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Preface

The Air Force Office of Scientific Research is
the extramural research component of the Office
of Aerospace Research, USAF, the research
agency of the Air Force. OAR is commanded by
Msj. Gen. Ernest A. Pinson, USAF.

AFOSR conducts a grant and contract program
of phenomena-oriented research in those areas of
science related most directly to needs of the future
operational Air Force. AFOSR’s worldwide re-
search program requires an annual expenditure
of more than $35 million, and provides support
for about 2400 scientists. They are engaged in
nearly 1,000 separate research investigations at
more than 200 university, industry and other re-
search organizations, Research is selected for sup-
port from unsolicited propesals on the basis of
scientific quality and relevance tn Air Force in-
terests, Research is supported in chemistry, math.
ematics, electronics, mechanies, energry conversion,
genersl physics, nuclear physics, solid state
physics, astronomy-astrophysics, and the behav-
icral, biological and inrformation sciences.

AFOSR also serves to provide communication
between the scientific community and other Air
Force and DOD organizations, thus helping to
ensure the timely impact of scientific research
activities on the Air Force. AFOSR serves the Air
Force by providing and communicating results of
pioneering extramural research to potential users,
by transmitting needs for scientific information
to the scientific community, by providing sutside
scientific advice and consultation to all parts of
the Air Force requiring knowledge and interpre-
tation of world science, and by in general main-
taining and enhaucing the Air Force relationship
with the scientific community.

JurLy 1967,

Thie report is designed to present the research
programs of the Air Force Office of Scientific Re-
search for the information of the uwsers of Air
Force research, for scientific investigators work-
ing in the same or in allied fields, and for the
military, scientific and academic, and Government
communities at large.

It is intended that this report will help provide
ready access to research in progress as well as that
completed and just beginning to come into the
scientitic literature, so that the results of these in-
vestigations will become more readily available.
By making use of the list of work efforts, orga-
nized in terms of specific scieatific fields, scientists
and engineers in DOD laboratories and various
research and development organizations can ascer-
tain which active AFOSR programs are of in-
terest to them. To obtain detziled information,
direct contacts are encouraged with the AFOSR
staff member listed as responsible for the work
effort of interest,

Research managers in the DOD and other Gov-
ernment agencies will find this report convenient
for research coordinstion purposes. Contractors
and grantees supported by AFOSR will be able
to see how their programs fit into the over-all
AFOSR :czearch program. Those within and out-
side the DOD who are interested in broad ques-
tions on the support of research and development
should find this report useful insofar as it pro-
vides comprehensive information on the objec-
tives, research program, and accomplishments of
AFOSR.

Wnriax J. Paice,
Egzeoutive Director.
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The Role of AFOSR

Dr. WiLriam J. Price, Executive Director

During the past 3 years an extensive reevalua-
tion of the Air Force Office of Scientific Research
has been in progress within AFOSR and its parent
command, the Office of Aerospace Research. This
examination has been directed toward further in-
creasing the effectiveness of AFOSR in perform-
ing its mission of helping to strengthen the
future operational Air Force through scientific
research activities.

These studies make it abundantly clear that
the Air Force is dependent on science in many
ways. Thus AFOSR is challenged to carry out
its business in such a manner as to optimize the
benefits accruing to the Air Force from scientific
research activities, whatever their nature or
location.

The reevaluation has thus dealt with a variety
of matters including the past accomplishments of
AFOSR, the relationship of AFOSR to both user
agencies and other research agencies, the type of
activities sponsored, and the distribution of re-
search efforts among the various scientific dis-
ciplines. Concurrently, we have studied the more
general questions of the interaction between sci-
ence and technology, and of the changing patterns
in the support of research in the U.S.A., particu-
larly trends in both roles of individual research
support agencies, and in funds available for this
support. We have given particular attention to
the role of AFOSR in light of these various
factors.

This essay summarizes some of our findings.
One central theme emerges—that the current
AFOSR is a highly viable organization. We find
that AFOSR has an important mission to per-
form, that it has an excellent reputation with the
scientific community as a good research agency
with which to work, that it has a good record of
accomplishment on which to build, and that it has
a competent and dedicated staff to manage the
programs of the future. We believe that any
future increase in effectiveness will come from
careful building upon this foundation.

Preceding Page Blank

The Interaction Between Science and Technology

We have been carrying out studies which have
provided us with a large increase in specific in-
formation showing how the Air Force has bene-
fited from the AFOSR program. Part of this
material is presented as accomplishments in this
report in the form of individual subject area
papers by AFOSR program managers and
through the summary paper “Relating the Ac-
complishments of AFOSR to the Needs of the
Air Force.” In the course of these studies we have
collected and analyzed information about the in-
teraction between science and technology (7).

We find it is helpful in discussing the interac-
tion between science and technology, as well as in
describing AFOSR and its accomplishments, to
divide research and development activity into two
broad categories, phenomena-oriented science and
technology. In technology, creative efforts are pri-
marily concerned with synthesis: that is, integra-
tion of previously existing knowledge components
into operational capability—for example, systems,
devices, processes, methods, and materials. In con-
trast, phenomena-oriented science is more heavily
concerned with the origins of the knowledge com-
ponents themselves.

Here both applied science and engineering de-
velopments are classified as parts of technology.
Applied science is so named because its goal is
some sort of application of scientific principles.
Thus the name comes from the goal. A phenomena-
oriented scientist concerns himself with the eluci-
dation of natural phenomena. Thus his goal is the
study of phenomena, and consequently, it is rea-
sonable to call his activity “phenomena-oriented
science.”

As new phenomena are understood, this new
knowledge is made available to the scientific and
technological communities in many ways. How-
ever, it i3 important to note that the new infor-
mation becomes known by the peer group in the
world scientific community much sooner than it is
known by other groups, particularly those asso-
ciated primarily with technology. Important new
knowledge is known to members of the “invisible
college,” that is, those researchers active in the par-
ticular segment. of the research front, well in ad-
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vance of any formal written publication. Thus new
science forges ahead, relatively independent of an
ambient technology.

Similarly, tachnology usually feeds upon tech-
nology, in the presence of an ambient science. It
has become increasingly clear, especially to the his-
torians of science, that technology events are usu-
ally initiated within technology. This means that
usaally it is dificult to establish & unique correla-
tion between an important technological eveat snd
ona within phenomens-oriented science. One well-
known exception is nucica - power, and its origin
in the discovery of nuclea fission. Qur study
shows that one does not usually find phenomena-
orientad research producing & new and unex-
pocted opportunity which then stimulates s new
engineering opportunity. (This observatior is con-
sistent v ith those of other recent studies on science
and technology interaction (£, 3,.})). Instead, we
find phenomena-oriented research supporting
technology in many other important ways.

Thus the gross picture is that technology ususlly
feeds upon technology and phenomena-oriented
science usually feeds upon phenomena-oriented
science. However, at the same time we find that
there is & strong important interaction (almost a
symbiosis) between the two spheres of activity.

It is found that the acience-technology interac-
tions leading to utilization of phenomena-oriented
research are usually initiated by persons who, hav-
ing the urgent need for knowledge, search for the
solution through prior research. The scientists who
are consulied slso play a very key role on their side
of the dialogue, providing knowledge and inter-
pretation from their field.

The fsct that new knowledge originating in
phenomena-oriented research often has implicit in
it important new opportunities for exploitation
means that when these can be recognized on the
research side, great advantages, particularly in
timing, can be realized. This is an important area
for increased attention by phenomena-orierted re-
search activities, toward the end that initiative can
be successfully taken by the scientist more fre-
quently.

Our conclusion from these studies is that the
conventional picture, which emphasizes a process
with unique scientih > events being followed in an
orderly manner by applied research, development,
etc., is usually not. borne out. Since that picture ap-
peara to be the exception rather than the rule, it is
misleading to attempt to elucidate the contribu-
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tion of phenomena-oriented science by studying
this process primarily, In fact, the failure to ob-
serve a large number of such cases could lead to a
noncbjective backlash in which the real (and very
important) process involving the flow of an im-
mense number of items of information across the
technology-science interface is not recognized.

The Role of AFOSR

We have studied the mission which AFOSR
has performed over the years, its accomplish-
ments, and the studies which the National Acad-
emy of Sciences is making through its committee
on science and public policy, partieularly those
studies which have dealt with the definition of the
role of a research agency in a mission-oriented
organization (6. 6); we have assessed the impact
of the growing number of research agencies on
the AFOSR mission (6); we have studied the
analogy between the role of AFOSR in the USAF
and that of other fundamental research activities
in a mission-oriented parent organization, for
example, the corporate research laboratory in a
large industry (7). Particularly, we have studied
the needs of the Department of Defense in view
of the nature of the interaction between science
and technology and the capability of the AFOSR
to support the IYOD. These studies have led us to
describe our current role as follows,

One may think of AFOSR as a research Insti-
tute made up of the AFOSR staff and various
advisers as research institute managers, and the
contractors and grantees performing research.
This institute concept may be visualized as an
activity which, by providing an interface with
both the scientific community and the Air Force,
improves the interaction between them. Both inter-
facesare of course very important.

