The suggested procedure gives tables
and graphs for the determination of an “equivalent
optical path length” for comparison with laboratory
measurements. He prefers the direct use of multiple-
traversal cell data, rather than recourse to any theoreti-
cal formula for the variation of transmission with
equivalent path.

It ought to be pointed out that there are certain crude
approximations to slant path transmission which, how-
ever, may be completely adequate for many purposes.
For example, if one desires to know the transmission in
a certain spectral region through a long slant path from
an altitude of 30,000 feet to an altitude of 100,000 feet,
and meteorological data indicate that this long path
contains, say, 1 cm of precipitable 11,0, one could deter-
mine for the desired spectral region from the Larmore
and Passman tables the transmission of 1 ¢m of precipit-
able H,O at a horizontal path at 30,000 feet altitude
and also the comparable transmission for a horizontal
path at 100,000 feet altitude. Then the slant path trans-
mission could be assumed to be intermediate to these
extreme values. Such a procedure, of course, assumes
the validity of the Elsasser absorption model used by
Larmore and Passman in computing their correction
factors for altitude.

ATTENUATION DUE TO SCATTERING

In addition to the absorption of infrared radiation by
atmospheric molecules, there is a further attenuation
due to scattering of radiation out of the light path by
the molecules of the air itself and also by particles in
the atmosphere (aerosols) such as smoke, haze, and gog.
The scattering by the molecules of the air itself is called
Rayleigh scattering, and is responsible for such phenom-
ena as the blue of the sky and the red of the sunset. Al-
though this sort of scattering is very important in the
ultraviolet and blue end of the visible, it falls off in in-
tensity inversely as the fourth power of the wavelength
and for all practical purposes can be ignored in the in-
frared beyond about 2 microns. When the diameter of
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the aerosol particles of the atmosphere becomes com-
parable with the wavelength of the incident radiation,
another type of scattering, called Mie scattering, takes
place. The mathematical treatment of Mie scattering is
very complex, and is discussed in several excellent
articles by Middleton, Sekera, Bricard, and Ludlam in
[5]. In principle, if the aerosol particles are of uniform
composition and diameter and if they are uniformly
distributed in a homogeneous atmosphere, one can com-
pute an attenuation coefficient for Mlie scattering.
Actually, none of these conditions obtains even approxi-
mately, but one can still define an approximate attenua-
tion coefficient for scattering, which one applies as a cor-
rection factor to the transmission. Sanderson [7] gives a
discussion of such factors, as do Taylor and Yates [24],
and Churchill [52].
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Fundamentals of Infrared Detectors”

RICHARD L. PETRITZ{, MEMBER, IRE

INTRODUCTION

WO fundamental types of infrared detectors are
Tthernml detectors and photodetectors. Incident

radiation changes the electrical properties in each
of the detectors. Both thermal and photodetectors are
quantum detectors, since radiation is quantized; how-
ever, a distinction can be made if the nature of the solid
is considered.

T'he modern description of the solid dividesit into two
thermodynamic systems—lattice and electronic. The
clectronic system is characterized by a system of energy
wevels: the conduction band, forbidden band impurity
levels, and the valence band (see Fig. 1). The lattice is
composed of atoms or molecules which constitute the
solid and can be characterized by lattice vibrations
which have mathematical properties analogous to radia-
tion (lattice phonons are analogous to photons).

Conduction
Bond

Forbidden

=

hvi

Volence
Bond

(1) (b) (c)

Fig. 1-—Generation of carriers in photoconductive detectors (a)
Intrinsic absorption. (b) Impurity absorption. (¢) P-n junction.

The fundamental difference between photo- and
thermal-type detectors can now be stated precisely. In
thermal detectors, the radiation is absorbed by the lat-
tice, causing heating of the lattice. The change in the
temperature of the lattice causes a change in the elec-
tronic system. Two of the most common thermal de-
tectors are thermocouples which develop a thermal
voltage, and holometers which change clectrical resist-
ance as a result of lattice heating. In photodetectors, the
radiation is absorbed directly by the electronic system
to cause changes in the electrical properties. Photo-
detectors include photoconductive, photovoltaic, and
photoelectromagnetic detectors.

* Original manuscript received by the IRE, June 26, 1959.
t Texas Instruments Inc., Dallas, Texas.

PHOTODETECTORS

Contemporary infrared photodetectors [1] with re-
sponse beyond 1.5 microns are semiconductors with
energy level systems similar to those shown in I7ig. 1.
For the visible and near infrared, photoemissive tubes
are ordinarily used. These tubes are discussed by Mor-
ton and Forque [1a].

After the radiation flux is converted to an electrical
signal, the electrical signal can be amplified to the level
desired. Detection systems generally have sufficient
amplification to cause the system to be limited by noise;
therefore, the signal-to-noise ratio is of basic interest in
the physics of detectors.

Signal Properties

In a photodetector, the infrared radiation which is
usefully absorbed excites clectrons (and/or holes) to the
conducting state. The generation of carriers per unit
volume is given by

generation rate = aJ,, (1)

where J, is the number of incident photons/cm? sec and
a is that part of the absorption coefficient relating to
carrier excitation. The excess electrons, An, return to
the valence band at a rate related to the carrier lifetime,
7, by the equation

recombination rate = An/7. (2)
In the steady state

An = al,r. (3)

Since the signal response is proportional to An, (3) shows
the importance of the absorption coefficient, determined
by the generation process, and the lifetime, determined
by the recombination process. These are discussed in
turn.

Generation Process: Generation of carriers can occur
by main band transitions or by transitions involving
impurity levels. In a main-band transition [Fig. 1(a)],
a photon is absorbed, exciting an electron from the
valence band to the conduction band, creating a hole-
electron pair. Detectors of this type include the lead
salts and indium antimonide. The long wavelength limit
of spectral response, \;, is determined by the intrinsic
energy gap, E;, of the material where

X,‘ = hC/E,'. (‘*l’)

The second mechanism of generation involves im-
purity levels which are located in the forbidden energy
gap as shown in Fig. 1(b). In this type of detector, the
long wavelength cutoff is determined by the impurity
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level relative to the conduction or the valence band.
Gold-doped germanium is the best known infrared de-
tector of this type.

The radiation intensity decreases with the distance,
x, into the semiconductor as

J(x) = Jeo, %)

If most of the radiation is to be absorbed, (5) shows that
the thickness of the crystal should be of the order of 1/a.

In impurity-type detectors, the absorption coefficient
is given by

a = 0’1\’[ (())

where o is the cross section of the impurity level and N,
is the density of impurity level atoms. The cross section
for simple impurity levels can be approximated by
hydrogen atom formulas [2]. The density of impurity
levels is usually determined by the solubility limits of
the atoms in the semiconductors. In germanium, the
maximum solubility of gold is about 2 X 10'% atoms/cm3,
giving an a==0.14 cm™'; therefore, a germanium crystal
would have to be approximately 10 cm thick to absorb
most of the radiation. This rather small absorption co-
eficient is characteristic of most impurity semicon-
ductors [3].

In the intrinsic absorption process, the absorption co-
efficient near the main-band region is usually of the
order of 10* cm™!, and the radiation is effectively ab-
sorbed within about 1 micron of the surface. In the case
of the lead-salt photoconductive detectors [4], the ma-
terial is deposited in films approximately 1 micron thick.
This assures that the radiation affects the total volume
of the detector.

In broad-area diffused or alloyed p-n junction-type
detectors [5], [Fig. 1(c) ], such as indiunt antimonide, the
main generation occurs within the first micron of the
surface; however, it is not necessary to place the junc-
tion this close to the surface. The critical distance is set
by the diffusion length, L, of the minority carriers and
by the surface recombination velocity, S. For best per-
formance, the distance, w, of the junction from the sur-
face must satisfy

w <KL, (7a)

and
S K D/w, (7b)

where L=+/Dr and D is the diffusion coefficient for
the minority carriers. The crystal can be much larger
than either wor L.

Recombination Process: Some of the more important
mechanisms by which carriers can recombine are dis-
cussed below and shown in Fig. 2.

The inverse of the main-band absorption process is
the direct radiative recombination process where the
electron falls from the conduction band to the valence
band and gives up its energy by radiation [Fig. 2(a)]. It
is desirable that the carrier lifetime be limited by direct
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radiative recombination; however, in most detectors the
lifetime is limited by another mechanism.

In the normal recombination center (bulk and sur-
face) shown in Fig. 2(b), the minority carrier is captured
by an impurity center and then falls to the valence band
in a two-step process described by Shockley and Read
[6]. When the cross sections for the two steps are nearly
equal, the rate limiting step is set by capture of the
minority carrier by the impurity center, and the elec-
tron and hole lifetimes are equal.

Another tvpe of impurity center is called a non-
recombining trap [7] (bulk and surface) and is shown
in Fig. 2(c). This method of recombination differs from
the normal recombination in that the cross section for
the second step, the majority carrier, is relatively small.
Under these conditions, the majority carrier is free for
an extended period of time after the minority carrier is
captured. The increase in majority carrier lifetime will
be proportional to the time the minority carrier spends
in the trap. Thus, minority carrier trapping is a mecha-
nism for increasing the lifetime of majority carriers,
which increases the signal response as shown in (3).

S I S

NN

’/{
(a) (b) (c)

Fig. 2—Recombination processes in photoconductors. (a) Direct
recombination. (b) Normal recombination center. (c) Non-re-
combining trap.

The recombination process can be used to classify the
mechanism of detection. The impurity level detector
deals with the majority carrier, and the time constant
is the lifetime of the majority carrier. In the case of
single crystal minority carrier detectors such as photo-
voltaic detectors, the important lifetime is that of the
minority carrier.

Various researchers disagree on the basic recombina-
tion model in the thin-film lead-salt detectors. In one
model [8], [9], the majority carrier lifetime is increased
by the oxygen sensitization process which incorporates
minority carrier traps. Another model [10] suggests
that an array of p-n junctions is generated as a result of
the oxygen sensitization process. The interested reader
is referred to other sources, [4], [8]-[10], for further
discussion of this subject.

Noise Properties

Noise mechanisms [11] that limit detector perform-
ance are considered in the following sections.

Background Radiation: An infrared detector must, if
it is to be used in a physically interesting situation, have
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background radiation of some sort fall upon it. For de-
tectors used in laboratories, the background radiation
is that of a blackbody at the ambient temperature. The
background radiation has a random characteristic due
to random arrival of photons which sets an ultimate
limit to the smallest radiation signals that can be de-
tected. The statistics of this noise have been analyzed
by a number of authors, and a summary is given by
Jones [12]. Background radiation is one source of gener-
ation-recombination noise; the other main source is the
lattice (see below). An over-all goal of infrared detector
physics and technology is to achieve detectors that are
background radiation-noise limited.

Signal Fluctuations: In contemporary infrared detec-
tors, the inherent fluctuations in the signal can be
neglected, since background radiation fluctuations are
of a much greater intensity. However, in future detec-
tors which may operate in outer space, where effective
background temperatures can be very low, conditions
where fluctuations in the signal are of interest may be
encountered. These signal fluctuations can be handled
by the same methods used for background fluctuations.

Generation- Recombination Noise by Lattice Excitation
and Recombination: Detector noise caused by fluctua-
tions in the rate of generation of carriers by the lattice
and the corresponding recombination process [13] can
and usually does exceed background radiation noise. The
magnitude of the lattice-induced noise is related to the
lattice temperature, and cooling of the lattice reduces
this noise.

Nyquist-Johnson Noise of Conduction Electrons: The
electrons in the conduction band have velocity fluctua-
tions which are generally the source of the Nyquist-
Johnson noise, characteristic of all resistors [14]. This
is the only noise present in the detector at equilibrium.
In most photodetectors, the generation-recombination
noise can be made to exceed the Nyquist-Johnson noise
by proper biasing.

1/f Noise: Contemporary semiconductors have a
component of noise power characterized by a 1/f spec-
trum which is proportional to the square of the biasing
current. Considerable work is being directed toward de-
termining the basic foundation of this noise and reduc-
ing its magnitude [15]. Experimental evidence indicates
that 1/f noise is associated with surfaces, contact phe-
nomena, and bulk phenomena such as dislocations. The
subject is too complex to be discussed here, but 1/f
noise must be recognized as an important source of noise
in infrared detectors.

Amplifier Noise: The aim of amplifier design for use
with infrared detectors is to assure that detector noise,
not amplifier noise, limits the signal-to-noise ratio. This
condition can usually be achieved by careful design [16].

Signal-to- Noise Ratio

The signal-to-noise ratio for an infrared detector is
the basis for the absolute detectivity or sensitivity of a
detector [17]. It can be calculated and/or measured
with knowledge of the signal properties and the noise
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properties. For the purpose of characterizing detectors
the concept of signal-to-noise ratio per unit of signal
radiation, the detectivity, is useful. The concept of
noise-equivalent-power, which is the radiation power re-
quired to give a signal equal to noise, is also useful.