AFOSR is weli-suited to providing the required
interfaces. Since it has a well-established reputa-
tion in the scientific community as a good research
agency with which to work, it attracts the interest
of the world’s top scientific talent. At the same
time, staff members of AFOSR have the mission,
experience and techniques required for identifying
DOD problems arens and translating them into
scientific research opportunities or in reverse, in
translating scientific knowledge and understand-
ing into results for DOD users.

In this interface role between science and tech-
nology, the AFOSR research institute performs
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two major functions. First, it accomplishes re-
search, thus helping to colonize relevant scientific
knowledge, and second, it provides communica-
tion between the scientific community snd using
agencies.

The selection of research areas in which to
accomplish Air Force supported phenomena-
orientad research may be motivated by helping
a development group solve certain difficult
classes of relatively short-term technical problems
through a fuller understanding of the phenomena
behind them, or as is more common, by seeking
to open new fields of science holding out high
promise for generating new knowledge needed to
help evolve future technologies. The strategy is
to attempt to colonize ! those areas selected to be
particularly relevant to the long-term interests of
the USAF. The selection of these areas continues
to be the most important challenge faced by the
AFOSR.

The communication provided by the research
institute is two-way—needs to the research pro-
gram and scientific information to the users. We
provide this communication by engaging in many
types of coupling activities. For example, part of
what we purchase through contracts and grants
is primarily designed to provide communication.
This part refers not only to the symposia we
sponsor, but also to the connecting-type research
which allows us to keep abreast of a variety of
those scientific areas largely supported by other
agencies, in which repidly emerging scientific
developments of possible importance to the Air
Force are taking place,

The management responsibility for this coup-
ling lies with the individual AFOSR program
managers. This part of their function is essentially
an open-ended one—that is, the opportunities are
essentially limitless, It is one in which professional
knowledge and ingenuity have a high premium.

Regardless of the background with which an
AFOSR stafl scientist comes to the job, he must
keep his contacts with counterparts in the Air
Force spplied research-exploratory development
community current, Here personal contacts are

-

1 Colonisiag way be descrided as Incrensing the chance of {m-
portant discovery 1a an area 4. d to bold p ise for the Ajr
Foret by “ralaing the temperature” of the world's sclentific ae-
tivity in that Seld. Through judicious support of phecomena-
oriented iesearch snd other activities such as sywposis. the Alr
Forct has helped colopite the activity !n numerous resesrch areas,
with the regult that the Alr Force research sornort, amplified by
that supported by mon-Alr Foree funds, has affected very signi-
cantly the rate of development of important rcientific areas.

made by visits, correspondence, special reportas,
program reviews, participation in joint task
groups, etc.

Some of the most meaningful coupling activi-
ties are those which directly involve the research
scientists AFOSR has under contract. We find
that scientists around the country are very able
and willing to participate directly in Air Force
activities in many ways. The article “The AFOSR
Coupling Program,” elsewhere in this volume, de-
scribes the ~rowing role which AFOSR is play-
ing in communieation between science and
technology.

There are other direct roles played by the
AFOSR research support which, although second-
ary in imporiance when compared with the two
described above, are nevertheless important. These
include education of graduate students in fields
particularly relevant to the DOD; the providing
of research support which makes it possible for
many consultants for aerospace industries, and
government to keep their expertise: and the
strengthening of U.S. science by having multiple
sources of support avajlable.

AFOSRK also provides the DOD with a quick
reaction, program management and procurement
organization for accomplishing special activities
requiring the participation of the scientific com-
munity. Examples include the new scientific in-
vestigation of unidentified flying objects, the pub-
lic reaction studies to sonic boom produced by the
supersonic transport, the DOD Project Themis, a
program to strengthen the Nation’s academic
institutions, and numerous projects for the Ad-
vaived Research Project Agency of the DOD.

The Challengs Foced by AFOSR

New knowledge and understanding properly
utilized represent power—the possibility of bring-
ing about eflective solutions to some of society's
problems on a timely basis, the competitive edge
of one industry over another, or the defense of
one's country against another with alien purposes.
With the rapidly expanding body of both knowl-
edge and application, the time from understanding
to use has been continually decreasing and the
ability of an organization to change accordingly
has become a very important factor.

New scienitific research is typically packaged in
terms of scientific disciplines, while society's prob-
lems almost always appear in other forms. There-
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fore, there are special interface problems of a par-
ticulariy challenging nature which need to be
worked out in providing effective communication.

Of course, engineers and others with similar
responsibilities must always play a key role in the
required communication; this is well recognized.
However, the role of the scientific community is
not recognized or understood nearly as fully.
As a matter of fact, in some quarters there
is still the misconception that “good” science
should be “pure academic research” where the con-
cept of purity implies a conscions and even self-
righteous disengagement from utility (8).

The primary challenge to AFOSR is *o help
assure that the scientific part of this interface
activity is performed in an optimum manner.
Toward this end we are committed to the support
of phenomena-oriented scientific research activities
because we believe that this support brings the
Air Force very direct benefits that cannot be ob-
tained through research which is closely allied
to the end items nor through fundamental science
support by other agencies. We are committed to
the unapologetic support of research which is ad-
mittedly strongly science-oriented. The major con-
tribution of AFOSR is that we provide mecha-
nisms hy which highly creative science-oriented
persons are involved in the Air Force program in
ways which both we and they agree to be mutually
beneficial. We are thus at least partially tapping
this important potential for the continued
strengthening of the defense of the country.

In carrying out these mctivities, we meet two
special challenges of a continning nature. First,
how does one optimize the distribution of our effort
among possible areas of interest? While the
AFOSR program will always cover a wide spee-
trum, it is dominated by those fields clearly rele-
vant to the Air Force. However, a narrow defini-
ticn of mission relevance must not be allowed to
restrict this distribution unduly.

The second challenge is to work creatively and

 mmE ke e S bt S s - o

effectively in catalyzing the very important inter-
actiun between science and technology. For ex-
smple, our studies referred to earlier indicate that
although new scientific knowledge is disseminated
within the scientific community quite socon after
its discovery, often considerable time elapses be-
fore it becomes knnwn to those primarily concerned
with utilizing it. The results of our growing cou-
pling program at AFOSR, which among other
things is aimed at reducing this time, encourage
us that this part of our mission is indeed a fruit-
ful one.

In conclusion, I wish to state that AF7ISR is
managing a research program which is oriented
to meet the needs of the Air Force. Whether we
are choosing these areas in which to support re-
search or whether we are promoting the all-im-
portant dialogue between the scientific community
and those seeking to use science for defense pur-
poses, our ain: is to manage a research program
tailored to meet the DOD needs.
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The Relevancy of the AFOSR
Research Program to the Operating
Needs of the Air Force

Cou. Ivan C. AtrinecN, Deputy Exzecutive
Director

The value of AFOSR to the Air Force comes
through the exercise of our capability for provid-
ing an effective bridge between the needs of the
Air Foree and the opportunities inherent in the
continually emerging frontiers of science. Qur
challenge is to help assure the maximum impact
of naw scientific activities throughout the world on
the future operational Air Force. The relevancy of
the AFOSR research program is a measure of the
degree to which the overall impact is maximized.

The Key Role of AFOSR Program Monagers

AFOSR is ideally suited to provide an effective
bridge between the Air Force =nd science. On the
one hand our program managers arec in an excellent
position to determine the Air Force needs and to
oricnt the scientific activitier which they select to
meet these needs. On the other hand, being orga-
nized as we are in terms of scientific disciplines
and having the reputation as & good research
agency with which to deal, we attract the interest
and participation of the leading scientists, those
persons who actually have their choice of sources
of funds. Thus we are able to involve highly
creative scientists in activities relevant to the Air
Force and to Jdo this in ways that both the Air
Force and the scientific community agree to be
mutually beneficial.

Guideance as to thie Air Force needs comes to
AFOSR in several forms. Information as to the
Air Force mission in space functions, limited con-
flict, strategic offense, air defense, training, log-
istics, and other areas obtained from such sources
as the document, “USAF Planning Concepts (‘The
Plan),” and from major speeches of the Secretary
of the Air Force, Dr. Brown, and the Chief of
Staff, General McConnell. Many more speeific
needs are referred to us from higher headquarters

and by other parts of the Air Force. We establish -
special studies, as for example the “Seminar Series
on Long-Range Problems of Limited War” and
the “Workshop vn Fundamentsl Problems of Fu-
ture Aerospace Structures” to bring into better
focus various parts of the Air Force ressarch needs.
We participate in the formulation of the “OAR 5-
Year Plan” on an annual basis. We have inputs
from the Air Force RDT&E Community through
our in-house advisory committees and through the
many informal visits between AFOSR program
managers and the Air Force user organizations.

Through these and other mechanisms, AFOSR
keeps abreast of the needs of the Air Force. Utiliz-
ing this information, the AFOSR program man-
ager matches the needs of the Air Force and the
opportunities present in emerging new science.
Clearly then the AFOSR program managers serve
a key role in assuring relevance.

The Relevant Program is the Balanced One

In order to make the optimum contribution to
its mission, AFOSR must have the proper balance
in the various activities in which it engages. The
preceding article discusses the various AFOSR
roles in colonizing areas and in providing com-
munication bet ween science and user<, for example.
A variety of activities are equally relevant to ful-
filling the AFOSR mission of providing the var-
ious elements in the proper balance. Certainly the
main part of our activity must always be placed
on new sciences or new aspects of sciences which
show particular promise for technological applica-
tion to future Air Force operations. This research
attempts to colonize new fields of science holding
high promise for scientific discovery from which
innovations can arise. Results or their possible ap-
plications cannot be forecast with any degree of
cortainty. The problem is to select from a large
number of possible research projects those which
hold the most promise of scientific progress toward
general goals of long-term Air Force interest.

Another important category of AFOSR activ-
ity is aimed at helping development groups solve
certain difficult classes of relatively short term
technical problems through a fuller understanding
of the phenomena underlying them, The initiation
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of this type of rese..rch requires a high degree of
swareness of Air Force research needs on the part
of both the AFOSR project scieatists and the in-
vestigators. However, while the scope of the in-
quiry is fashioned with theee interests in mind,
the investigators retsin a great deal of freedom as
to methods of approach and otherwise bring the
full force of fundamental research methods to
thess more applied problems.

To maintain balance, 8 minor but very impor-
tant part of our activity must be in keeping sbreast
of a variety of scientific areas, largely supported
by non-Air Force agencies, in which rapid and
significant developments of importance to the Air
Worce are taking place. This is the connecting-
type of support. AFOSR does this by selecting .e-
searchers not only for the jquality of their work
but also for their ability to provide advice and
information regarding the entire field in which
they are working.

By keeping these varicus activities in nroper
balance, the Air Force will be benefitted to the
greatest degree. This is an area in which there is
a high premium on the judgment and foresight of
the program managers, There are many pressures,
not the least of which being the desire of the pro-
gram manager to show tangible results, which
cause the program to tend toward shorter range
problems areas. On the other hand, too little con-
cern with utility works against the highly impor-
tant dialogue between science and technology
which AFOSR provides,

The Research-Technology interface

A comprehensive discussion of all the aspects
determining relevancy is beyond the scope of this
paper. “Relating the Accomplishments of AFOSR
to the Needs of the Air Force,” included in this
volume, is one such broad discussion. I shall re-
strict my remarks to relevancy of the AFOSR pro-
gram to Air Force technology requirements.

The AFOSR mission statement includes the
phrase “Supports programs of extramural re-
search d signed to provide new scientific knowl-
edge and understanding in three areas of science
which offer the greaiest potential for improving
the Air Force’s present and future operational
capability.” Thic operational aspect naturally
brings to mind the weapon system which can be
viewed and/or read about by the taxpayer. How-
ever, because of the many steps in the complex

process of conceiving and developing s weapon
system, the role research plays cannot usually be
associated clearly with the development of weapon
systems. In a large majority of cases recearch
does not jump immediately mto a weapon system
but works its way up the triangle route whereby
the complexity of the application increases as you
proceed upwerd, The apex of the triangle is the
mission. From that point downward are zil the
contributing aress—the weapon system, opera-
tional systemns development, engineering develop-
ment, and advanced development and exploratory
develvpment (including applied research). At the
base of the triangle is research.

Conceptually at least one can determine the rel-
evancy of research for supporting the operational
missions by tracing through the various inter-
mediate relationships. In practice one finds this
approach to be of limited validity; there are too
many uncertainties in establishing the required
relationship. Perhaps the greatest limitation in
developing this methodology is inherent in the
natnre of science and technology interactions. We
find important interactions occurring between
scientific research activities and technology at
several levels of mission development, not just &t
the interface of applied research with science.

We do, however, find it meaningful to establish
relationships between our scientific research activ
ities and technology whereby technology means
the broad group of applied scicnce and engineer-
ing development activities engaged in to bring
about new systems, devices, processes, snd mate-
rinis of use to the Air Force.

At this point it might be wise to point out that
the interface Letween the science and technology
is of a different character from those existing
at other paris of the development process. The
scientific research is phenomena-oriented and tech-
nology is burdware-oriented. It might be said this
boundary is where orientation is given to the re-
search results. If a too restrictive policy is applied
to the support of research, this orientation process
takes place sooner, and consequently the benefits
which are to be derived from the more flexible
approach inherent in phenomena-oriented science
will be denied to the Air Force.

Often resesrch results cannot be predicted with
certainty. Relevancy cannot be determined with
certainty beforehand inasmuch as pioneering re-
search may open up or colonize a new ares.
Granted that this action is not in the majority of
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cases, but it is the one where new and unique ideas
are born. These items lead to new concepts snd
whole new technological worlds, If an old wording
is nllowed, these are breakthroughs in the real
sense. Sometimes this proczss has to accrue exten-

i54-884 O - 41 -2

sive results before the new area becomes apperent,
but when it does, the scientific community ususlly
extends its efforts in that direction, Consequently,
a new and unique area is nurtured to the puint
where technology can benelfit.
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AFOSR Scientific Staff
o ox
plus ext.
Dr. Willlam J. Price, Executive Director (8RG) ... 44801
Col, Ivan C, Atkinson, Deputy Executive Direc-
tor (BROD) e 44801
Maj. Joseph P. Martino, Assistant Execu-
tive Director, Research Communication. 44875

Lt. Col. Carl 8. Jennings Jr., Assistant Ex-
ecutive Director, Research Operations__ 45101

Dr. Amos G. Horney, Director of Chemical Sciences
(BRC) ..
Denton W. Elliott, Deputy Director
Dr. Alfred Welssler, Project Sclentist
Dr. Anthony J, Matuszko, Project Scientist
Dr. William L. Ruigh, Project Scientist
Lt. Col. Edward T. Wailford, Project Scien-
tist
Dr. Milton M. Slawtky, Director of Engineering

Lt. Col. Robert B. Kalisch. Chief, Electronles
Division (8REE) _ .o e 45518
Maj. Frank H. Zander, Project S8cientist
Milton Rogers, Chief, Mechanics Division
(BREM) e 45587
Paul A. Thurston, Project 8cientist
Dr. Jacob Pomerants, Project Scientist
L. Col. Georze 8talk, Project Sclentist
Maj. Donald L. Calvert, Project Scientist

Dr. Joweph F. Masi, Chief, Propulsion Division
([REP) ..o 45565
Dr. Bernard T. Woltson. Projﬂct S>lentist
Dr. Demetrios G. Samaras, Project Scientist
Maj. Russell G. Langlois, Project Scientist
Lt. Col. Cornelius J. Donovan, Project Scientist

Dr. Harold A. Wooster. Director of Information
Sciences (8RI)____. . _____ . .. 45407
Mrs. Rowena W. Swanson. Project Sclenust
Capt. Eliot Sohmer, Project Scientist

Dr. Harvey E. S8avely. Director of Life Sciences
(8RL) e 45041

10

Telephonse
(288) OX
pius est.

Dr. Charies E. Hutchinson, Chief, Behavioral
Scfencea Division (8RLB) . oeoeeeo. 45045
Dr. Herman J. 3ander. Project Scientist
Dr, Glen Finci, Project Scientist
Maj. Laurence G. Goebel, Project Scientist
Dr. Robert V. Brown, Chief, Blological Sciences
Division (SRLA) . __________ . __-. . ___ 45042
Maj. Churles E. Fuller, Project Scientist

Dr. Merle M. Andrew, Director of Mathematical

Sciences (BRM) . .o cei i 45263
Lt. Col. Barnett R. Agins, Chief, Applied Math
Division (8EMA) o e 45261

Maj. John Jones Jr., Project Sclentist
Capt. Allen Dayton, Project Scientist
Dir. Robert G. Pohrer, Chief, Mathematics Divi-
slon (SRMM) . ________________ 45264
Maj. John F. Gander, Project Sclentlst

Dr. Lloyd A. Wood, Director of Physical Sciences

[£.) : 3 5 T U, 45451
Dwight L. Wennersten, Chiet, Genenl Physics
Divigion (SRPP) .. . 45454
Dr. Marsball . BHarrington, Project
Scientist

Capt. David A. Haycock, Project Scientist
Dr. Ralph E. Kelley, Project Scientist
William J. Best, Chief, Geophysics Division

(BRPG) e 45456
Maj. Durward D. Young Jr., Project
Relentist
Dr. Erich Weigold, Acting Chief, Nuclear
Physics Division (SRPN)_________________ 45581

Mzj. Joseph E. Gurrell, Project Scientlst
Capt, Donald R. Lehinan, Project Scientist
Lt. Col. Ralph W. Conuers, Chief, Soiid State
Sciences Divivon (SRPS) . ____.___ 45588
Dr. J. Thomas Ratchford, Project Scientlst
Lt. Col. Randal A. Houidobre, Project
Scientist
Max Swerdlow, Project Scientist

Col. Lenn 8. Rogan, Director of FProcurement
(SBRK) L 45275
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AFOSR Board of Visitors

The AFOSK board of visitors provides the
executive director with scientific and technical
advice wkich he may employ during the planning,
programing and pursuit of the AFOSR program,
The group is composed of eminently qualified, dis-
tinguished members of the scientific community,
who serve as members of the QAR scientific ad-
visory group, They provide a continual outside
evaluation of both the effectiveness of AFOSR
activities and policies, and thejr impact upon the

scientific community. Members of the board of
visitors are:

Professor Leomard I, Schifr {Chairmen), Department of
Physics, Stanford University.