BACKGROUND RADIATION LIMITED CONDITION
oF OPERATION (BL1pP)

Asstated above, an important goal of infrared-detector
physics and technology is the achievement of the true
radiation limit of detectivity. In order to show the phys-
ics behind this condition, a discussion of the intrinsic
photoconductor will be presented. This discussion is
based on [13] where the background limited photocon-
ductor was first analyzed with explicit consideration
given to both the lattice-induced and the background
radiation-induced noise. Recently, Burstein and Picus
[18] have discussed the background limited condition
for impurity level photoconductors and have coined the
term Blip (background limited infrared photoconduc-
tor to describe it.

Intrinsic Photoconductor [19]

The instantaneous electrical conductivity of an in-
trinsic semiconductor is

o(t) = a(uen(t) + mp(t)) = quN(©O)/V, (8
where
V=Adyu=p.+ p,and N = pV = pV.

Here, g is the electronic charge, N(¢) is the total number
of conduction electrons, V is the volume, 4 is the
surface area, d is the thickness of the detecting fila-
ment, and g, and u, are the mobilities of electrons and
holes, respectively. The radiation signal is measured by
the change in conductance caused by a change in N;
therefore, the smallest signal that can be detected will
be limited by the random fluctuation in V.

The two fundamental mechanisms by which N can
fluctuate are phonon and photon absorption and emis-
sion, due to the lattice and background radiation. Other
noise mechanisms present in the semiconductor are
neglected for this discussion.

Since incident radiation will penetrate into the semi-
conductor to a depth of about x=1/a, material at a
depth greater than 1/a sees little incident radiation
and shunts the radiation effects. The analysis can be
simplified if the filament thickness is assumed to be
d<1/a and the radiation is considered to be uniform
over this region. Small densities of impurity levels, both
bulk and surface, may be present for lattice excitation
and recombination processes |Fig. 2(b)], but the elec-
tron and hole distribution is assumed to be that of the
intrinsic semiconductor.

The small signal properties are governed by

dAN,/dt = An.J, — AN,/7, )
AN, = N() — N,
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where N is the equilibrium number of electrons in the

absence of the signal radiation J,, 7, is the responsive

quantum efficiency, and 7 is the electron-hole lifetime.
These quantities can be expressed as

C 00
Js = TfE‘/hn,(V, T,)dv, (10)
" = Jf - f T, T, (11)
1) = (1= B[t = =]/ [1 ~ Re=t], (12
and
/7 = 1/r, + 1/m,, (13)

where n,(v, T) is the density of photons in the radiation
signal, T, is the temperature of the signal source, n(»)
is the responsive quantum efficiency at the spectral fre-
quency », R is the reflectance of the detector surface, r,
is the radiative lifetime, and 7, is the lattice lifetime
which includes the effects of both bulk and surface re-
combination centers [Fig. 2(b)].

The solution of (9) for a sinusoidal signal of modula-
tion frequency, f=w/27, is

LAN(() ] = AnJ,o/[1 + (wr)2]ie, (14)

The signal response can be increased by increasing the
lifetime and by increasing the quantum efficiency. It can
be seen that the carrier lifetime is the responsive time
constant of the detector. The fractional change in con-
ductivity is

lav, | et
N a nd[1 + (wr)2]i/2 ,

(15)

showing the importance of making the equilibrium den-
sity of carriers as small as possible.

The fluctuation in N, which is the fundamental noise,
is analyzed in Appendix A of [13]. The mean-square
fluctuation of N in a small frequency interval, Af, is

AN*(f)) = (16)
F; is the mean rate of generation of carriers by back-
ground radiation, R, is the mean rate of re;ombination
with emission of radiation, F;is the mean rate of genera-
tion of carriers by absorption of lattice phonons, and
R, is the mean rate of recombination with emission of
lattice phonons. F, can be expressed as

Ac¢ ©

Fr=mnJ.4 = ——f 1w nv, T,)dv, {a7n
4 Jegm
8ry?

nv, T,) = (18)

(it — 1)

where J, is the background radiation flux incident on
the detector, and T, is the temperature of the back-
ground radiation. A hemispherical field of view is as-
sumed in (17).
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When E;>>kT,, the —1 in (18) can be neglected and
nJ, = B,(T,)C-E /kT,’ (19)

where

s - ([ (50 )] o

In the absence of an exact distribution function for
lattice phonons, an analogy with the radiation field
yields,

Fy= g4,
mJy = BT )e EilkTy

(21)
(22)

E;> kT,

where J; is the lattice phonon tiux and T, is the lattice
temperature. The lattice excitation involves the same
activation energy, E,, as the radiative process.

When a dynamic equilibrium has been established,

F.4+F, =R, + R, (23)

represents a state in which the total rate of generation
must be equal to the total rate of recombination, Sub-
stituting (23) into (16),

Afdr*A(n,, + mi)

AN )= —
@N(f) ) t oy (24)

which expresses the noise in terms of the rates of gencra-
tion of carriers by the radiative and lattice processes.
The recombination rates can be expressed [13]in terms
of the lifetimes as

R, = N/27,, R, = N/27, (25)

and
R, + R = N/21. (26)

The detailed balance (23) can be expressed in terms of
the semiconductor parameters by combining (23) and

(25),
nd /1 1 nd
77r-’r+7]ljl=7<_+_'>=_'

T T 27

(27)

When (27) is substituted into (24), an expression for the
noise in terms of semiconductor parameters is obtained,

2AfnAd

(AN%(f)) = m :

(28)

Combining (14), (24), and (28) two equivalent expres-
sions for the signal-to-noise ratio are obtained:

IiA.V,(f)lr _ ﬂ,\/Z B o)
VAN [4af(g.d, + g, i
and
lav| s 30)

VAN Qudaf/oyr

Eqgs. (29) and (30) allow for a discussion of the signal-
to-noise ratio of an intrinsic photodetector under dy-
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namic as well as thermal equilibrium. Eq. (29) is espe-
cially useful for analyzing the effects of cooling the back-
ground radiation and/or the lattice since J, and J; are
functions of 7, and 17, respectively, as shown in (19)
and (22). Conversely, (30) is useful for discussing the
effects of the semiconductor parameters on the signal-to-
noise ratio. It is important to emphasize that (29) and
(30) are cquivalent because of the detailed balance con-
dition (27). These equations will now be used to discuss
actual and ideal detectors, and methods of obtaining an
ideal detector.

Ideal Radiation Detector (Blip)
An ideal radiation detector must satisfy two criteria:
1) It must detect with unit quantum efhciency all of

the radiation in the signal for which the detector is
designed,

(31)

2) The noise should be that of the background radia-
tion that comes from the field of view of the detec-
tor. In terms of (29) this means that

7, = L.

et > it (32)

that is, the carriers should be generated by back-
ground radiation, not by the lattice.
n,J, is given by (17) for detectors which have a hemi-
spherical field of view, but if apertures are used,

T]r.]r = (ﬂr—’r)l"l’ + (nr—’r)h“\"l'- (33)

In an ideal detector only (,J,) pv should be present.

While (32) assures that lattice noise is dominated by
radiation noise, it does not assure that the radiation
noise dominates other noises such as 1/f noise. For this
reason (32) is a necessary, but not a sufficient condition,
for ideal operation. Background radiation must domi-
nate all other sources of noise if ideal conditions are to
be achieved, The term Blip [18] is quite suitable since
it stresses the importance of the background radiation.

The signal-to-noise ratio for the ideal Blip detector
for intrinsic photoconductors can be obtained by sub-
stituting (31) and (32) into (29);

(S/N)iip = VAT (HAf — T3, 34

where 7,=1 is required over the spectral region of in-
terest by definition of the Blip condition. For certain
detectors the v/4 in the denominator of (34) is replaced
by v/2. An example of this is the broad area p-n junction
detector, where only excitation noise is present and the
recombination term is absent. This point is further dis-
cussed by Pruett and Petritz [5].

Methods for Achieving Blip Operation

An optimization of the responsive quantum efficiency
can be understood from an analysis of (12). For thick
crystals, ad>>1,

7(») =1 — R, (12a)
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while for thin crystals, ad<1,
(1 — R)ad
(1 = R(1 — ad)]

n(v) (12b)

A loss in signal due to a low responsive quantum eth-
ciency will result from a crystal that is too thin, while
some of the signal will be shunted by a crystal that is
too thick. A good compromise discussed after (5) is
ad==1, where

(1= B0~ )

(1 - Re =

n(v) =

A reduction of reflection by optical coating techniques
will vield a further improvement in n{(»).

The reduction of noise to the condition of being gen-
erated only by background radiation will now be dis-
cussed. At room temperature, contemporary photo-
conductors have n,J,>>n.J,; that is, the generation ol
carriers occurs primarily through lattice excitation. It
can be seen from (22) that the generation of carriers
through lattice excitation can be reduced by cooling the
lattice. It has been shown experimentally that cooling
the lattice, while keeping the background radiation con-
stant, does improve the detectivity of the detectors
toward the Blip condition.

It is of considerable interest to determine whether or
not the Blip condition of operation can be achieved
without cooling the lattice. At thermal equilibrium,
there exist additional equations of detailed balance,
other than (27), for radiative and lattice processes
separately. These are

e, = nd/2r, 335)

and

171.]1 = Hd,/2Tl. (36)

These equations require a balanced condition of absorp-
tion and emission of photons and of lattice phonons
separately. The over-all equation of detailed balance
(27) is obtained by adding (35) and (36).

From (35) and (36),

mJi/nd, = 1./70 37)
It is required that
/1K1, (38)
and
r— 1, (39)

to achieve the condition of (32). This means that the
electronic system must be decoupled from the lattice to
allow the lifetime to approach the radiative lifetime
required in (39). If this can be done, the Blip condition
can be achieved without cooling the lattice.

The next question is how the electronic system can be
decoupled from the lattice. It may be possible to do this
in single crystal detectors. In the case of germanium,
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improved crystal technology has increased the lifetime
from microseconds to the order of milliseconds. Im-
proved crystal technology may lead to increases in
carrier lifetime in single crystal detectors such as in-
dium antimonide. It may be possible to achieve its cal-
culated radiative lifetime of 3X10~7 second [20] at
room temperature. However, it remains to be done and
this is pointed out merely as an approach.

When the Blip condition is approached, (35) and (39)
yield

nJ, = nd/27. (40)

Since n,J., is fixed by the background radiation level, n
and 7 are no longer independent variables. Comparison
of (40) with (27) indicates that in the Blip condition, the
ratio n/7 has a minimum value. The necessary reduction
from the value in (27) can be achieved by a reduction
of n, an increase of 7, or both. When the lattice is
strongly coupled to the electronic system and the lattice
is cooled, n will decrease while 7 remains essentially un-
changed. If the lattice is decoupled from the electronic
system and no cooling is employed, 7 will increase and
approach 7,, the radiative lifetime. At the same time,
n will remain constant because at thermal equilibrium
n is a thermodynamic quantity in an intrinsic semi-
conductor.

Whether or not the complete Blip operation is
achieved at room temperature-is not the only point of
this discussion. The degree of cooling necessary to
achieve Blip operation is related to the strength of
coupling to the lattice. If the carrier lifetime is in-
creased by decreasing the lattice coupling, a correspond-
ing lessening in the cooling requirement is obtained;
thus, by improved crystal technology, the cooling re-
quirement can be steadily reduced. One suggested goal
would be an attempt to move the cooling requirement
from the liquid nitrogen temperature to the dry ice
temperature. The next few years of detector research
and development may make this possible.

Blip Conditions for Other Types of Infrared Deteclors

While the preceding discussion has been in terms of
the intrinsic photoconductor, the requirements for Blip
operation are basically the same for all types ol infra-
red detectors. Analysis of impurity level detectors by
Burstein and Picus [18] and the lead salts by Petritz
[8] shows that (32) is a necessary condition for Blip
operation. The over-all signal-to-noise ratio is rednced,
due to increased noise, if the carriers are generated by
a mechanism other than by background radiation.

While the intrinsic detector may reach Blip operation
without extensive cooling, certain types of detectors re-
quire cooling for additional reasons.

Impurity Level Photoconductors [3], [18]: Impurity-
type photoconductors are of interest for detecting infra-
red radiation beyond 3 microns. Since such impurities
have very low energy levels in the semiconductor [see
Fig. 1(b) ], without cooling, the centers would be ther-
mally ionized and very little absorption of radiation
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would take place at the impurity levels. Cooling is
necessary in the case of impurity-type photoconductors,
first, in order to have the carriers in the impurity levels
where they may absorb radiation, and second, to reduce
lattice noise (32).

Minority Carrier P-N Junction Infrared Detectors [5]:
The p-n junction [Fig. 1(c)] infrared detectors are also
of considerable interest for detection beyond 3 microns.
In these detectors, notably indium antimonide, cooling
is required to obtain good p-n junctions; the intrinsic
numbers of carriers is so large at room temperature that
the minority carrier effects are completely masked.
Long-wavelength p-n junctions require cooling to obtain
good p-n junctions and to reduce lattice noise. It is con-
ceivable that shorter wavelength p-n junctions could
reach the Blip condition without cooling.

Lead-Salt Film Detectors [4]: Lead sulfide is a very
good photoconductor at room temperature although
it does not reach Blip operation [21]. Cooling improves
these detectors by reducing the lattice contribution to
the noise, and the Blip condition is approached at solid
carbon dioxide temperatures except for a component of
1/f noise which is usually present.