Dr. Launor F. Carter, Senior Vice VPresident and Director
of Advanced Technology and Rewarch, Systems De-.
velopment Corporation.

ur. Carl Kaplau, Rewesrch Feliow, Johux Hopkine [ niver-
nity.

Dr. Nathan L. Krisverg, Director of Ecgineering Missiles
and Information Systems Division, the Boeing Co.

Profeser Gerald M. McDonvel, M.f).. Department of
Radiology, Center for the Health Sclences, University
of Onlifornia at Los Angeles.

Dr. Jogeph Kaplan. Protessor of Physics, University ot
California at Log Angeles; ex ofMiclo member as Chajr-
man, OAR Scientific Advisory Group.
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The History of AFOSR

The Air Foree Office of Scientific Research was
officially established 11 August 1955. It had existed
in recognizably similar form, however, since 20
October 1951, with ita roots going back still farther
to the first appearance, in February 1948, of a basic
research organization at Wright-Petterson AFB.

That the Air Force entered the business of basic
research when it did was due in great measure o
the determination of the late Dr. Theodore von
Karman, distinquished Hungsrian-born serody-
namicist, who headed the Air Force’s scientific
advisory board during the late 1940's.

On 24 September 1949 the Ridenour report * was
transmitted to Gen. Hoyt S. Vandenberg with a
covering letter from Dr. von Karman, which said:

The Air Force should make fuller use of
the technical talent and facilitiee possessed
by the industries and the universities of {he
country. & small recurring investment in the
support of fundamental scientific investiga-
tions would secure for the Air Force the en-
thusiastic support of the foremosi scientists
of the country; su-h men are today being
substantially assisted mainly by the Office of
Naval Research and the AEC. The Aix Force
is clearly faced by problems requiring funda-
mental scientific investigations: the best re-
sults in such work can be secured by direct
contact bet ween an OMffice of Air Research and
scientists,

In February 1949, the Office of Air Recearch was
established at Wright-Pattexson under the imme-
diate jurisdiction of the director of research and
development of the Air Materiel Cominand, and
was assigned the performance of both basic and
applied research. In performing the basic researck,
it made use of both contractural efforts and in-
house work.

On 23 February 1951, Col. Frank J. Seiler, sec-
ond chief of the Office of Air Research, described

14Re b ang Pevel t in the United Rtatea Alr Force——
Raport of a Special Committee of the Sefentific Advisory Board to
the CIIIH of Staff, USAFP.” Louls N. Ridenour, committee chalr-
man, 1049

12

the primary mission of the Ofice of Air Research
83 “to sponsor, encourage, or take advantage of, in
any way, all basic research to further Air Force
ends. It is always necessary to keep in mind Air
Force needs. To talk in terms of a program, one
must always ask the quesiion, what problems need
study or alleviationI”

This office went out of existence in April 1951,
when more basic portions of the program were
transferred to Headquarters, ARDC, Baltimore,
Md., and ultimately became part of the assigned
mis “on of the Office of Scientific Research (OSR),
swhich was organized as a headquarters staff sec:
tion in October 1951,

OSR wzs mainly concerned with administering
a research program which was largely basic rather
than applied, and which was conducted entirely by
means of contracts mostly with university scion-
tists. But, as a headquarters staff section, OSR also
had a supervisory role with respect to other Air
Force research activities. This role, however.
existed more on paper than in practice, and was
Jater eliminated.

OSR’s research program was planned along the
lines of the traditional scientific disciplines, and
OSR itself was organized along these lines. There
were originally five functional divisions—chem-
istry, flnid mechanics, mathematics, physics, and
the solid state sciences—ench of which was headed
by a division chief, nsually a civilian, who was
given considerable freedom in formulating a pro-
gram for his divisior.

In February 1954, OSR's position in Headquar-
ters ARDC was altered. At that time OSR was
stripped of its staff supervisory functions and
dropped down a step on the organizational ladder.
The overall supervision of ARDC research was
now in the hands of 8 newly established directorate
of research (Headquarters ARDC).

In August 1955, the Office of Scientific Research
became the Air Force Office of Scientific Research
{AFOSR), and was given “center status,” mean-
ing that it was henceforth to be regarded not as a
headquarters staff section, but as an agency on
the same footing with such ARDC field organi-
zations as the Air Force Cambridge Research
Center and the Wright Air Development Center.
Asa measure of the organization’s new-found stat-

SRR e i el il
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ure, a general officer, Brig. Gen. Don B. Flick-
inger, was named its commander. The resemblance
to n field orgunization was further sharpened in
July 1956 when AFOSR severed its physical con-
nection with Feadquarters ARDC by moving
from Baltimore to Washington, D.C.

Officially, the granting of “center status” was
degigned to heighten the prestige and importance
of research within the Air Force. Some AFOSR
administrators felt, however, that it was really a
step downward, since it placed the contractual re-
search agency under—rather than within—com-
mand headquarters. During the following years
AFOSR did, nevertheless, experience a steady
growth in the size and scope of its research pro-
gram.

Concurrently with the creation of AFOSR as
a geparate center, AFOSR was reorganized in-
ternally. This had little effect on the AFOSR
program. The old divisions were either abolished
and replaced by new directorates, or else direc-
torates were superimposed upon the old divisions.
The research prograins continued as before, al-
though in some cases under different men, The
same general internal structure stands today.

AFOSR’s new center status was accompenied by
increased support, The organization's budget al-
most doubled from £13.9 million in fisca vear
1956 to $27 million in fiscal year 1959, The larger
budgets permitted AFOSR to fund not only more
projects but also more expensive ones, whose costs
at one time had been prohibitive. Thus. the
AFOSR program during the late 1950's possecsed
& variety, a quality, and a spark that it lacked in
the earlier years.

A major review of the Air Force basic research
program was set forth ir the Stever committee re-
port issued in Juns 1958, This was a blue ribbon
committee asked to reexamine the findings of the
Ridenour committee report of some 9 years earlier.
The chairman was H. Guyford Stever, associate
dean at MIT, and a former Air Force chief scien-
tist (1956-57).

The Stever committee said, “The Air Force has
& mission to sponsor and support exploratory re-
search. In this way the Air Force shares with the
other services the payment for research of general
interest to the military. This ensures the establish-
ment of effective lines of communication with all
of the scientifir  mmunity of the country, much
of which will ¢ ally but inevitably contribute

to the USAF's ability to perform its mission.”

The word mission is used here in the nonmilitary
sense, and the esuphasis seems to be that set forth
in DOD Directive No. 3210.1, “Policy on Basic
Research,” of 19 June 1952, which states:

To provide the essential foundation for the
techniq: s 6f war. the DOD must assure that
basic research is adequately supported in all
areas where the presence of knowledge is im-
portant to the military effort * * * Resemrch
in universities, non-profits * * * may be of &
kind which does not have specific aims but
holds promise of some ultimate military
application,

This directive confirmed the role of the DOD
in sponsoring basic research in relation to the Na-
tional Science Foundation Act of 1950, The am-
phasis, in this selection from the basic documents
responsible for establishing the Air Force pru-
gram of contract-supported basic research, has
been on the nature of the research to be supported,
rather than the mechanisms for administering
these research contracts. The fundamental pas.
sage is that of the Ridenour repart of September
1949.

A small fraction—say 2 or 3 percent—of the
research and development budget of the Air
Force shewild be consistently assipned for the
research in broad general fields on problems
which, without being directed toward specific
gouals or applications. are of potential interest
to the Air Force.