The longer wavelength lead-salt detectors such as
lead selenide and lead telluride are far from the Blip
condition at room temperature, and cooling improves
these detectors in a more complex manner than in lead
sulfide. Cooling appears to improve the signal response
by an increase in the lifetime of the carriers [see (3)]. At
temperatures of the order of 77°K, in both lead selenide
and lead telluride, the carriers are generated principally
by background radiation. However, both of these de-
tectors still have 1/f noise at these temperatures, and
the main improvement that can be obtained at low
temperatures will be from a reduction of 1/f noise.

Photoelectromagnetic Detectors (PEM) [5], [22]:
PEM detectors have been reported to operate quite well
without cooling, and offer promise for still higher per-
formance without cooling. This detector is a single
crystal device. A magnetic field is used to separate
photo-generated holes from electrons, causing a trans-
verse voltage in the presence of radiation. The minority
carriers are the important carriers, similar to the p-n
junction detectors, but no p-n junction is required to
separate the carriers. It is conceivable that this de-
tector may approach Blip operation at or near room
temperature, but further study is required to under-
stand the competition between the Nyquist-Johnson
noise of conduction electrons and the generation-recom-
bination noise.

Information Capacity and the Blip Condition

When a detector is limited by generation-recombi-
nation noise, whether of lattice- or background-radiation
origin, the frequency response of the signal and the spec-
trum of the noise are identical, as shown explicitly in
(14) and (24). Under these conditions, electronic tech-
niques can be used to boost the high-frequency response
of both the signal and the noise without impairing the
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signal-to-noise ratio; therefore, the information ca-
pacity of the detector is not limited by the carrier life-
time. Now, when the detector is in the Blip condition
these arguments are still valid, and moreover the signal-
to-noise ratio is a maximum. Thus Blip should be
achieved even at the expense of an increased time con-
stant. Electronic techniques can then be used to increase
the information capacity of the system.

While this discussion has been in terms of intrinsic
photodetectors, it is basic for all photodetectors and has
been subjected to experimental proof in recent work on
lead sulfide {23]. A lead-sulfide detector was studied at
room temperature and at —350°C. The time constant
¢hanged from 500 microseconds (f, =1/2wr =310 cps) at
room temperature to 5 illiseconds (fe=31 cps) at
—50°C. The 1-cycle NEP was improved more than a
factor of 10 by cooling. This improvement was not
gained at the expense of information capacity, since a
bandwidth for the cooled detector greater than the
original 310 cps was obtained by electronic techniques.

This experiment shows that a most important objec-
tive is to approach as nearly as possible the Blip condi-
tion of operation by whatever techniques must be em-
ployed. After this condition is achieved, one can then
use electronic techniques to increase the bandwidth of
the detector. Such an approach will achieve the maxi-
mum signal-to-noise ratio for a given bandwidth re-
quirement.

These statements are based on the assumption that
the noise is generation-recombination noise. Usually the
noise will have a 1/f component at low frequencies, and
at sufficiently high frequencies, must go into white
noise of the resistor and amplifier. This limits the extent
to which frequency compensation can be employed and
requires a more detailed study. Such a study has been
made in two papers on the information capacity of de-
tectors [23], [24].

Noise Figure—.: Figure of Merit for Detectors

The degree to which a detector approaches an ideal
detector can be expressed by the noise figure, F, defined
as
I

(S/‘\r)21!!:7)/(3'/~\Y)2ncl,unl
(A\'I':p)?\l(‘tu:\l/(NEP)?B“): = (D*)2lflip/(D*)2nC|lln|' (‘l‘l)

(S/N)2gip is the signal-to-noise ratio expected from an
ideal detector, and (S/N)%cwar is the actual value of
the ratio for the detector. D* is the signal-to-noise
ratio referred to unit radiation power, unit bandwidth
and unit area [25]. /7 is called the noise figure since it
corresponds to the noise figure as defined for micro-
wave and radio-frequency receivers [26]. F approaches
unity for a Blip detector and is greater than unity for
a nonideal detector.

This can be seen in more detail by considering the
theoretical expressions for the intrinsic detector operat-
ing under generation-recombination noise. Substituting
(29) and (34) into (41) yields,
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F = (n/n)2[1 + (nJ /0T ).

F is greater than unity because of the two effects de-
fined by (31) and (32).
When the detector is being limited by lattice noise,

F = nJin*/, (43)

(42)

where
nl-ll >> nr-,r'

and increasing the quantum efficiency improves F as
1/9. When the detector is background radiation noise
limited,

F= /922 1/y,, 44dH
where
nmJ1 <L n.J+,

and the improvement of #is with 1/, rather than 1/7,
because an improvement of quantum efficiency now af-
fects the noise.

To facilitate the use of the noise figure, it is useful to
have a plot of D*gip as a function of the long wave-
length threshold, ;. The definition of D*gy;p 18

D*piip(N)) = (S/N)miipV/Af/ (EJ A/ A), (45)
where £, = I; = hic/\;. Substituting (34) into (45)
(46)

D¥prip(\i) = ————=,

Bl p(. ) Ei\/'l‘Jr
where J, is calculated from (17) with n(»)=1 for
»>v;, and n{») =0 for v<v;. A hemispherical blackbody
radiation at 7,=300°K is assumed. A discontinuity
exists as E;—0, and

D*piin(E; — 0) = (160kT5)~12 = 1.81 X 10°, (47)

has been calculated for an ideal blackbody thermal de-
tector [12]; ¢ is the Stefan-Boltzmann constant.
D*p1i, (\2) is plotted vs ;i and E; in Fig. 3.

\Vhile the question of the characterization of detec-
tors requires more discussion than can be given here,
it is suggested that the noise figure be considered as a
figure of merit for detectors. The reasons are: F is a
quantitative measure of the departure from an ideal
detector, and the methods for determining F are con-
sistent with methods used for other radiation receivers.
Because of its generality and related uses in the micro-
wave and radio-frequency bands, it is suggested that
the noise figure, rather than its reciprocal [27], be em-
ployed in the infrared region in order to avoid new
terms. For an example of the use of the noise figure for
an infrared detector see Pruett and Petritz [5].

THERMAL DETECTORS

The theory of thermal detectors is given in [12] and
[28], and an up-to-date summary of their characteris-
tics appears in this volume [29]. The discussion here
will be confined to the basic characteristics of thermal
detectors and to the possibilities for this type of detector
to reach the Blip condition.
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Fig. 3—Detectivity D*pip of background-limited infrared photocon-
ductors plotted against their long wavelength cutoff and corre-
sponding energy gap. This curve assumes both generation and
recombination processes contribute to the noise, if only one does,
the values of D*gy;, are increased by a factor +/2.

Signal Properties

In general, thermal detectors can be considered as
blackbody detectors; that is, they will absorb radiation
rather uniformly over the infrared spectrum. Currently,
they are the only detectors that will operate without
cooling out to wavelengths as far as 14 microns. This
is one of the inherent advantages of thermal detectors
over photodetectors.

The photon absorption in thermal detectors causes
temperature rise in the lattice, which then causes a
change in an electronic property. The rise in tempera-
ture will depend upon the thermal capacity of the sys-
tem; therefore, great care is taken to make these detec-
tors as small as possible.

Consider next how temperature equilibrium is estab-
lished in the detector. If the detector is coupled to its
environment only through the background-radiation
field, temperature equilibrium is established by re-
radiation from the detector element. Such a condition
in principle, could be achieved by suspending the detec-
tor in a high vacuum, with very low thermal conduc-
tivity leads attached to it. Such a detector has a very-
long-time constant because the rate of reradiation is
quite slow.
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Inactual practice, higher-speed detectors are desirable.
These are made by mounting the sensitive wafer on a
body which rapidly conducts heat away from the detec-
tor. Therefore, the total thermal conductivity is the
sum of that due to reradiation plus that through the
backing material. Usually the thermal conduction
through the backing material completely dominates the
reradiation effect. Much of today’s technology on ther-
mal detectors is to decrease the time constant by in-
creasing the thermal conductance and by decreasing the
thermal mass of the detector

Noise Properties

The ultimate noise of the thermal detector, as in all
infrared detectors, is established by fluctuations in the
background radiation. Such noise would manifest itself
as a temperature fluctuation in the detector element,
However, thermal detectors as presently manufactured
do not approach this noise mechanism, but are limited
by the Nyquist-Johnson noise of the conduction elec-
trons.

Present thermal detector technology, which aims to-
wards increasing the speed of response by thermal con-
duction to the backing plate, is going in the wrong
direction to achisve the Blip operation. The tempera-
ture fluctuations under this condition will result from
heat flow to the backing plate and will not be due to
backgrouna radiation. The heat conduction to the
backing plate plays an analogous role to the nJ; term
in the photodetector, [see (29) ]; therefore, increasing
this term leads away from the Blip condition. However,
so long as these detectors are limited by Nyquist-Johnson
noise, the speed of response improvements are achieved
without raising the noise level; thus, they are entirely
in order. This is pointed out to indicate that such ap-
proaches will not achieve the Blip condition.

The use of cooling to improve the performance of
thermal detectors is discussed by Smith, Jones, and
Chasmer [28], but the reported experimental results to
date have fallen well below the theoretical expectations.
One particular cooled thermal detector, the supercon-
ducting bolometer, has received considerable study, but
for a number of reasons [28] has yet to be developed
into a practical device.

An approach to the Blip condition in thermal detec-
tors, which might not require cooling, is to suspend the
detector element in a vacuum such that it is coupled
predominantly to the radiation field. The resulting
very-long-time constant could be tolerated and elec-
tronic means could be used to speed up the response of
the detector if the true Blip condition were achieved.
However, in addition, it would require the overcoming
of the Nyquist-Johnson noise, which seems difficult in
terms of present technology.

In summary, thermal detectors are of great impor-
tance for long wavelength detection at room tempera-
tures, but rather difficult problems must be overcome
before they will approach the Blip condition.
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Futrure TRENDS

An important goal will be to develop Blip detectors
to efficiently cover the infrared spectrum. It appears
that cooling will be allowed for high-quality military and
commercial detection systems; therefore his approach
will be discussed first. Nearly ali contemporary photo-
detectors are approaching the condition that the gener-
ation of carriers is mainly by background radiation if
the detector is cooled sufficiently. However, none of
these detectors has quite reached the total Blip condi-
tion because of 1/{ noise. Therefore, more emphasis will
be placed on improving the noise characteristics of de-
tectors. This means more rescarch on contact phe-
nomena, surfaces and other sources of 1 { noise.

A second improvement in contemporary detectors
will be to utilize fully the signal radiation; that is, to
improve the responsive quantum efficiency, 7,. Anti-
reflection coatings, optimizing detector thickness rela-
tive to absorption coefficient, and other techniques will
lead to over-all improvements in ..

A third and important area will be that of increased
emphasis on the physics and chemistry of detector
preparation to optimize production vields. Better uni-
formity of response and methods of assuring no deteri-
oration under adverse storage conditions will be realized.

Another goal will be to provide the user with a broader
range of detectors that do not require cooling. Here the
physics of hole-electron recombination processes be-
comes especially important and research will be done
to decouple the electronic system from the lattice.

Concerning thermal detectors, further work aimed
at improving their speed of response, uniformity of re-
sponse, and general methods of preparation, can be
expected. The present approach to achieve higher speeds
of response does not appear to be compatible with
reaching Blip conditions. 1lowever, good performance
of thermal detectors at room temperature will make
them valuable detectors for the indefinite future. More
work will be done in the area of cooling thermal detec-
tors and improvements in performance should result.

Finally, a completely new device, the infrared maser
[30], can be expected to receive attention and it may
have a large impact on the over-all infrared picture.
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Infrared Photoemission*

G. A. MORTON, freLLOW, IRE}

HOTOEMISSION is used as the basis of many
Pdevices which operate in the near infrared portion
of the spectrum. The image tube (1P25) illus-
trated in Fig. 1, which was the essential component of
the Sniperscope and Snooperscope used in World War
11, is an example of such a device. The infrared sensi-
tive photocathode of this type of image tube is a sensi-
tized semitransparent film of silver-oxygen-cesium on
the optically-polished end-window of the tube. Radia-
tion reaches this sensitive surface through the glass
window and electrons are emitted from the other side
into the vacuum within ‘the tube and electrostatically
focused onto the phosphor viewing screen. Opaque in-
frared sensitive photocathodes can also be formed using
activated silver-oxygen-cesium layers very similar to
those used as semitransparent cathodes. Such opaque
cathodes are frequently employed in phototubes, cer-
tain types of photomultipliers, and similar devices.
The silver-oxygen-cesium photocathode was one of
the first to be found which had sufficient sensitivity to
long wavelength radiation to be useful for practical de-
vices operating in the visible portion of the spectrum,
Its application to phototubes was first described by
Koller? in 1929 and, until the mid-1930's, was virtually

* Original manuscript received by the IRE, June 26, 1959.

t RCA Labs., Princeton, N. 1.

'G. A. Morton and I.. E. Flory, “An infrared image tube and
its military applications,” RCA Rev., vol. 7, pp. 385-413: September,
1946.

2 L. R. Koller, “Some characteristics of photoelectric tubes,”
J. Opt. Soc. Am., vol. 19, pp. 135-145; 1929,

Fig. 1-—The 1125 image tube.

the only cathode used for the detection of visible light.
One procedure for preparing silver-oxygen-cesium
photocathodes may be briefly described as follows.
Silver is evaporated in a thin film over the area to be
activated. This silver is oxidized by means of a glow
discharge in oxygen at a pressure of about 1 mm g,
The surface is then exposed to cesium vapor and then
baked at about 200°C. Further improvement in sensi-
tivity can be obtained, as was pointed out by Asao and
Suzuki? by evaporating a small amount of Ag onto the

¥ S. Asaoand M. Suzuki, “Improvement of thin film cesium photo-
electric tubes,” Proc. Phys. Math. Soc. Japan, vol. 12, pp. 247-250;
1930.
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Fig. 2—Spectral response of the silver-oxygen-cesium photocathode.

cesiated surface and subjecting it to additional thermal
treatment.

The spectral response of the silver-oxygen-cesium
cathode (designated by RETMA as Type S1) is shown
in Fig. 2. The response has a minimum in the green por-
tion of the spectrum and rises to a maximum between
0.8 and 0.9 microus from which it decreases to a practi-
cal threshold between 1.2 and 1.3 microns. At its maxi-
mum in the red, the quantum efficiency of this cathode
is in the neighborhood of 1 per cent. Bevond 1-micron,
the quantum efficiency falls exponentially with the re-
ciprocal wavelength. With the aid of very sensitive
measuring equipment, a well-activated silver-oxygen-
cesium cathode shows some response out as far as 2
microns.?

Three hypotheses have been brought forward to ac-
count for the infrared response of the silver-oxygen-
cesium photocathode. In order to evaluate these hy-
potheses, it is necessary to examine them in the light of
present photoemitter theory.

Photoemission may be thought of as involving the
following three steps:®

1) Excitation of an electron by the absorption of the
energy of a photon.

2) Transport of the excited electron from the point
of excitation to the surface of the emitter.

3) The emission of the electron through the surface
potential barrier at the interface between emitter
and vacuum.

This may be represented diagrammatically as shown in
Fig. 3. In this figure, which represents a metallic emit-
ter, energy is plotted vertically and distance hori-
zontally. The shaded area represents the distribution of
valence electrons (e.g., in a metal). E,, which is the
energy difference between the top of the electron distri-
bution and the potential barrier into the vacuum space,
is the minimum energy an electron must have if it is
to be emitted.

When a photon which enters the material is absorbed
by an electron, it gives up an amount of energy which

4 4Spudy of Photoemissive Surfaces,” ERDL Contract DA44-
009-eng-2515.

5\, E. Spicer, “Photoemissive, photoconductive and optical
absorption studies of alkali-antimony compounds,” Phys. Rer., vol.
112, pp. 114-122; 1958,
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is expressed by the Einstein relation hv= he/N=E. Ashas
already been pointed out, emission can only occur when
this energy E is greater than E,. Therefore, any given
photoemitter will have a long wavelength limit given
by N =hc/ E..

If the excitation occurs at some distance within the
emitter, a further condition must be satisfied, namely,
that the loss of energy during transport between the
point of excitation and the surface must be small
enough so that when the electron reaches the surface, it
still has an energy greater than E, and can be emitted.
This is a very important consideration and unless it is
satisfied, the quantum efficiency of the emitter will be
small inasmuch as only those electrons excited very
near the surface can escape, while the majority of pho-
tons will be absorbed at depths too great to be effective
in producing photoemission. This, together with optical
reflection loss, is the reason why metals in general are
poor emitters.

All efficient photoemitters are semiconductors. A
characteristic of a semiconductor is that the valence
electrons completely fill the valence band as indicated
in Fig. 4. Between the valence band and the conduction
band, there is a forbidden energy region in which (in the
absence of impurities) electrons cannot exist. In the dia-
gram, this forbidden gap is designated as E¢. The po-
tential of the space surrounding the photoemitter is
above that of the bottom of the conduction band by an



1959

amount E,. This energy difference is known as the
electron affinity.

For photoemission to occur, the excited electrons
must receive from the absorbed photons an energy
equal to or greater than Eg+E,. If the energy Eg¢ of
the forbidden band is greater than the electron affinity,
an electron excited within the material to an energy
only slightly greater than Eg+ E4 can move through
the material to its surface with only a small loss of
energy. This is because electrons cannot exist in the for-
bidden band, and therefore the smallest amount of ener-
gy which can be accepted by a valence electron is Eg;.
An clectron having the energy Eg+E,4 does not have
energy enough to give up an amount of energy Eg¢ to
another valence electron. During the transport there
will be, of course, some loss of energy by the electrons
moving through the material because of phonon and
impurity scattering. llowever, this loss is relatively
small so that semiconductors with small electron affini-
ties may be very efficient photoemitters.

Examples of efficient semiconductor photoemitters
are cesium antimonide (Cs;Sb) photocathodes® and tri-
alkali (Na;KSb:(Cs) photocathodes.” The forbidden
band energy Eg, electron affinity and long wave limit
of these emitters are:$

E; (ev) E4 (ev) Ao
CsiSb 1.6 0.45 6000 A
Na,Ksb:Cs 1.0 0.55 8000 A.

The semiconductor in silver-oxygen-cesium cathodes
is cesium oxide. Absorption measurements indicate that
the band gap for this semiconductor is E¢=2 ev.? Even
with an electron affinity £, =0 volts, the intrinsic long
wave limit would be about 4000 A. This satisfactorily
accounts for the rise in the response of the silver-
oxygen-cesium cathode at short wavelengths, but does
not explain the infrared response.

¢ P. Goerlich, “On composite transparent photocathodes,” Z.
Physik, vol. 101, pp. 335-342; 1936.

"A. H. Sommer, “New photoemissive cathodes of high sensi-
tivity,” Rev. Sci. Instr., vol. 26, p. 725; 1955.

% J. H. deBoer, “Electron Emission and Adsorption Phenomena,”
Cambridge University Press, Cambridge, Eng.; 1935.
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The first model to be suggested attributes the infra-
red response to a surface layer of cesium which is par-
tially polarized by the complex underlving material.?
Recent experimental work which shows that infrared
sensitivity is not found in very thin layers of silver-
oxygen-cesium throws doubt on this explanation, but
does not rule it out completely.® A second explanation
is that the infrared emission is from colloidal particles
of silver embedded in a cesium oxide matrix.!® Electrons
from the silver are emitted into the conduction band
of the semiconductor and through it to the surface of
cathode. The nearly uniform optical absorption of the
material on the long wavelength side of the absorption
edge of the semiconductor is a strong argument in favor
of this explanation. Finally, the infrared response may
be due to silver as a donor-type impurity in the cesium
oxide semiconductor.'' Donor levels 0.5 to 0.7 ev below
the conduction band, together with the known very
low electron afhnity of the material, could readily ac-
count for its long wave response.

Active research is in progress, not only in this coun-
try but also in many others, directed both toward ob-
taining a better understanding of this type of photo-
emission and toward finding better long wavelength
sensitive materials.

In view of the advances in the understanding of
the phenomenon of photoemission as a result of the
investigations made in the last few years, there is every
reason for optimism for the possibility of greatly im-
proved infrared photoemitters.

ACKNOWLEDGMENT

The author wishes to express his appreciation of the
assistance given him by Dr. A. Il. Sommer and Dr.
W. E. Spicer in the preparation of this review.

® P. G. Borzyak, V. F. Bibik and G. S. Krameranko, “Distinctive
characteristics of the photoeffect in Cs-O-Ag photocathodes,” Bull.
Acad. Sci. USSR Phys. Ser., vol. 20, p. 1039; 1956.

19\V, E. Spicer, private communication.

). E. Davey, “Thermionic and semiconducting properties of
(Ag)-Cs:0, Ag, Cs,” J. Appl. Phys., vol. 28, pp. 1030-1034; 1957,




1470

Paper 3.3.3

PROCEEDINGS OF THE IRE

September

Thermal Radiation Detectors”

R. DE WAARD{t axp E. M. WORMSER{

INTRODUCTION

REVIOUS sections have reported on detectors
Pexhibiting various photo effects. The spectral

response of these detectors is limited and gen-
erally not uniform. In thermal detectors, on the other
hand, the radiant energy is absorbed in a thin black-
ened surface causing a minute rise in temperature in
the blackened surface. Methods of blackening are such
as to result in thermal detectors of uniform spectral
responsivity throughout the spectral regions of princi-
pal interest, i.e., from the visible to beyond 15 microns
in the infrared.

Various physical phenomena are utilized to detect the
minute rise in temperature in the thin blackened surface
and to transduce this thermal energy into a correspond-
ing electrical signal. Detectors utilizing these phenome-
na are described in the following sections. Also, else-
where in this issue, various types of thermal radiation
detectors are described in detail by the authors,! with
emphasis on their systems applications.

THERMOELECTRIC DETECTORS

An electromotive force is generated at the junction of
certain dissimilar metals or semiconductors in contact
with a thin black absorbing foil as the temperature is

* Original manuscript received by the IRE, June 26, 1959.

t Barnes Engineering Co., Stamford, Conn.

' R. De Waard and E. M. Wormser, “Description and properties
of various thermal detectors,” paper 4.1.3, this issue, p. 1508.

changed. Since the thermal junction is of low resistance,
a transformer is employed to couple the output to a
conventional vacuum-tube circuit.

PNEUMATIC DETECTORS

A closed volume of gas is in close contact with the
thin, blackened, absorbing membrane. The gas expands
due to the temperature rise in the absorbing membrane.
A flexible metallic membrane is distended by the gas
expansion. The flexible metallic membrane may form
one side of a condenser microphone which is in a suit-
able detection circuit. Alternately, the curvature of the
flexible metallic membrane may be detected by an opti-
cal amplifying system which, in turn, modulates the
light received by a photocell. The output from the
photocell is amplified in a conventional manner.

BOLOMETER DETECTORS

In bolometer detectors, a thin strip of metal having a
large positive change of resistance with temperature, or
a thin strip of semiconductor having a large negative
change of resistance with temperature, is placed in inti-
mate contact with the thin, blackened surface. In bo-
lometer detectors, in fact, the black-absorbing coating is
usually applied directly to the thin bolometric strip.
The minute change in temperature causes a small
change in resistance in the bolometric strip. A dc polar-
izing voltage is applied across the bolometric strip to
detect the change of resistance as a corresponding
change in the polarizing voltage.
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Film-Type Infrared Photoconductors*

R. J. CASHMAN

INTRODUCTION

HHOTOCONDUCTIVITY was first observed and
Pcorrectly interpreted in 1873 by Smith.! Selenium

rods, which served as high-resistance elements in
circuits designed for testing long submarine cables, were
found to decrease in resistance in the presence of light.
Smith’s discovery provided a fertile field of investiga-
tion for several decades, though most of the effort was
of doubtful quality. By 1927, over 1500 articles and 100
patents had been listed on photosensitive selenium.?
Selenium has a spectral response which extends slightly
into the infrared to about 9000 A.

The first infrared photoconductor of high responsivity
was developed by Case in 1917. He discovered that a
substance composed of thallium and sutfur exhibited
photoconductivity.? Later he found that the addition of
oxygen greatly enhanced the response.* During the
next fifteen years, many laboratories throughout the
world engaged in research on photoconductivity and
related phenomena.’ In spite of all this activity, certain
undesirable characteristics persisted in photoconduc-
tors. Instability of resistance in the presence of light or
polarizing voltage, loss of responsivity due to over-
exposure to light, high noise, sluggish response and lack
of reproducibility seemed to be inherent weaknesses.
About 1930, the appearance of the Cs-O-Ag phototube,
with its more stable characteristics, discouraged to a
great extent further development of photoconductive
cells until about 1940.

During World War 11, the thallous sulfide cell was
subjected to intensive development in the United
States,® and its former shortcomings were largely over-
come. Moreover, the detectivity was increased by al-

* Original manuscript received by the IRE, June 26, 1959,

T Northwestern University, Evanston, [1l.

YAV, Smith, “The action of light on selenium,” J. Soc. Tel. Engrs.,
vol. 2, p. 31; 1873.

2 M. F. Doty, “Selenium, List of References, 1817-1925,” New
York Public Library, New York, N. Y.; 1927.

3T. W. Case, U. S. Patent No. 1,301,227; April 22, 1919.

d , U. S, Patent No. 1,316, 350; September 16, 1919,

, “The thalofide cell—a new photoelectric substance,”
Phys, Rev., vol. 15, p. 289; 1920.
1()3; F. C. Nix, “Photoconductivity,” Rev. Mod. Phys., vol. 4, p.723;

R J. Cashman, “Development of Sensitive Thallous Sulfide

Photoconductivity Cells for Detection of Near Infrared Radiation,”
OSRD 1323, I’B 27332: March 17, 1943. Available from Office of
Technical Services, U. S. Dept. of Commerce, Washington, D. C.
This report contains 176 references to photoconductors and related
phenomena.
¢ R. J. Cashman, “Development of Stable Thallous Sulfide Photo-
conductive Cells for Detection of Near Infrared Radiation,” OSRD
5997, PB 27354; October 31, 1945. Available from Office of Technical
Services, U. S. Dept. of Commerce, Washington, D. C.
, “Photodetectors for ultraviolet, visible and infrared ra-
diation,” Proc. NEC, vol. 2, p. 171; 1946.
, “New photoconductive cells,” J. Opt. Soc. Am., vol. 36,
p. 356; 1946.
U. S. Patent Nos. 2,448,517 and 2,448,518; September 7, 1948.

most two orders of magnitude. The cell was extensively
used in communication and identification systems.’=9

Lead-sulfide photoconductors were brought to the
manufacturing stage of development in Germany about
1943. They were first produced in the United States at
Northwestern University in 19441 and, in 1945, at the
Admiralty Research Laboratory in England." Since the
war, there has been extensive work on these cells and
also on lead-selenide and lead-telluride types in the
United States and other countries throughout the world.