The following statement, by a committee of
university and industrial research scientists, is rep-
resentative of the conclusions which have heen
reached by the vast majorit ¥ of those individuals
and groups, both within and outside of USAF,
who have given serious thought to the place of
basic exploratory research in the ['SAF:

The Air Foree should continue and expand
its suppert. of exploratury research, originat-
ing in the ideas of working scientists, both at
its in-house lsboratoriez and through con-
tracts, such as those administered by the Air
Force Office of Scientific Research. The Air
Foree eannt rely upon other governmental
agencies, such as the National Science Founda-
tion. or other parts of the Department. of
Defence. nor upon nonguovernumenta) agencies,
to provide for its entire needs and intsrests in
science. Neither can it rely entirely on research

3




which grows out of its programs of applied
research and development.?

in late 1950 and early 1960, ARDC underwent
an sxieusive reorganization. This reorganization
was deeigned to increase the effectiveness of ARDC
operations by delegating certain management
functions from Headquarters ARDC to a group
of functionally organized divisions. (The ARDC
omters which, for the most part, were now ab-
sorbed by or subordinated to the divisions, had
been organized essentially along geogrophic rather
than functicnal lines, although AFOSR had been
at exampls of a strictly functional organization
even under tha old system.) One new division that
emerged was the Air Force research division,
which included AFOSR, the European office
(ARDC), the aercnautical research laboratory,
and the Air Force Cambridge research labors-
tories—the four organizations in ARDC engaged
in basic research, Basic research in the Air Force
was thus now cotcentrated in one ARDC division.
The Air Force’s research and development
activities underwent another broad reorganization
in April 1961, The outstanding feature of this re-
organization was the combination of ARDC
(minus AFRD) with those elements of the Air
Materiel Command engaged in systems acquisition
and related procurement functions to form the new
Air Force Systems Command (AFSC). Had
AFRD been allowed to remain with AFSC, its
research functions would undoubtedly have been
overshadowed by work on weapon systems. The
Air Force decided, therefore, that it wonld be
healthier for basic research to have its own organi-

* Committer ou General SBciences, NAS-ARDC S¢udr Group. “'A
Repovt by the Committes on Genrral Sciences Folniing to Loag:
Raage Ecieatific and Techuical Trends of Imteron! 1o the United
States Alr Force™ (known ax the ““Woods Hol Repi-.”), 1938,
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zation apart from systems development. Thus
AFRD, (still including AFOSR), was detached
from ARDC, renamed the Oflice of Aerospace Re-
search, and established as s separate operating
agency with the procedural functions and responsi-
bilities of a major air command. AFOSR was now
an integral part of an organization devoted ex-
clusively to research.

Following its reorganization under OAR,
AFOSR began a period of internal realinements
that created the present scientific directorate ar-
rangement. Policies adopted during his period in-
cluded long-term funding of grants and contracts,
which tended to provide more stable support for
investigutors, and the AFOSR postdoctoral re-
search program.

Later policy changes placed increasing emphasis
on relating AFOSR research to Air Force techno-
logical problems, and on making this research
more readily available to applied research and
development scientists in Air Force laboratories.
Systematic coupling was effected to provide a two-
way interchange of information between the
worldwide scientific community and Air Force
laboratory and field development units. AFOSR
proje:t scientists functioned directly in bringing
outside scientific competence to bear upon specisal
and often urgent opernting problems, and also in
helping to uncover thuse problems susceptible to
solution by the application of scientific research or
research methods.

OAR’s averall accomplishments were officially
recognized in 1986 with the presentation of the
Air Force Outstanding Unit Award, in which
AFOSR shared as a component. The award was
made for the period of 1 April 196¢ to 31 March
1966. .




TR TS RTSR LT SRR T

AFOSR Chronology

February 1938 oo uecmceaaaee. Applied Research Section (iaster Research Section), Engineering
Division, Air Materiel Command established.

February 1948 . o ... Office of Air Research, Director of Research and Development, AMC
established.

January 1960 _ o Air Research and Development Command established.

October 1961__ . - .o.._. Office of Scientific Research, Hq. ARDC, established with Col. Oliver
G. Haywood as chief.

September 1968 __ . _______. --. Col. William O. Davis named chief of OSR.

February 1954 . _______. Hq. ARDC reorganized. OSR put under Directorate of Research,
commsaded by Col. Don D. Flickenger.

August 1956 .. __________. Air Force Office of Scientific Research established as & separate cen-
ter of ARDC with Brig. Gen. Don Flickenger as commander.

January 1966 .. ____. Col. Adolf P. Gagge assumed command of AFOSR.

March 1956 ____.____..__ Brig. Gen. Hollingsworth F. Gregory designated commander of
AFOSR.

July 1966 __ .o . AFOSR moved to Washington, D.C'., from Baltimore, Md.

September 1968 . . _______. Congress passed Public Law 84934, permitting all Federal agencies
engaged in basic research to support their programs through a sys-
tem of grants to universities and nonprofit institutions.

November 1968____.___ ... _..__ Brig. Gen. Benjamin G. Holzman assumed command of AFOSR.

January 1960__________._.___._. Air Force Research Division, ARDC, established.

January 1960 ________ _____._. Col. Adolf P. Gagge named commander of AFOSR,

October 1960__________.__._____ Dr. Knox T. Millsaps became axecutive director of AFOSR.

April 1961 . ... Office of Aerospace Research established with AFOSR as a com-
ponent.

September 1968 . ___________... Dr. William J, Price named executive director of AFOSR.
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AFOSR Research Program

The AFOSR research program includes about
1,000 separate research efforts being performed at
any one time at university, industria), not for
profit, and other research organizations. This sec-
tion of AFOSR Research contains:

1. The AFOSR scientific area code, a list of
those areas of science in which AFOSR supports
research,

2. An explanation of the research program data
elements found in the separate listings nf scientific
efforts.

3. A description of the scientific program of
each AFOSR scientific directorate, outlining its
scope and research objectives.

4. A list of all AFOSR research work efforts
current as of the beginning of calendar year 1967,
broken down by scientific area code, and arranged
alphabetically within scientific areas by principal
investigator’s last name.

AFOSR Scientific Area Code

1.0.0 Mathematics
1.1.0 Algebra and Foundations, Analysis
1.1.1 Algebras
1.1.3 Mathematical Analysis
1.2.0 Applied Mathematics
1.4.0 Statistics and Probability
1.5.0 Theory of Numbers
2.0.0 Physics
2.1.0 Elementary Particle Physics
2.2.0 Nuclear Structure Physics
2.3.0 Atomi~ and Molecular Physics
2.40 Low Temperature Physics
2.5.0 Solid State Physics
2.5.1 Theory of Solida
2.5.2 Growth, Preparation and Synthesis of
Solids
2.5.3 Structural Characterization of Solids
2.5.4 Mechanical and Thermal Propertics
of Solids
2.5.5 Electronic, Magnetic, Optical and
Electrical Propertics of Solids
2.5.6 Interaction Effects in Solids
2.6.0 Field Physics
2.6.1 Flectromagnetics and
Physics
2.¢.3 Optical Physics
2.6.4 Acoustics

Electron

Preceding Page Blank

3.0.0

4.0.0

2.7.0

2.8.0

2.9.0

Fluid Physics

2.7.1 Plasma Physics

2.7.2 Magneto Fluid Dynamics

2.7.3 Structure of Gases and Liquids
Theoretical Physics

-2.8,1 Quantum Mechanics

2.8.2 Relativity and Gravitation
Cosmic Rav Physics

Chemistry

3.1.0

3.2.0

33.0

3.4.0

3.5.0

3.6.0

Analytical Chemistry and New Techniques

3.1.1 Chemistry: Diffraction and Optical
Methods

3.1.3 Radiochemical and Nuclear Methods

3.1.4 Electrochemical Methods

3.1.5 New Instrumental Techniques

Inorganic Chemistry

3.2.1 Theoretical Inorganic Chemistry

3.2.2 Synthetic and Descriptive Inorganic
Chemistry

Organic Chemistry

3.3.1 Theoretical and Structural Organic
Chemistry

3.3.2 Synthesis and Propertices of Organic
Compounds

3.3.3 Organic Chemical Materials

Physical Chemistry

3.4.1 Chemistry: Structure of Matter

3.4.2 Chemistry: Interactions of Matter
and Energy

3.4.3 Principles Governing Chemical Re-
actions

3.44 Surface Chemistry

Chemical Kinetics and Mechanisms

3.5.1 Homogenous and Heterogenous Chom-
ical Reactions

3.5.2 Energy Effeets in Chemical RReactions

3.5.3 Chemical Reactions of Condensed
Phascs

3.5.4 Kinectics of Fast Chemical Reactions

Chemical and Rheologicnl Properties of

Materials

3.6.1 Chemical and Physical Propertics of
Pure Liquids

3.6.6 Chemical and Physical Properties of
Crystalline Inorganic Solids

Environmental Sciences

4.1.0

4.2.0

4.3.0

Astrophysics

4.1.2 Astrophysics

Atmospheric Sciences

4.2.1 Metecorology

4.2.2 Atmosphcric Optics

4.2.3 Acronomy

4.2.4 Tonospheric Physics and Propagation
Terrestrinl Sciences

4.3.2 Seismology

19
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5.0.0 Biologica: Sciences

£.0.0

8.0.0

5.1.1 Ecology
5.2.1 Genctics
5.2.3 Anatomy
53.1 Immunology
5.2.4 Pathology
5.5.. Microbiology
5.6.1 Molecular Biology
5.6.2 Biochemistry
563 tophysics
5.7.1 Physiology
8.7.2 Posrmacology
Socig! Seiencea
6.2.0 Economics
6.3.1 Learniug Processes
6.5.0 Bociclogy
8.8 Social Psychalogy
8.7.w Taychophysivlogy
6.8.1 Engineering Paychology
6.8.2 Pasychumetrics
Engineering Sciences
8.1.0 Energy Conversion
8.1.1 MNagnetoplasmadynamicy
8.1.2 Combustion Dynamics
%.1.3 Chercical Xinetics
820 Mechanics of Fluids
8.2.1 Fluid Dynamics (Contiuuum)
8.2.2 Rarified Gas Dyuamics
8.2.3 Boundary Layer Effects
8.2.4 Plasmadynamics
8.3.0 Mechanics of Solids
£3.1 Btructural Mechanics
§3.2 Environmental Material Mechanics
8.40 Engineering Chemistry
8.4.1 Propellants
8.4.2 Thesrmoplhysical Properties of Prope!-
lants

9.0.0

8.5.0 Information and Communicatior Electronics

8.5.1 Bystems Engincering
8.6.9 Physical Electronics

8.6.1 Generation and Propagation of Waves
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Mathematical Sciences

Dr. MrrLe M. A ¥pREW, Director

The AFOSR research program in the mathe-
matical sciences is designed to create a fundamen-
tal body of mathematical techniques for broad
scientific and technological application. The pm-
gram also is desigmned to systematically exploit the
rewer advances in mathematical sciences and in
specifically Air Force oriented problem areas.