Other substances which in film form at room tem-
perature show infrared response in the 1- to 2-micron
region include AgS, MoS,;, 1n,S; BiS,;, SnS, 1n,Se;,
and In,Te;. A great many films of other materials ex-
hibit photoconductivity when cooled.”? To date, none
of these has shown as much promise as the lead-salt
photoconductors.

PROCESSING OF PHOTOCONDUGCTIVE FiLMs

Thallous sulfide and lead telluride films are prepared
by vacuum evaporation onto an insulating substrate,
generally glass. Lead-sulfide and lead-selenide films
may be prepared by vacuum evaporation'®1213 and also
by chemical deposition.’ Lead sulfide films are deposited
chemically from a solution of lead acetate and thiourea
made basic with sodium hydroxide. Lead selenide films
may be deposited chemically from a solution of lead
acetate and selenourea. In both methods, oxygen plays
a role in producing a photoconductive fitm. This is ac-
complished in the evaporation method by controlled
oxygen pressures and elevated substrate temperatures
during film formation, or by oxygen-temperature treat-
ments after the film is formed. In the chemical method,
oxygen or oxygen-containing compounds are trapped in
the polycrystalline film during film deposition. Subse-
quent baking in oxygen or vacuum may optimize the
sensitization process.

7 J. M. Fluke and N. E. Porter, “Some developments in infrared
conumunications components,” Proc. IRE, vol. 34, pp. 876-883; No-
vember, 1946.

* W. S. Huxford and J. R. Platt, “Survey of near infrared com-
munication systems,” J. Opt. Soc. Am., vol. 38, p. 253; 1948.

* V. K. Zworykin and E. G. Ramberg, “Photoelectricity and Its
Applications,” John Wiley and Sons, Inc., New York, N. Y., ch. 3;
1949,

9 R. J. Cashman, “Development of Sensitive Lead Sultide Photo-
conductive Cells for Detection of Intermediate Infrared Radiation,”
OSRD 5998, ATI 25740; October 31, 1945. Available from ASTIA
Document Service Center, Dayton 2, Ohio. U. S. Patent No. 2,448,516;
September 7, 1948.

L. Sosnowski, J. Starkiewicz and O. Simpson, “l.ead sullide
photoconductive cells,” Nature, vol. 159, p. 818; 1947,

2 R. A. Smith, F. E. Jones, and R. P. Chasmar, “The Detection
and Measurement of Infrared Radiation,” Oxford University Press,
Oxford, Eng., p. 137; 1957,

BT, S, Moss, “Lead salt photoconductors,” Proc. IRE, vol. 43,
pp. 1869-1881; December, 1955,
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Firym STRUCTURE

The films formed by cither of the above processes are
of the order of 1 micron thick and consist of a composite
of microscopic crystallites. X-ray and electron diffrac-
tion studies indicate that the crystallites have dimen-
sions of the order of 0.1 micron and are separated by
intercrystalline barriers of the order of 10 A thick. For
the lead-salt films, the barriers are oxidation products
such as PbO and PbO-PbSO..

ROLE OF OXYGEN

Optical absorption' and electrical conductivity®
measurements on single crystals of the lead salts have
shown that the energy gap of the single crystal corre-
sponds to the long wavelength limit of photoconduc-
tivity of the film. Thus, the photoelectric process in
which free carriers are generated by absorption of pho-
tons involves a main-band transition in which an elec-
tron is raised from the full band to the conduction band,
thereby leaving a hole in the fult band. The role that
oxygen plays in the photoconductive process therefore
must be found in the recombination of charge carriers.
Recombination processes are discussed generally in
terms of the carrier lifetime of importance.'3-1='% Three
models will be discussed briefly.

In the intrinsic-carrier model,® oxygen acts as a p-
type compensator impurity to balance the n-type im-
purities in the film. Both the lifetime and the number of
{ree holes and electrons are equal. Recombination oc-
curs between electrons and holes either directly or via
recombination centers. Maximum response is obtained
by minimizing the electron and hole densities by com-
pensation and by maximizing the lifetime of hole-elec-
tron pairs.

The minority-carrier model'®'® visualizes the film as a
composite of microscopic n-p-n junctions. The crystal-
lites are n-type with a thin layer of p-type material in
between, presumably produced by the oxidation treat-
ment. Barrier modulation plays an important role in
this model. The diffusion of minority carriers across the
p-n junctions results in lowering the space-charge
barrier at the junction, thereby allowing more current
to flow across the junction. This sort of secondary
amplification is similar to p-n hook multiplication in a
p-n-p-n junction transistor. A long minority-carrier

1AV, Paul, D. A. Jones and R. V. Jones, “Infrared transmission
of galena,” Proc. Phys. Soc. B, vol. 64, p. 528: 1951.

M. A, Clark and R. J. Cashman, “Transmission and spectral
response of Pb3, PbSe and PbTe,” Phys. Rev., vol. 85, p. 1043; 1952.

A. F. Gibson, “The absorption spectra of single crystals of PDS,
PbSe and PbTe,” Proc. Phys. Soc. B, vol. 65, p. 378; 1952.

15 \\", \\. Scanlon, “Interpretation of Hall effect and resistivity
data in PbS and similar binary compound semiconductors,” Phys.
Rer., vol. 92, p. 1573; 1953.

16 A Rose, E. S. Rittner, and R. L. Petritz in “Photoconductivity
Conference,” John Wiley and Sons, Inc., New York, N. Y.; 1956.

17 A. Rose, “Performance of photoconductors,” Proc. IRE, vol.
43, pp. 1850-1869; December, 1955.

18§, N, Humphrey and R. L. Petritz, “Photoconductivity of lead
selenide,” Phys. Rev., vol. 105, p. 1736; 1957.

19 | C. Slater, “Barrier theory of photoconductivity of PbS,”
Phys. Rev., vol. 103, p. 16313 1956.
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lifetime and a low minority-carrier charge density are
again necessary for high responsivity.

The majority-carrier model***! depends on the pres-
ence of minority-carrier traps in the film which are due
to oxygen or oxygen-containing molecules. The traps
may be of either the surface or the bulk type. The free-
minority carrier created initially by the photon, when
trapped, leaves the majority carrier free to conduct.
The increase in the majority-carrier lifetime is propor-
tional to the time the minority carrier spends in the
trap. High responsivity is obtained by optimizing the
ratio of the majority-carrier lifetime to the majority-
carrier density. Secondary amplification is also possible
through lowering of the intercrystalline-barrier poten-
tial by the trapped minority carriers.

Many of the properties of photoconducting films
have been explained by the last two models. It is not
unlikely that both these processes and also possibly
other mechanisms are present in the various photo-
conductive films.

SPECTRAL RESPONSE

One of the most important characteristics of a photo-
detector is its spectral response. Fig. 1 shows the abso-
lute spectral response of thallous sulfide, lead sulfide,
lead selenide,® and lead telluride® films at room
temperature. In agreement with recent practice,
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Fig. 1—Absolute spectral response of some infrared
photoconductors at room temperature.

20 R, H. Harada and H. T. Minden, “Photosensitization of PbS
films,” Phys. Rev., vol. 102, p. 1258; 1956.

% R. L. Petritz, “Theory of photoconductivity in semiconductor
films,” Phys. Rev., vol. 104, p. 1508; 1956.

2 R. F. Potter and D. H. Johnson, “The Status of the Uniformit
of Photodetectors in the U.S.A.,” presented at 2nd Annual Natl.
IRIS Meeting, Boston, Mass.; September 17, 1958,

23 H, Levinstein, W. Beyen, P. Bratt, \\. Engeler, L. Johnson,
and A. MacRae, “Infrared Detectors Today and Tomorrow,” pre-
sented at 2nd Annual Natl. IR1S Meeting, Boston, Mass.; Septem-
ber 17, 1958.

2 R, C. Jones, «Phenomenological description of the response and
detecting ability of radiation detectors,” paper 4.1.1., this issue, p.
1495,
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the detectivity D* has been plotted as ordinate
(D*=(AAf/1 cm?-1 cps)V2-1/NEP, where 4 is the
sensitive area, Af is the amplifier bandwidth, and NEP
is the noise equivalent power). The quantities in pa-
renthesis (A, 90, 1) refer to the test conditions; \ refers
to monochromatic detectivity; 90, to the chopping fre-
quency in cycles per second; 1, to the amplifier band-
width in cycles per second.

Lead sulfide cells are now available from a number of
manufacturers, and the spectral response may vary
somewhat from that shown in Fig. 1. The peak detec-
tivity may be higher by about a factor of 5 than that
shown, but may be lower at 4 microns by a factor of
10 or more. Evaporated lead-sulfide films show greater
variations in their spectral responses than do the chem-
ically-deposited types.

The absolute spectral response of some cooled photo-
conducting films is shown in Fig. 2. The detectors are
liquid nitrogen cooled, except for the lead selenide
evaporated layer which is cooled with a dry-ice-alcohol
mixture. This type of film is thinner than is used ordi-
narily and has a smaller long-wavelength cutoff than
the chemically-deposited type of lead-selenide film?
shown. The two curves for lead telluride films2 give an
indication of the “spread” in response to be expected
among these detectors. The 900-cps chopping frequen-
cy used for these data is approximately the frequency
which gives an optimum signal-to-noise ratio and hence
optimum detectivity.

Lead sulfide cells from different sources may show
considerable variation in their spectral response char-
acteristics when cooled. This is due in part to the fact
that a cell processed to give optimum detectivity at
room temperature may not have the optimum detec-
tivity possible when operated at dry-ice or liquid-nitro-
gen temperatures. Conversely, a cell processed to give
optimum detectivity at dry-ice or liquid-nitrogen tem-
perature may have a poor detectivity when operated at
room temperature. When cooled-type lead-sulfide cells
are so processed, their peak detectivity at dry-ice or
liquid-nitrogen temperatures does not differ greatly
from that of the uncooled cell of high detectivity shown
in IYig. 1. The position of the peak and the long wave-
length tail, however, shift to longer wavelengths as the
temperature is lowered. If the wavelength is expressed
in electron volts, the shift is about 4 X 10~ ev/°C. The
detectivity D* of a liquid-nitrogen cooled cell may be
as high as 10'° cm/watt at 4 microns or 100 times greater
than that of the uncooled cell.

TiMe CONSTANT

The speed of response of a photodetector is deter-
mined in two ways. The first consists of exposing the
detector to square-wave radiation pulses and observing
the rise and decay of the signal. The second consists of
varying the chopping frequency of the incident radia-
tion and observing the resulting changes in the signal.
If the rise and decay are exponential and can be repre-
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sented by a single time constant, 7, the two methods
agree and the dependence of the signal S on the fre-
quency, f, is given by the relation: S=S,(1 +4ifire) -1,
By observing the frequency, S, at which the signal
voltage drops 3 db, one can obtain 7 from the relation:
2 7 fir=1. For the fast detectors (=1 to 10 usec), this
method may not be feasible due to the difficulty of
modulating sources at high frequency. Some detectors,
particularly cooled types, may exhibit more than one
time constant, in which case the above expression for
S is not valid.

The time constant of thallous-sulfide cells varies
from about 300 usec to 1 msec. The rise time is generally
about one-half the decay time. Chemically-prepared
PbS cells with a spectral response similar to that shown
in Fig. 1 have a response time of 150-500 usec. The
rise time is generally faster than the decay time.
Evaporated types are generally faster, ranging from 10
to 150 usec. These are commonly used in motion picture
sound reproduction.” Uncooled PbSe cells, both chemi-
cally-deposited and evaporated, and uncooled PbTe cells
are very fast with time constants in the 1-10-usec range.

Dry-ice-cooled evaporated PbSe cells with a spectral
response like that shown in Fig. 2 have a 10-20-usec
time constant. Liquid nitrogen-cooled PbSe and PbTe
cells generally exhibit two time constants and some-
times more. There is a fast component of 10-30 usec and
a slow component of the order of a millisecond. The
most desirable of these cells are those in which the slow
component contributes only a small percentage to the
signal. The time constant of the PbTe detectors also
frequently exhibits a wavelength dependence. The re-
sponse to wavelengths of 1.5 u and shorter is slower
than for the longer wavelengths. Cooled PbS cells have
time constants ranging from about 0.5 to 3.0 msec.

i
10 T I T T T T T T T T

5

* 10 _
:‘;— PbSe

o

& ]
£
.

[=]

9 | !
10 2 5

)
A (MICRONS)

Fig. 2—Absolute spectral response of some cooled infrared photo-
conductors. The lead-telluride and chemical lead-selenide cells are
cooled to —195°C.

¥ R. J. Cashman, “Lead sulfide photoconductive cells for sound
reproduction,” J. Soc. Mot. Pic. Engrs., vol. 49, p. 342; 1947.
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NOISE

Present-day thin-film photoconductors exhibit sev-
eral types of noise. These include Johnson or Nyquist
noise, current noise which is of two types, flicker and
generation-recombination noise, and radiation noise.

Johnson noise may often be made unimportant in
practice by increasing the polarizing current until cur-
rent noise predominates. Flicker noise is generally of
the 1/f type, in which the noise power varies inversely
with frequency. For some detectors, the noise power
varies less rapidly than 1/f. Generation-recombination
noise, which is due to fluctuations in the number of
charge carriers in the crystallites, has the same frequen-
cy dependence as the signal response. Radiation noise,
due to fluctuations in the rate of emission and absorp-
tion of background radiation, and which sets a funda-
mental limit on detectivity, provides one of the mech-
anisms by which generation-recombination noise is
produced. The responsivity of thin-film photoconduc-
tors has not developed to the point where radiation
noise overrides the other sources of noise.?

Thallous-sulfide and lead-telluride detectors exhibit
a 1/f noise-power spectrum as do most evaporated lead-
sulfide types. Chemically-deposited lead-sulfide cells
generally are dominated by 1/f noise below 100 ¢ps and
by generation-recombination noise at higher frequen-
cies. Chemically-deposited lead-sclenide detectors have
a noise power which decreases with increasing frequen-
¢y but generally not as rapidly as 1 'f. Occasionally the
noise behavior is similar to that of chemically-deposited
lead-sulfide detectors. Evaporated lead-selenide detec-
tors are dominated at low frequencies by 1/f noise and
by generation-recombination noise at higher frequen-
cies.?” Noise data for a detector of this type are shown
in Iig. 3.

A quantitative expression may be derived for genera-

w

(2] —

O T T T T T T T T T g
g F ] | T b
2t T2300°K 4
=

1 4 b= -
T

ol —
o [ .
pag

o F

=

- o ~
3

A —
x i .
w -

=

e _
E.o*’L_x_:_LLL B S I ',L_J_J_J_J_L_I_-' _I_.I_L_l__l_l_L
S 10’ 10° 10 10 10°

FREQUENCY CPS

Fig. 3—Noise-power spectrum of an evaporated
lead-selenide photoconductor.

2 F. L. Lummis and R. L. Petritz, “Noise, time constant and Hall
studies on lead sulfide photoconductive lilms,” Phys. Rev., vol. 105,
p. 502; 1957.

27 R, J. Cashman, C. R. Betz, and L. J. Rose, unpublished data.
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tion-recombination noise based on shot-noise theory
and a one-carrier model.?8 If Ns is the ratio of genera-
tion-recombination noise power to thermal or Johnson
noise power, then

v e (V)2 ur
Ns=—|—) ———
kT \d 1 + 4=

where V is the potential difference applied across the
detector, d is the electrode spacing, u the charge carrier
mobility and 7 the carrier lifctime. The Hall mobility of
photoconducting PbSe films has been measured?® and
at room temperature has the value of 10 cm?/volt sec.
The carrier lifetime is taken as the measured time con-
stant of these films which is 1 microsecond at room tem-
perature. Substitution of values in the above equation
gives a value of 15 for the noise-power ratio, which is in
good agreement with the experimental value shown in
Fig. 3. The agreement is probably somewhat fortuitous
as the model is probably over-simplified. Moreover, ex-
perimental values may be as low as 3 for “quiet” cells
and as high as 100 for “noisy” cells. The validity of
the frequency dependence could not be determined at
high frequencies because of equipment limitations.

RESISTANCE

Uncooled lead-sulfide and evaporated lead-selenide
cells have dark resistances of around 1 megohm, while
chemically-deposited lead-selenide cells have values of
about 50,000 ohms. Thallous-sulfide cells range from 1
to 10 megohms in dark resistance.

Liquid-nitrogen-cooled lead-telluride cells have quite
high, dark resistances—350 to 1000 megohms. At this
temperature, chemically-deposited lead-sulfide cells
have resistances in the range of 10 to 20 megohms; those
of evaporated types are around 100 megohms, and
those of chemically-deposited lead-selenide cells are 2 to
10 megohms.

Otner CELL PARAMETERS

Cell users are frequently confronted with problems
which bear on other cell characteristics than those dis-
cussed. One of these is the determination of the optimum
bias voltage. Ordinarly, the signal response and noise of
a cell increase linearly with cell bias voltage until a
value is reached where cither the signal increases less
than linearly or the noise increases more than linearly.
Further increase in bias potential beyond this optimum
value results in a decreased signal-to-noise ratio.

Linearity of response to intensity of irradiation is im-
portant where the cell is used in quantitative flux meas-
urements. Distortion-free sound reproduction also re-
quires cells with a linear response. The maximum inten-

28 A van der Ziel, “Shot noise in semiconductors,” J. Appl. Phys.,
vol. 24; 1953.

2 I{. G. Halvorsen, “The Hall Effect in Lead Sultide and Lead
Selenide as a Function of Temperature,” Ph.D. dissertation, North-
western University, Evanston, Ll.; 1951, (Unpublished.)
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sity beyond which nonlinearity sets in is not the same
for all detectors, but is less for those of high responsivity
than for those of low responsivity. If a cell is operating
in the nonlinear range, the output signal depends on the
image spot size on the cell. Lacking actual signal vs in-
tensity of irradiation data for a given cell, it is still pos-
sible to estimate its linear range of response if detectiv-
ity data are known. From these data, the noise equiva-
lent intensity, NEI, may be determined for a 1-cps
bandwidth. It has been found empirically that cells are
linear with intensity from NEI to 10 NEI. For many
cells the range is greater.

Paper 3.3.5

Rieke, DeVaux, and 1uzzolino: Single-Crystal I nfrared Detectors

1475

In operation, there is power dissipation in the sensitive
layer of the cell due to the incoming flux and I2R heat-
ing. The maximum-safe-power dissipation for cells
operated at room temperature is generally considered
to be 100 milliwatts per cm? of cell area. A related sub-
ject is the maximum ambient temperature allowable
during storage or operation that will not cause damage
to the cell. Detector manufacturers will supply informa-
tion on this subject and on most of the characteristics
which have been discussed. Through control of process-
ing parameters and by selection, manufacturers are
able to supply cells with a wide range of characteristics.

Single-Crystal Infrared Detectors Based

Upon Intrinsic Absorption*
F. F. RIEKE}, L. H. DEVAUXY, anp A. J. TUZZOLINO}

red photodetectors revolved principally around

polycrystalline films of PbS, PbSe, or PbTe, de-
posited either by evaporation or from solution. The suc-
cess of semiconductor physics based on single-crystal
techniques, culminating in the invention and develop-
ment of the transistor, was an incentive to apply similar
methods to the development of infrared detectors.

Photodetectors based on bulk crystals of germanium
were described by Shive! in 1950. Although his devices
had attractive features, the spectral response was re-
stricted to the region covered by the intrinsic absorption
of germanium, namely, wavelengths less than 1.7 mi-
crons.

It was evident that to develop a detector with re-
sponse extending farther into the infrared, it would be
necessary either 1) to “sensitize” Si or Ge to the infra-
red by introducing impurities that were normally un-
ionized, but could be ionized by low-energy quanta, or
2) to employ a semiconductor with an energy gap con-
siderably smaller than that of germanium.

Approach 1) has resulted in the development of the
doped-germanium family of detectors, which is de-
scribed elsewhere in this issue. Approach 2) is the sub-
ject of the present discussion.

UNTIL the early 1950's, the development of infra-

* Original manuscript received by the IRE, June 26, 1959.
T Chicago Midway Labs., Chicago, 11l
' J. A. Shive, Bell Lab. Rec., vol. 28, p. 8; 1950.

The long wavelength limit to intrinsic absorption and
photoconductivity, X, in a semiconductor is inversely
proportional to the energy gap E,:

AE, = 1.24 ev- microns.

If one, somewhat arbitrarily, sets the goal of developing
a detector with response extending at least as far into
the infrared as that of lead sulfide (\.>3 nicrons), one
requires a semiconductor with energy gap of 0.4 ev or
less; the number of such semiconductors now known is
small. Of these, only indium antimonide has been ex-
tensively developed.

The primary consideration in improving the perform-
ance of a detector employing photoconductive phe-
nomena is to minimize the rate at which free carriers
are generated spontaneously within the active material.
This requirement applies regardless of the chemical
species or physical form of the semiconductor, or of the
particular mode of operation. The generation rate af-
fects the performance in two ways. First, through its
inverse corollary, the lifetime of excess carriers, it de-
termines the magnitude of the electrical response to the
photogeneration of carriers. Secondly, through its effect
on fluctuations in the total number of carriers, it influ-
ences the internal noise of the detector. The two effects
combine in such a way that an increased generation
rate tends to decrease the attainable signal-to-noise
ratio. The significance of excess-carrier lifetimes has
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been emphasized by Rose? and by Petritz.3 The subject
of noise in photoconductors has been reviewed recently
in the PROCEEDINGS.*

Generation of carriers occurs by way of two mech-
anisms, one thermal, the other optical. Thermal genera-
tion results from the transfer of energy from lattice
vibrations to electrons, either within the bulk of the
semiconductor or at the surface. Surface generation and
recombination of carriers is particularly important in
detectors that depend upon intrinsic optical absorption,
which is characterized by absorption coefficients of the
order of magnitude of 10* cm~' In consequence of this
strong absorption, the photoeffects originate primarily
in a shallow surface layer, at most a few microns deep,
from which the excess carriers can readily diffuse to the
surface. Thermal generation is catalyzed by particular
kinds of impurities and imperfections and is thus sub-
ject to some measure of control in the growth of the
crystal and in the preparation of its surface. It gen-
erally can be greatly reduced by lowering the tempera-
ture of the crystal, and it is usually for this reason that
many detectors exhibit enhanced performance when
they are cooled.

The optical generation of carriers occurs through the
absorption of radiation to which the detector is sensi-
tive, and is a necessary accompaniment to the useful
sensitivity of the detector. The generation of carriers
by ambient radiation, however, lowers the signal-to-
noise ratio. Ambient radiation can be minimized by
placing the sensitive elements within a cooled cavity
having an aperture that admits radiation from only
the useful field of view, but such shielding will be rather
ineffective if the performance of the detector is limited
by thermal generation of carriers.

The single-crystal detectors that have been devel-
oped are of three types: photoconductor, p-n junction,
and photoelectromagnetic (PEM).

PlioToCONDUCTOR

A photoconductive detector employing simple photo-
conductivity is constructed by cementing a thin section
of semiconductor to a backing, and attaching current
leads. The backing is important in dissipating heat
generated in the sample by the bias current, which is
advantageous to make as large as possible without rais-
ing the temperature of the sample unduly. If the semi-
conductor is to be cooled, it is placed within the vacuum
space of a Dewar flask.

Photoconductive detectors using indium antimonide
have been described by Avery, Goodwin and Rennie.®

* A, Rose, in “Photoconductivity Conference,” John Wiley and
Souns, New York, N. Y., pp. 3-48; 1955.

3 R. L. Petritz, “Title,” Ibid., pp. 49-77.

S K. M. van Vliet, “Noise in semiconductors and photoconduc-
tors,” Proc. IRE, vol. 46, pp. 104-118; June, 1958.

5 D. G. Avery, D. W. Goodwin and A. E. Rennie, J. Sci. Instr.,
vol. 34, p. 394; 1057,
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Data on the performance of a typical cell® is given in
Table 1.

Photoconductive detectors have also been made using
single-crystal tellurium cooled to 77°K. A noise equiva-
lent power of 107'% watts has been obtained for 500°K
blackbody radiation at 85 cps with a 5-cps bandwidth.
A minimum NEP of 10~ watts occurs at a wavelength
of 3.5 microns with a cutoff at 4.2 microns. The detec-
tor has an area of 1X3} mm?, a resistance of approxi-
mately 1000 ohms and a time constant of 30 to 30 mi-
croseconds.” In terms of detectivity D** we thus have:

D*(500°K, 85 cps) = 1.6 X 10° cm cps'/* watt™},
D*(3.5u, 85 cps) = 1.6 X 10" cm cps'/? watt™h

TABLE |

CHARACTERISTICS OF COOLABLE INSB PHOTOCONDUCTIVE CELLS
(SExsITIVE AREA 1.4 MM, ‘Tive CoNSTANT L1iSS THAN
34X 1077 SECOND)

Temperature (°K) ‘ 90 195

249 292

Cell resistance (§2) 20K 1.8 K 190 120
D*(em cpst? watt™)

(Apeak, 800 cps) 1.5%10* | 1.7X10* | 3x10® | 1.7X10%
\Wavelength of peak

Gy () 5.6 5.6 6.2 6.7
Nralp) 585 | 6.0 6.65 7.2
Responsivity (V/w) | 100 |30 | 1

1300

P-N JUNCTION

The theory and principles of operation of p-n junc-
tion detectors have been discussed elsewhere.®'* Photo-
sensitive junctions can be produced by methods used in
transistor technology, such as growth from the melt,
vapor-phase diffusion, and alloying.