The program is managed by two divisions, sp-
plied mathematics and mathematics. The major
program objectives of the directorate are divided
between them. Their functions are often compli-
mentary. For example, basic advances in mathe-
matics are subsequently further developed with
explicit concern for their possible Air Force-
oriented applications. On the other hand, Air
Force interest in some contemporary applications
of mathematics resuits in specific emphasis in the
direction taken by the fundamental portions of
the directorate program.

The program supports the research investiga-
tions of some 300 mathematicians, applied mathe-
maticians and other mathematically oriented
scientists by selection, together with some 225 re-
search assistants under a program of approxi-
mately 165 grants and contracts. Contracts and
grants under the directorate program may kave
one or more senior investigators. When a grant
or contract has several senior investigators they
nsuslly work independently in the associated scien.
tific area.

The staff of the directorate consists of seven
technically trained people, the majority of whom
are Air Force officers with prior experience in
both the systems and operating commands of the
Air Force.

To assist the directorate in its operation, two
independent evaluation groups have been estab-
lished. One group of some of the Nation’s most
outstanding mathematicians and scientists meets
to discuss the overall scientific and fiscal aspects
of the program. The second group includes some
of the most mathematically knowledgeable civil-
ian and military personnel in the Air Force. The

primary concern of this group is the relevance of
the research and results to the Air Force and the
interrelationships that exist between science and
technology as applied to Air Force problems.

One of the primary products is research publi-
cations. Our current productivity rate is approxi-
mately one research publication per year per math-
ematician supported. That is, approximately 300
journal articles per year. On this basis, the unit
cost per publication is roughly $12,000.

The research program of the applied mathe-
matics division is somewhat larger dollarwise than
that of the mathematics division, a reflection of
the importance attached to Air Force interests,
Th= program of the applied mathematics division
covers a broad spectrum of interests and applica-
tions of mathematics, in almost all areas of direct
Air Force interest. it covers the contemporary
problems of “classical” applied mathematics as
well as the strictly contemporary developments
in applicd mathematies.

Approximately 30 percent of the applied mathe-
matics budget supports research in contemporary
areas of “classical” applied mathematics. These
include mathematical techniques in the areas of
fluid mechanics, magnetohydrodynamics, kinetic
theory, relativity theory, elasticity theory, and
plasticity theory. The range of Air Force-oriented
problems to which such results apply include for
example, those relating to the “sloshing effect”
of the fuel in the tank of a rocket, the character-
ization of the behavior of structures under the
various forces to which they are subjected, the
characterization of boundary layer flow and of
baryelinic (weather) flow, and the effects of aero-
dynamic hesting on the surface of aerospace
vehicles.

An additional 20 percent of the applied budget
supperts & subs-antial program in control theory
designed to create mathematical models to simu-
late and in turn to control a physical process.
Considerations include the development of mathe-
matical techniques for the proper idemification
of & plant or process, and its solution. That solu-
tion involves the deterriination of functions which
represent the optiziaal control for the process, with
respect. to criteria such as the time, energy, or total
cost involved. In cases where such optimal control
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is physically unrealizable, the proper solutions of
such problems involves the synthesis of suboptimal
control solutions. These investigations employ the
sdvanced techniques of modern mathematics, e.g..
of mathematical analysis, functional analysis, and
the calenlus of variations. This program in control
theory is the Nation’s largest and most important
such program.

A third portion of the research program of the
division concerns the mathematical aspects of sys-
tem theory, including circuit, communication, in-
formation, and automata theory. It receives ap-
proximately 20 percent of the division's budget.
A substantial portion of the research funded in
this area involves the more abstract developments
in modern mathematics, e.g., in algebra, topology,
analysis, probability tleory and statistics, pre-
cisely as they apply and can be extended to the
above-stated areas, Parti~ular concerns of this pro-
gram include automatic (computer) analysis and
synthesis of networks, signal design and process-
ing, coding, and stability theory.

An additional 15 percent of the budget supports
a wide-ranging program in computational analy-
gis, an area of applied mathematics of increasing
importance since the development of the general
purpose, programed, high-speed digital compu-
ter. The program emphasizes the development of
techniques to provide usable, 1.e., numerical solu-
tions to problems arising in the other sciences and
in engineering. Important subdivisions of the pro-
gram include the areas of numerical analysis, ap-
proximation and interpolation theory, and mathe-
matical programing. An important consideration
is the development of techniques for the automatic
formulation of optimal procedures, for the com-
puter solution of problems, The nature of error
propagation in long period numerical integration
is another important aspect of this program.

A portion of applied mathematic’s program
concentrates on research in celestial mechanics
and orbital dynamics. An important emphasis
here is the development of complete, general
mathematical theories to govern the motions of
celestial bodies, both n: ural and artificia). Spe-
cific research directions include . concern with
the problems of satellite and cislunar trajectories,
the problems of reentry. rendezvous, and of space
rescue. :

Also supported are a select number of research
seminars and symposia, designed to provide &
forum for the exchange of the latest research re-

sults and ideas among scientists, and to help bridge
the gap between contemporary mathematical the-
ories and their contemporary application.

The research program of the mathematics divi-
sion emphasizes the physically oriented areas of
mathematical analysis and functional analysis,
probability theory and statistics. Approximately
60 percent of its budget supports research in anal-
ysis and functional analysis, the mainstream of
hard-core mathematics since the rise of modern
science. A principal objective of this support is
the qualitative theory and solution of ordinary
and partial differential equations. Contemporary
research in these directions includes the theory of
generalized functions, different approaches to the
theory of differential operators, problems in fune-
tion spaces, specific techniques for strictly non-
linear phenomena, continuing concern for the
local and global behavior of solutions, and the
many related tecaniques borrowed from the cal-
culus of variations, the theory of integral equa-
tions, many phases of topology, and the improved
“abstract generalizations” of functional analysis.
Many results are phrased in the appropriate con-
ventional terms of establishing a proper mathe-
matical model, 1e., a well-posed differential
equation, to characterize physical phenomena, and
corresponding, the existence, uniqueness, and sta-
bility of the resulting characteristic solution. Such
determinations are essential to the subsequent suc-
cessful numerical computation of the solution,
Other significant modern directions in analysis
are also part of this program, and include the
theory of quasi-conformal mappings, Fourier
analysis, harmonic analysis, and potential theery.
An outstanding feature of the program is its es-
tablishment. of major coordinated group efforts at
many of the Nation's leading research centers. In
particular, the program in the qualitative theory
of nonlinear partial differential equations is =
dominant and striking part of the contemporary
mathematical scene,

An additional 30 percent of the mathematics
division’s budget supports fundamental research
in probability theory and statistics. The program
in probability theory is noteworthy for its em-
phasis on the contemporary “analytic” aspects of
probability theory and their application, and the
proper qualitative characterization of yeneral
stochastic processes. Results help provide general
probabilistic frameworks for the characterization
of many physical phenomena and on occasion the
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snalytic characterization of important applied
problem areas, e.g., problems of mathematical
physics and problems in coding theory.

The program in statistics employs contempo-
rary mathematical bases, e.g., of finite fields, pro-
jective planes, for the realistic design and analysis
of statistical experiments. It is also noteworthy
in its emphasis on the modern concern for more
realistic statistical techniques, i.e., leading to
meaningful statistical decisions, outside the con-
text of the older “testing of hypotheses” approach.
The results are, o.g., phrased in terms of non-
parametric methods, decision theory, and life
testing.

A portion of the mathematics division’s budget
supports a number of special division programs.
One of these is an unique research monograph
program, to encourage the synthesis of modern
research results in a form amenable to the user
of mathematics, i.e., to encourage the writing of
research monographs to bridge the gap between
the professional journal article in mathematics
and an understandable and useable form of the
results. Another is a program for the support
of intensified, i.e., longer term full-time resecarch

by individual mathematicians, sometimee as part
of an intensified research year at a leading re-
search center, to concentrate on a particular area
of mathematics. The last of the special programs
provides for the genercus encouragement and sup-
port of research symposia and conferences. The
division makes speciul efforts to include such sup-
port for conferences in the more abstract areas of
mathematics, eg., topology, algebra, and geom-
etry, which are not part of the division’s
continuing res. .ich program, but nevertheless im-
portant, in that some developments in these areas
may aid specific Air Force problem areas or the
application of mathematics to such areas. The
division supports an annual program of full-time
research visitors to the Institute for Advanced
Study, Princeton, N.J. It also supports the dis-
tinguished instructorship program at the Masea-
chusetts Institute of Technology, and will support
the newly established comparable program at Yale
University. Both programs attract the most prom-
ising of the Nation’s younger mathemati:ians, and
serve to keep the division abreast not only of
emerging areas of mathemetics but of emerging
younger mathematicians.
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Physical Sciences
D= Lioro A. Wooon, Director

The physiea} seiefices program is divided into

four generml subject areas, being in order of
magnitude solid staie, general physics, nuclear
physics, and geophysics. In each of these genersl
nreas, research fields are selected of special im-
portance to the future Air Force technology, based
on studies made by the physical sciences staff and
advice from a wide variety of Air Force and in-
dustrial engineers and scientists.
- The staff comprises six Air Force officers and
eight civilians of diverse experience in research
and development, both in research performance
and in research administration. Each is responsible
for selection of individual investigations to be
funded for support, and provides supervision and
monitoring of the progress and quality of the re-
search being supported. The total program com-
prises about 330 projects having an annual obliga-
tional rate of about $20 million. inclnding investi-
gations managed as agent for the Advanced Re-
search Projects Agency,

Most research investigations require several
years to carry through to completion, and in the
physical sciences program there are several large
continuing group investigations, such as the Na-
tional Magnet Laboratory, which have been
created with the idea of stimulating research in a
given field believed to be of special Air Force in-
terest. In consequence, only a small fraction of the
total program each year can be completely new
starts. As a result the staff gives continuous care-
ful serutiny to the productivity of the sponsored
investigations, as well as to the timeliness and prob-
able value of the results to the Air Force. By
terminating support of selected investigations at
the esrliest profitable time, a viable program has
heen maintained, with » reasonable number of new
investigations being undertaken.

Solid State Sciences

The research program managed by the solid
state sciences division aims st fundamental in-

vestigations into the nature of solids, and hss con-
tinued to be especially concerned with the rather
hewildering variety of characteristics and be-
haviors of solids arising from the cooperntive in-
teractions of the atoms in the crystal Iattices. In
single stoms, electrons in the various shells, or
energy levels, cocupy discrete enorgy states, which
determine their chemical and physical (non-
nuclear) characteristics. When atoms are in large
arrays, as crystals, the presence of neighboring
atoms causes the discrete energy levels of the single
atom to be expanded into energy bands, which
extend throughout the crystal. Thus the electrons
exhibit behavior characteristic of both the atoms
and the crystal, and even more importantly the
bands are drastically modified by the presence of
only traces of impurities. In addition, electrons
interact with crystal lattice vibrations, which
further modifies their behavior.

Because of these complex interactions, erystals
exhibit their astonishiug range of properties,
such as superconductivity, magnetism of several
kinds, solid state lasering, conduction, semiconduc-
tion, insulation, ferroelectricity, optical properties
such as metallic lustre, color, and transparency,
and transition temperatures of various kinds.
Many of these are beginning to be understood, and
as a result an increasing number of practical ap-
plications have been made. It is toward such study
of the fundamental physics of erystals that the
AFOSR solid state program has been mainly
directed. In addition the problem of the gross
mechanical characteristics of crystals receives at-
tention, although it has not yet been possible to tie
these to the more fundamental level of electrons
and phonons of the crystal. Such questions as
precipitation hardening, lattice defects of various
types and their migration, and surface character-
istics and their effects are the subject of active
investigations.

THF NATIONAL MAGNET LARORATORY

The largest sponsored project in the solid state
research program is the National Mugnet Labora-
tory, at the Massachusetts Institute of Technology.
This laboratary is presently unique in the world,




being dedicated to the performance of research in
high magnetic fields, Large spatial volumes are
svailable for esperimenis at continuous field
strengths up to 200,000 gauss, and in more limited
volumes up to 250,000 gause. Effort is constant to
raise thees limits to higher levels by research on
magnet design: Because understanding the be-
havior of electrons in crystals is the key to most .
the properties of the crystals, this laboratory is
snormously valuable for solid state research, and
investigators are coming to it in steadily increas-
ing numbers to make their experiments.

The reason for ke value of high maguetic fields
in solid state revearch lies in the fact that electrons
intaract with the magnetic field in their movements
through the crystal lattice and in their transitions

among the electronic energy levels and bands of -

crystals. Varying the field results in changes in
electrical, magnetic, and optical properties of
crystals which when studied permit deduction of
various fundamental charicteristics of the crystsls,
and testing and improvements of theories on the
physical laws governing these and other prop-
erties.

An astonishing discovery recently made may be
cited which provides an example of the usefulness
of the magnetic field in solid state research, Indium
antimonide is a semiconducting crystal in which
absorption of light causes electrons in the lowest
energy level, or ground state, of the crvstal to
be excited into its conduction band. This is known
as photoconduction. Tf the crystal is placed in a
magnetic field, the conducting band splits into dis-
crete levels, which are at various energy ievels
above the ground state. To excite an ¢lectron from
the ground state into one of these levels, it is neces-
sary to provide exactly the amount of energy to
match the difference between the given level and
the groung level. This takes place when a photon
of light of the proper wavelength is absorbed. It
has been recently found at the Magnet Laboratory
that a laser beam of photons which have too low
energy to excite the electrons of the crystal in this
maanet, nevertheless does excite them, but to levels
at energies corresponding to twice the photon
energy. It thus appears that two photons are being
simultaneously absorbed, a phenomenon never
previously observed or even considered as a pos-
sibility. Excitations corresponding to three photon
energies have also been observed,

SUPERCONDUCTIVITY

A second major unsolved problem in solid state
physics is the phenomenon of superconductivity.
Both magnetism and superconductivity are almost
surely gquantum mechanical phenomena on a
macroscopic seale (macroscopic here means involv-
mng s large number of crvstal atoms acting in a
cooperative manner). It is a curious fact of obser-
vation that these two phenomena sppear to be
mutually exclusive, with most metallic erystals, in-
cluding vor~pounds as wel} as elements, exhibiting
superconductivity at low enough temperatures,
Magmetic properties in contrast seem to be ex-
Libited by a much more select group of metallic
crystals. The highest temperature at which super-
conductivity has so far been nbserved is 18° K,
with several examples at or very near this tempera-
ture being known. It seems possible that this might
be a fundamental upper limit for supaerconduction,
although there is no known reason for this to be
so. The lowest possible temperature for a transi-
tion to the superconducting state is not known, be-
cause of the difficulty of performing experiments
below 0.010° K., but the number of materials dis-
covereG which become superconducting nenr this
temperature is very large.

Not only ir superconductivity of great seientific
interest in investiguting the behavior of electrons
in metals, but it is of considerable practical
interest because high magnetic fields can be
maintained at no energy cost by superconducting
solenoids. Indeed commercial 100 kilogauss su-
perconducting magnets are on the market at pres-
ent for scientific use. Applications of such magnets
for shielding against energetic particles in space
and for ohtaining magnetohydrodynamic power
both from combustion and from nuclear fusion are
under active industrial development at present.

It is a curious fact that the application of &
magmetic field lowers the superconducting transi-
tion temperature and also the amount of super-
conducted current which can be carried, and it is
true that a sufficiently high field has been found to
destroy superconduction-in almoest all supercon-
ductors to 0.010° K. Certain compounds such as
niobium(3)-tin and vanadium(3)-gallium, how-
ever, at a low temperature retain the superconduct-
ing property even at the highest steady field tested
in the National Magnet Laboratory. Recent ex-
periments at this laboratory have shown that
niobium (3)-tin retains a useful current carrying
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capacity in the superconducting state in a field of
170 kilogauss. It may be possible, by inserting a
superconducting coil inside one of the large copper
oils to push the upper limit for steady fields up to
300 or more kilognuss,

Superconductors are being given serious study
for electrical application, as, for example, it is
believed probable that with existing research
knowledge, an underground superconducting
power transmission line far 1,000 megawatts would
be cheaper than present oil-insulated copper lines,
one of which is in use at present carrying 350
megawatts. In addition, if resonant cavities or
waveguides of extremely high Q are desired, su-
perconductors may be used for the walls. Model
superconducting =avities have already been tested
in an exploratory research project for the Stan-
ford University Mark II1 Linear Accelerator (a
laboratory which also pioneered the very-high-
power klystron tube development). Use of svper-
sonducting resonant cavities will permii approxi-
maie doubling of the energy which electrons can be
given in the accelerator and also increase the duty
cvele by tenfold or greater.