Grown p-n junctions are formed in a single-crystal
bar of semiconductor with the p-n junction near the
center. The junction plane is perpendicular to the major
axis of the bar and is illuminated near its edge. The
sensitive area is a small region surrounding the inter-
section of the junction plane with the surface of the
bar and its magnitude is given by the product of the
bar width and the sum of the minority carrier diffusion
lengths. Diffused junctions can be foraned by producing
a thin p-type layer on an n-type semiconductor. Light is
incident perpendicular to the resulting junction plane.
The sensitive area can be varied by protecting a por-
tion of the p-layer of the size and shape desired and
etching away the remaining p-layer. P-n junction de-
tectors sensitive in the intermediate infrared region
generally require cooling to relatively low temperatures
(~77°K). The detector can be operated with bias
(photodiode) or without (photovoltaic), depending on
which mode of operation leads to higher sensitivity.

6 D. . Goodwin, Ibid., p. 308.
7 G. Suits, private comminication.

8 D* is defined as /AAf/NEP where the NEP is measured with
bandwidth 3, the nature of the radiation and the chopping frequency
being indicated by the quantitites in parentheses.

s 1. P. Hunter, “Handbook of Semiconductor Electronics,”
McGraw-Hill Book Co., Inc., New York, N. Y.; 1956.

wE. S. Rittner, “Photoconductivity Conference,” John Wiley
and Sons, New York, N. Y., p. 215; 1955.
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Most of the development in the intermediate infra-
red region has been devoted to InSb p-n junctions, De-
tectors using grown junctions have been developed
at Chicago Midway Laboratories." Diffused-junction
types have been developed and are manufactured by
the Philco Radio Corporation and Texas Instruments,
Inc. Grown-junction detectors have an inherently small
sensitive arca, whereas diffused-junction types can be
made larger and of various shapes. The characteristics
of the detectors are given in Table 11,

TABLE 11

CHARACTERISTICS OF INSB GROWN- AND DIFFUSED-JUNCTION
TECTORS

|
CMIL, Grown- | Philco, Dittused-|Texas Instruments
Junetion Junction Diffused-Junction

Detector Detectort? Detector™

Temperature |
i

T7°K T7°K 77°K

Cell resistance

() 22 K 50- 200 12001300
Areca (cm?) 3.2X10! 4.1X10°2 4.16X 102
Time constant|

(usec) <1.8 <1 ~0.1
Wavelength of|

peak sensi- |

tivity (p) §oS 5.3 5.35
D*Y (cmoeps 9.4 2.7X109 SX 0

wattt) (007K, 90 ¢ps) | (300°K, 800 ¢ps) | (S00°K, 1000 cps)
Cutoff M(u) ~5.5 ~3.3

~5.7

PHoToELECTROMAGNETIC (PEXN) Typi

The use of the PEM effect’ 16 leads to another type
of single-crystal photodetector. \When electrons and
holes produced at the front surface of a semiconductor
by light diffuse downward, a magnetic field applied
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perpendicular to this initial diffusion current will bend
the electron and hole currents in opposite directions
The resulting separation of charge gives rise to a photo-
voltage,

The strength of the PENI effect is determined by the
product of the carrier mobility and the magnetic-field
strength. For practicable magnetic fields, a semiconduc-
tor of high mobility such as InSb must be employed to
achieve useful sensitivity. No bias current is required
and the detector can be operated at room temperature.
The detectors have been developed and manufactured
by many agencies.

A typical room-temperature PEM detector made at
Chicago Midway Laboratories has a peak noise-equiva-
lent power of 8 X107 watts at 6.2 microns with a cutoff
wavelength at 7 microns. The detector has an area of 1.8
X107 cm? and a resistance of 33 Q. The detectivity
D*(6.2 u, 90 cps) is thus 1.9X10% cm cps'’? watt—*. Al-
though the time constant of the cell has not been meas-
ured directly, minority carrier-lifetime measurements
indicate a value of less than 1 microsecond for the time
constant.

In conclusion, we shall attempt to assess what has
been done and what remains to be done. One can esti-
mate how closcly present-day intrinsic photoconductors
can approach the radiation limit by introducing the
noise figure, defined as the ratio of the detectivity lim-
ited by radiation tluctuations to peak detectivity. In
principle, the noise figure (NF) = (7*/7)"2, where 7* is
the radiation lifetime and 7 is the actual lifetime.? Values
of D* and the noise figure of 1nSb and Te detectors are
given in Table T11.

The best cooled InSb cells have a noise figure of ten
or less, and thercfore the ultimate possibilities seem to

TABLE 111
VALUES OF D* aAxD THE NO1SE F1GURE (NF) FOR INSB AND TE DETECTORS

Photoconductive |
T°K  D*(Apeak, 800 cps) NF T°K
(cmcps'? watt 1)
90 4.5X10° 10 78
InSh 195 1.7X10° 50
292 1.7X108 300 |
(3.5 u, 85 cps)
Te 78  1.6X10 27

1 G. R. Mitchell, A. E. Goldberg, and S. \V. Kurnick, Phys. Rev.,
vol. 97, p. 239; 1955.

' M. E. Lasser, P. Cholet, and E. C. Wurst, Jr., J. Opt. Soc. Am.,
vol. 48, p. 468; 1958.

1 R. L. Petritz, private communication.

" The value of D* for CML and Philco presented in the table is
characteristic of their better detectors. The value for Texas Instru-
ments is an average value.

'S, W. Kurnick and R. N. Zitter, J. Appl. Phys., vol. 27, p. 278;
1956.

16 C. Hilsum and [. M. Ross, Nature, vol. 179, p. 146; 1957,

Photovoltaic PEM
D*(5.4 u, 90 cps) NF T°K D*(6.2 u, 90 cps) NF
(cm cps'/? watt™1) (cmcpst/2 watt™1)
21010 s | 292 1.9%108 300

have been approached. In this case, the future possibili-
ties lie in improving design and reproducibility in manu-
facture. For the Te detector, the noise figure of 27 indi-
cates that some improvement should be possible for this
cooled detector. The uncooled InSb cells all have noise
figures of the order of 300. For InSb at room tempera-
ture, (7*/7) =10." The reason for the large noise figure
is not evident, It would appear that in this case a very
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great improvement in uncooled detectors is within the
realm of possibility. Whether or not the same can be
said for other single-crystal semiconductors must wait
until results of lifetime measurements become available.

No other small-gap semiconductor has been so highly
developed as InSb. There would probably not be much
point in developing other materials having a cutoff
wavelength ~6 microns. Detectors having cutoffs ~4
microns which might compete with PbS have not been
extensively developed. The single-crystal-cooled Te de-
tector discussed above has a cutoff at 4.2 microns, but
further development on this detector will be necessary
1o determine whether or not it will compare with PbS.
In addition, some work has been done on InAs where

Paper 3.3.6
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photoconductive, PEM, and photovoltaic responses
have been reported.!”13 Useful sensitivity is obtained
out to 4 microns.

Little work has been done on intrinsic photoconduc-
tors having cutoff wavelengths ~10 microns. Some
work has been done on HgTe-CdTe alloys in which ap-
preciable sensitivity has been observed as far out as 13
microns.'® FFurther development will be necessary be-
fore a comparison can be made of these intrinsic alloy
detectors with the doped-Ge family of detectors.

95” R. M. Talley and . P. Enright, Phys. Rev., vol. 95, p. 1092;
: ?3 C. Hilsum, Proc. Roy. Phys. Sec. B, vol. 70, p. 1011; 1957.

WAV, . Lawrence, ¢f al., J. Chem. Phys. of Selids, to be pub-
lished.

Impurity Photoconductivity in Germanium”

HENRY LEVINSTEIN{}

SrECTRAL RESPONSE AND TIME CONSTANT

NTRINSIC photoconductivity in Ge is produced
JI when a photon interacts with a Ge atom producing

an electron hole pair. Both electron and hole are
then mobile until recombination takes place. The mini-
mum photon energy required for the generation of hole
clectron pairs is 0.7 ev, and determines the long-wave-
length threshold for photoconductivity (=1.8 u). When
impurities are present in the Ge lattice, the energy re-
quired to free charge carriers from these impurities gen-
erally is less than that for electron-hole generation. This
leads, in addition to intrinsic response, to extrinsic pho-
toconductivity whose long-wavelength threshold de-
pends on the type of impurity in Ge [1]. The time con-
stant depends on the number of impurities which may
act as recombination centers as well as the impurity-
capture cross section. The smaller energy required for
carrier excitation has the disadvantage that at room
temperature, most charge carriers may be freed simply
by the action of lattice vibrations, leaving none to be
excited by incoming photons. This effect may be re-
duced by cooling the Ge, the required coolant tempera-
ture being determined by the ionization energy of the
impurity. lonization energies of a large number of im-
purities in Ge have been investigated [2]. Relatively
few of these have been employed in the actual construc-
tion of detectors. Their selection is governed by the

* Original manuscript reccived by the IRE, June 26, 1959.
1 Dept. of Physics, Syracuse University, Syracuse, N. Y.

long-wavelength threshold required, the responsivity
and time constant attainable, and the case of prepara-
tion of the doped crystal. Fig. 1 shows the idealized
spectral response curves (to constant photon flux) for
Ge crystals containing various impurities and the tem-
perature to which the detectors should be cooled.

SIGNAL AND NOISE

A photoconductive detector is generally used in a
circuit such as that in Fig. 2. The signal voltage Vs
produced by a modulated photon flux is given by the
expression

RcR, Gr

(Rc + RL—); "

where E is the bias battery voltage, and R and Ry the
detector and load resistances, respectively. G, the
carrier-generation rate, depends on the incident-energy
flux, the number of impurities from which charge car-
riers may be excited, and the probability of photon cap-
ture per impurity center. 7 is the carrier lifetime and »n
is the number of dark carriers, which are excited ther-
mally and by the background. When a detector is cooled
to the point where the number of carriers excited ther-
mally is small compared with that excited by back-
ground, the detector is background limited. Its signal is
then relatively insensitive to variations in coolant tem-
perature, but strongly dependent on the temperature
of the background which the sensitive element “sees.”

Vs =
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Spectral Response

Intrinsic
—-i
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Fig. 1—Spectral coverage and cooling required for impurity

photoconductivity in germanium.
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Fig. 2—Electrical circuit used with photoconductors.

This is the most desirable operating condition of a de-
tector but not always attainable because of the limited
number of coolants available between liquid N and
liquid Lle.

The predominant types of noise found in impurity
photoconductors are 1/f and generation-recombination
noisc. The 1/f noise appears to be due to the crystal sur-
face and the contacts [3]. It can be reduced, and under
certain conditions, virtually eliminated at frequencies
above 10 cps by proper surface treatment and soldering
techniques. Generation-recombination noise is deter-
mined by fluctuations in the generation and recombina-
tion rate ot charge carriers and is inherent in the ma-
terial. Generation-recombination noise voltage
cycle, V,, is given by the expression [4]

Ti? 1

ReR,
(Re 4+ R n'?

per

(1 + -l»1r:f"'r2’)”'3 ’

where [ is the frequency at which measurements are
made. Other possible noise sources, such as Johnson
noise, generally do not limit the performance of these
detectors. The signal-to-noise ratio

Vs  Gr'?

Ve o 20'2

appears independent of bias voltage. In practical appli-
cations, this is not the case. For low bias voltage, ampli-
fler noise may exceed detector noise and thus limit its
performance. For bias voltages which exceed specified
values, noise introduced at the contacts will predomi-
nate over generation-recombination noise and limit-
detector performance.
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DETEcTOR CONSTRUCTION

Since all detectors in the Ge impurity group require
cooling at least to liquid N temperature, the sensitive
element must be mounted in a Dewar type container
such as that shown in IVig. 3. Detectors requiring liquid
lle must be mounted in a double Dewar where an outer
container with liquid N surrounds an inner container
with liquid He. The Ge sample, which is in the form ol
a cube or rod, is generally soldered to a metal surface in
contact with the coolant. The cooled shield surrounding
the element serves a dual purpose. It reduces the back-
ground radiation which would normally strike the de-
tector from the walls of the outer envelope, and serves
to reflect back into the sensitive element those photons
which have passed through the sample without being
absorbed. Greater efficiency is obtained by having the
inside of the shield as highly polished as possible and
making its aperture as small as is permissible for the
application under consideration. The choice of detector
window depends on the long wavelength threshold of
the detector. Sapphire is suitable for 6-u detectors,
Bal%, and Si for 10-u detectors, with various other ma-
terials such as AgCl for the long wavelength detectors.
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Fig. 3—Dewar mount for germanium detector.
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The detector blank is generally evacuated to pres-
sures less than 10-¢ mm of 1lg and gettered to avoid
contamination of the surface and frosting of the win-
dow.

TypricaL DETECTORS
P-type Gold-Doped Germanium

The addition of gold to Ge produces a p-type crystal.
The energy required to excite holes into the valence
band, producing singly-charged negative ions, is 0.14 ev
[5]-17|. The detector thus has a long wavelength
threshold at about 9 microns. The time constant is de-
termined by the number of singly-charged gold ions
where holes can recombine. This number consists of
those atoms which have been ionized optically and
thermally (by signal, background, and thermal excita-
tion), and those which have captured electrons from
n-type impurities generally present in the sample. The
latter predominates at the operating temperature of
the detector (80°K) producing about 10" singly-charged
gold ions/ce. Assuming a capture cross section () of
about 107 cm per second, the time constant of the de-
tector may be calculated from

1 1
T Mor 10M X 1071 X 107

T = = (.1 usec,

anumber varying with the density of n-type impurities
(M) but generally in agreement with measured re-
sults [8].

In the temperature range of operation (80°K), the
density of dark carriers (n), is determined by thermal
excitation. SN R may be increased by as much as a fac-
tor 4 when the temperature is lowered 10° below liquid
N, such as is obtained by pumping on liquid N. The de-
tector then becomes background limited and is no longer
sensitive to changes in temperature. IFurther increases
in sensitivity can only be achieved by decreasing the
background radiation. This results in a smaller ficld of
view, not always desirable. The carrier generation rate
(G) for a particular photon flux depends on the con-
centration of gold atoms in Ge. Under normal crystal
growth conditions, this number is less than 10%/cc,
producing less than 10 per cent absorption of the inci-
dent beam. Shaping the sensitive element and maintain-
ing it in a highly-polished housing (integrating sphere)
are two factors required to enhance the detector sensi-
tivity.

N-type Gold-Doped Germanium

If the concentration of n-type impurities is equal to
that of the Au, all Au centers become singly ionized.
I*urther addition of n-type impurities produces doubly-
charged negative Au ions and an n-type crystal. The
cnergy of excitation of electrons from the doubly-
charged Au ions to the conduction band is 0.2 ev, lead-
ing to a detector with a long-wavelength threshold at
6 1. The magnitude of the signal depends on the number
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of doubly-charged Au ions. Since recombination of ex-
cited electrons can only take place at singly-charged
Au ions, the time constant increases substantially as
the number of singly-charged ions is decreased in favor
of doubly-charged ions. Time constants as large as sev-
eral milliseconds have been measured for detectors of
this type. In actual practice, compensation is held at a
point where a time constant of the order of 30 usec at
wavelengths longer than 2.3 microns is obtained [9].
Below that wavelength, the behavior is complicated by
excitations and recombinations involving the valence,
conduction bands and both Au states. This leads to
quenching cffects, and response times of the order of
milliseconds under certain conditions [4]. Fig. 4 shows
the absolute spectral response of the two types of Ge
detectors as they are now available [10].

[ ) ~ [SPECTRAL RESPONSE ]

DOPED Ge '

3— Ge:Au,Sb

Ge:Zn (4°K)

(x» ,900¢ps)cm(cps) 2watt™

*

A, (microns)

L)

Fig. 4—Speetral response of impurity photocondnetivity
in germaniam,

Germanium with Zinc Impurities

The addition of Zn to Ge produces p-type Ge. LExeita-
tion of holes requires an energy of 0.03 ev resulting in
long-wavelength cutoff at 40 u [11]. In order to avoid
thermal excitation of carriers, the detector must be
maintained in the temperature range of liquid tle. In
contrast to Au, Zn may be added in larger amounts to
Ge. A large fraction of the incident photons are thus
absorbed by the sensitive element, and an integration
sphere is not required. Since the detector is background
limited at liquid He temperature, it must be surrounded
by « cooled cavity whose aperture determines the SNR
of the detector. Time constants, as for p-type gold-
doped Ge, are less than 0.1 gsec and D* at the impurity
spectral peak is in the range of that of gold-doped
Ge [12].

A second type of Ge:Zn detector may be obtained
when all Zn atoms in Ge become singly ionized by the
addition of an equal number of n-type impurities. Ex-
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citation of holes may then take place from the 0.09 level
of Zn to the valence band, corresponding to a long-
wavelength threshold at 15 u. This type of detector has
the advantage that it does not require the extreme con-
ditions of cooling (pumped over N, is generally sufhi-
cient) and has D* (—, 900, 1) of the order of 10" 'watt
[13] in the 9-13-u atmospheric window.

BIBLIOGRAPITY

[1] This was originally suggested by L. Burstein, at Prof. Notting-
ham’s Photoconductivity Conference, March, 1949,

[2] Fora summary, see R. Newman and \W. W. Tyler, “Solid-State
Physics,” Academic Press, Inc., New York, N. Y., vol. 8.

[3] A. U. MacRac and H. Levinstein, Bull. Am. Phvs. Soc.; March
30, 1959.

[4] W. Beven, P. Bratt, H. Davis, L. Johnson, H. Levinstein, and

Paper 3.3.7

3.3.7 Jones: Noise in Radiation Detectors

1481

A. MacRae, “Ge and PbTe IR Detectors,” Syracyse Univ.
Res. Inst. Final Report; February 1, 1957,

(51 G. Morton, Hahn and Schultz, “Phoconductivity Conference,”
John Wiley and Sons, Inc., New York, N. Y.; 10506.

[6] M. L. Schultz and G. A. Morton, “Photoconduction in ger-
manium and silicon,” Proc. IRE, vol. 43, pp. 1819-1828; Ie-
cember; 1955.

[7] W. C. Dunlop, Phys. Rev., vol. 91, p. 1282; 1953; vol. 97,
p. 614; 1955; vol. 100, p. 1629; 1954,

[8] J. R. Hansen, T. P. Vogl, and M. Garbuny, presented at 7th
Eastern IRIS Symp.; December 34, 1958.

[91 M. E. Lasser and P. Chole, J. Opt. Soc. Am., vol. 18, p. 408;
1958.

(101 W. Beven, P. Bratt, 1. Davis, L. Johnson, I, Levinstein, and
A. MacRae, J. Opt. Soc. Am., to be published.

[11} E. Burstein, J. W. Davison, E. E. Bell, \. J. Turner, and
H. G. Lipson, Phys. Rev., vol. 93, p. 65; 1954.

[12] G. S. Picas and S. F. Jacobs, presented at 7th Eastern IRIS
Symp.; December 3 -4, 1958,

[13] \V. Beyen, P. Bratt, W. Engeler, L.. [ohnson, H. Levinstein, and
AL MacRae, presented at 2nd Natl. [RIS Symp.; October, 1958,

Noise in Radiation Detectors®

R. CLARK JONESt

INTRODUCTION

VIIE kinds of noise we discuss in this paper are the

] kinds of electrical noise that one may find in the

output of radiation detectors. The kinds of noise

are distinguished by the physical source of the noise,

not by any particular characteristic of the noise as
measured at the output of the detector.

The discussion will be restricted to descriptions of
the noise that relate to its mean-square amplitude.
Other more complex measures may be used, but so far
these have found little use in the application of radia-
tion detectors.

The tool that will be used to describe the electrical
noise is the power spectrum, defined as the mean-square
fluctuation of the voltage (or current) about its mean
value per unit frequency interval. A more general kind
of spectrum is the mean-square fluctuation of ¥ (about
the mean value T) per unit frequency interval measured
in cycles per unit of X. Only when Visa voltage or cur-
rent is it appropriate to call this more general kind of
spectrum a power spectrum. \WWhen Vis not a voltage or
current, the term power spectrum is clearly inappropri-
ate, and is obviously wrong when the variable V is itself
a power. The author recommends (and uses in this
report) the name “Wiener spectrum” for the more gen-
eral kind of spectrum. The name “variance spectrum”
may also be used.

* Original manuscript received by the IRE, June 26, 1959,
t Res. Lab., Polaroid Corp., Cambridge, Mass.

TuHe POWER SPECTRUM

We use ¢ to denote the instantancous amplitude of a
noise voltage. (The current 2 mav be substituted for the
voltage e throughout the following discussion.) The
voltage is considered to be a function of the time ¢,
where the epoch of the origin of ¢ is supposed to he
chosen arbitrarily. The mean value of ¢(f) is supposed
to be zero.

Consider that part of the noise voltage that occupies
the time interval from — 7" to 7°. The Fourier transform
of this voltage is defined by

T
F(f) = f e(Ne* /4t (1)

T
where fis the frequency in cycles per seccond. Next we
form the square of the absolute value of F(f), divide
by 27 and multiply by 2:

| () |2/ T. (2)

This expression is very close to what is meant by a
power spectrum. To form what a mathematician means
by a power spectrum, however, we must take an ap-
propriate limit of this expression.

There are two different but equivalent ways to define
the power spectrum. The first, and more simple, in-
volves the average over an ensemble of independently
generated noise voltages of the same kind. If an ensem-
ble average is denoted by angular brackets, the power
spectrum P(f) is defined by
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P(f) = (T F()) P 3)

The second equivalent definition of the power spectrum
is formulated by first averaging the expression (2) over
the bandwidth 2B, and then taking the limit of the re-
sulting expression as the time interval 27" becomes infi-
nite and the bandwidth 2B approaches zero in such a
way that B7 becomes infinite:
1 /+B
Al P 3 R N (2,747
P() = Mim —m ) | [FOP @
B—0
If the power spectrum determined by these operations
turns out to be independent of the epoch of the origin
of the time ¢, then the noise is said to be stationary. All
of the noises discussed in this paper are supposed to be
stationary.

The power spectrum defined above is defined for
positive frequencies only. The total mean-square fluc-
tuation of the voltage ¢? is obtained by integrating P(f)
over positive frequencies:

e = f i P(f)df. (5)

Anyone who contemplates measuring a power spec-
trum or a Wiener spectrum would be well advised to
read first the excellent pair of papers by Blackman and
Tukey.!

Attention is called to an important paper by Callen
and Welton.2 These authors show, by use of quantum

PROCEEDINGS OF THE IRE

September

sistance offered to the accelesation of an electrical
charge leads to a fluctuation of the electrical field that
is equivalent to blackbody radiation; this is a particu-
larly interesting and significant result. Iinally, they
show that the acoustic radiation resistance of an infi-
nitesimal pulsating sphere leads to the accepted formu-
las for the pressure and density fluctuation of a gas.
The author?® has further exemplified their theory by
using it to derive the Einstein formula for the fluctua-
tion of the temperature of a small body that is in equi-
librium with a radiation field or in contact with a heat
reservoir; here, the dissipation process is the loss of
negentropy in the thermal conductance between the
body and its surroundings.

LLicut KiNps oF NoOIsE

Table I names cight different kinds of noise that may
be present in the output of a radiation detector. The
table also indicates the kind of detector in which the
noise may be important, and indicates briefly the mech-
anism.

Some of the kinds of noise listed in Table I have an
ambiguous meaning. The term “temperature noise,” for
example, could mean either the fluctuation in the tem-
perature of a bolometer element, or it could mean the
consequent voltage fluctuation in the output of the de-
tector. In this review, we avoid the ambiguity by using
the cight names in Table | to mcan always the electrical
noise in the output of the detector.

TABLE 1

Tue E16uT Kixps oF Noisk, THE TYPE oF DETECTOR IN WHICH THE TYPE OF NoISE May BE IMPORTANT, AND A BRri:r INDICATION
OF THE PHyYsIcAL MEcHANISM THAT GENERATES THE NOISE

Kind of Noise |

Thermionic Detector
All Detectors
Thermal Detectors
All Detectors

Shot Noise
Johnson Noise
Temperature Noise

Radiation Noise
Generation-Recombination Noise
Modulation Noise

Contact Noise

Flicker Noise Thermionic Detector

statistical mechanics, that wherever there is a dissipa-
tion process there is an associated fluctuation, and that
the Wiener spectrum of the fluctuation can be calculated
from the magnitude of the dissipation. Callen and
Welton give three examples of the application of their
theory. They show that the dissipation involved in the
viscous drag on a moving airborne particle leads to a
fluctuation in the position and velocity of the particle
that is in exact accord with the accepted formulas for
Brownian motion. They show that the radiation re-

' R. B. Blackman and J. W. Tukey, “The measurement of power
spectra from the point of view of communication engineering,”
Bell Syst. Tech. J., vol. 37, pts. 1 and 2, pp. 185-282 and 485-509;
1958.

2 1], B. Callen and T. A. Welton, “Irreversibility and generalized
noise,” Phys. Rev., vol. 83, pp. 34-40; 1951.

Detector Concerned

Photoconductive cells, Bolometers

Physical Mechanism

Raudom emission of electrons by thermionic emission
Thermal agitation of current carriers

Temperature fluctuation

Bose-Einstein fluctuation of radiation photons
Fermi-Dirac fluctuation of the current carriers
Resistance fluctuation in semiconductors
Resistance fluctuation at contacts

Fluctuation of the work function

The power spectra of the various kinds of noise must
be added in order to obtain the power spectrum of the
total electrical noise at the output of the detector.
Thus, for example, the power spectrum of the total
noise of a bolometer may be regarded as the sum of the
power spectra of the Johnson noise, the temperature
noise, the modulation noise, and perhaps also the con-
tact noise.

Shot Noise

The usual expression for the power spectrum of the
shot noise in a temperature-limited diode is

Pif) = 2 ©)
3 R. C. Jones, “Performance of detectors for visible and infrared

radi