An additional, and perhaps practically valuable
effect of superconductors is the so-cailed Joseph-
son. effect, which is the ability of superconducting
electrons to tunre! through nonsupercondueting,
or normal, material. This has been exploited to give
an extremely sensitive magnetometer, since mag-
netic hines of force may pass through a normal
materiai into the interior of the superconductor,
giving rise to induced currents in the supercon-
ductor. Fluctuations in magnetic fields of radio-
frequency may be sensitively detected by such a
device.

The AFOSR program in superconduectivily is
not. aimed at the production of devices, but at the
fundamental understanding of the phenomenon,
in luding the explomtion of new superconducting
materials. It is perhaps not an exagpgeration to
claim that more than about half of al! known su-
perconductors have been discovered in the last 6
years through AFOSR-sponsored research at the
AFOSR Institute fer the Study of Matter at the
Uaiversity of California (San Diego). Not only
is experimental work an important part of the
AFOSR program in superconductivity, but there
is major support of the theoretical study of the
phenomenon.

Physics of Particles and Flelds

The nuclear physics division of AFOSR has
continued an evolutionary process through the last
severai years which has turned the program from
the now more traditional aspects of nuclear physics
into investigatious into the miore fundamental
questions of physics. It has been AFOSR’s philos-
ophy that, based on past history, the most revolu-
tionary impact of physical research ou Air Force
technology is likely to come in the lorg run from
really new concepts arising from research into
the most fundamental questions of physics. While
no one expects to come up with a new idea like
E=nic* every few months, nevertheless it seams
seif-evident that the most drastic redirections of
the courses of both science and technology result
from the discnveries on the most fundan:ental
levels. Certainly the technology of ths Air Force is
today drastically different from what anyone
might have imagined 20 years ago at the end of
World War II, due in great part to fundamental
physical discoveries which were made both before
and since then,

THEORETICAL PHYSICS

The largest program operated by this group,
which presently comprises a civilian chief and twn
highly qualified Air Force officers, is the theorsti-
cal program. The core of this program is a group
of four projects which support the major part of
the theoretical physics performed at Stanford,
Princeton, Harvard, and Berkeley. Together with
Cal Tech, these universities are the leading centers
of theoretical physics research in the United
States. In addition other smalier but important
theoretical projects are supported at about 25 other
universities and research institutes. It is the nature
of the theuretical physicist ta wish tu derive from
known prineiples the same numbers which the ex-
perimentalist obtains by his measurements, and
then to go further and predict the results of experi-
ments not yet made. The tools of his trade are the
theorems and methods of muthematics, which are
applied to the mathematically expressed laws and
principles of physies to obtain new relarionships
a4 new laws ex pressing the experimental observa-
tions of physics. When observed phenomena can
be explained and nume ical valuex calculated from
s limited body of fundamenta! principles, the
theorist considers them to be “understood.”
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ELEMENTARY PARTICLER

Probably the area of theoretical physies which is
most exeiting and fast moving at present iselemen-
tary particle physics. It 1s to produce and study
elementary particles that the great aceelerators
have been constructed by many nations. In these
accelerziors a bewildering variety of new particles
has beer: crented, merely by eausing collisions of
high-speed protcns or electrons with the nuclei
of target atoms. In such collisions, a portion of the
energy of motion of the high-velocity particte is
changed into new particles which possess measur-
able mas: (and frequently charge,) as well av ¢
host of other characteristics. If the energy is suffi-
ciently high, even the protons (or perhaps a neu-
tron) mav be converted into strange new particles
of greater mass, which undergo # series of decays
to other eiementary particles, leading eventually
back to a proton (or perhaps a nentron). A1l mas-
sive free particles except the proten and the elec-
tron (and the nentron, if it is in an atormic nucleus)
have fleeting existence.

The thcoretienl physicist attempts to discover
the rules of nature which govern these changes and
tc predict the characteristics of new particles
which are subsequently discovered by experimen-
talist. Needless to say, predictions which cannot be
proven by experiment do not lead to ncceptance
of theory. Astonishing success has been rechieved
in characterizing particles and in sorting out the
transformations allowed by nature and those not
allowed. A few years ago a brilliant prediction
by Gell-Mann of Cal Tech and Ne'eman, then at
Imperial College (London), now at Tel-Aviv Uni-
versity (and an AFOSR principal investigator),
was made of the particle called the “Omega-
minus.” They gave so detailed a description of the
Omega-minus that search of Brookhaven bubble-
chamber film quicnly revealed two clear examples
of the particle. By an application of group theory,
it was found that the properties of a particular
group called ST°-3 were especizlly suited to classi-
fying u substantinl fraction of the known particles.
This led 10 a great flurry of activity in exploring
higher symmetry groups such as SU-6 and -12
(or “U twiddle 12," as it is now universally
known), but progress thus far hus been slow in
obtaining a completely satisfacto v relativistically
invariant classification scheme.

One interesting aspect which has lately received
attention in the press is whether “time reversal
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invariance” holds in elementary particle inter-
actiong. It is a long-accepted principle of physics
thet che laws of physics are invariant whether
going forward or backward in time. As an example
suppose tha' the swinging of a pendulum is
photograp! <« on movie film. If the movie filin is
then projec 4, it is found that the ilm may be run
either forward or backward nnd the motion of the
pendulum is observed to be the same. Tt is there-
fore not possible by watching the movie to deduce
whether time 1s being run forward or beckward
in the projection since the equations for the
motion of the pendulwn are the same. Thus the
equations of motion are said to be “time reversa)
mvariant.”

It is firmly estublished that the quantity known
as C'FT is invariant, where C, P, and T stand for
certain quantum mechanical operators. C is the
charge conjugstion, P the parity, and T the time
reversal operator. It was once believed that in any
elementary particle transformation and decay C.
P,and T were conserved i.e,, each operation, when
applied over all the particles involved in the inter-
action, has the same value after as before the
change. However, some years age, it was found
that P was not conserved in certain weak inter-
actions {specifically in beta decay, a common type
of radioactivity), which was surprising and dis-
turbing to the physicist.

It was then thought probable that when P was
not conserved there was a corresponding violation
of € conservation such that the combined opera-
tion of CP was conserved. However, in cne now
well-established transformation, the decay of the
kaon of zero charge into a pair of pions (one posi-
tive and one negative) it was found that CP con-
servation was slightly violated. The smallness of
the violation was even more disturbing to theorists
than a large violation would have been, because it
calls into question whether the violation arises in
the strong, weak, or electromagnetic interactions,
or even in a new postulated “super-weak” inter-
action. The deeay of the eta particle is known to
proceed by electromagnetic interaction, and if that
is responsible for CP violation, there would te an
asymmetry in the energy distribution of the
charged pions produced in the decay. (The eta
particle, by the way, was discovered by an
AFOSR-sponsored investigator, Pevsner at Johns
Hopkins, several years ago.) The recent news
stories reported that such an asymmetry had been
observed by a Brookhaven group, but still more




recent and more extensive work at CERN showed
none, Thus it presently appears that the CP viola-
tion may not be in the electromagnetic interaction.
The importance of these experiments, which have
all been suggested by theorists, is that if CP is not
conserved, and yet the combined CPT operation
i conserved, then there should be a related viola-
tion of T comservation. This would be most sub-
versive of plysical theory. On the other hand if
T is conserved and CPT is violated, this would
destroy most of the existing theory of elementary
particle physics. An expertment to make a direct
test of T invuriance in electromagnetic interact-
ions is in preparation by Fairbank in an AFOSR-
sponsored investigation at Stanford, des.ribed
more fully in a following discussion by E, Wei-
gold. One may have some appreciation of the
importance of these questions of reflecting that
Einstein's demonstration that E=mc® in effect
overthrew other conservation laws, in certain in-
stances at least, namely, conservation of mass and
conservation of energy. His discoveries must have
scemed ut least as remote from practical affairs
at that time as these questions seem now, but
with the accelerating rate of progress of science
and technology it is possible and perhaps likely
that understanding of these very fundamental
matters will produce rapid though presently un-
predictable practical results sooner than is now
foreseeable. This somewhat sketchy discussion is
intended to give somie notion of the “hottest”™
problem on the most fundamental levels of
physics, and the participation of AFOSR in
research to solve it.

FIELT THEORY

Another less rapidly moving but important srea
of theoretical physies is gravitational field theory
including its relationship to quuntum theory. The
special theory of relativity announced in 1905 by
Einstein set forth the principles governing the dy-
namires of rapidly moving bodies, from which New-
ton's laws of motion emerged as special cases for
low velocity systems. Later in 1915 Einstein an-
nounced the general relativity theory, which gavea
relativistic deseription of the dynamics of bodies in
gravitational fields. When quantum mechanics was
developed in the 1920, it was an obvious and
rapid development to originate relativistic quan-
tum mechanies, and with the rise of aceelerator

physics, very satisfactory descriptions of & wide
variety of phenomena were obtained using the
theory. Thus, except for certain questions on the
research frontiers as illustrated above, both the
special theory of relativity and quantum theory
are truths essentinlly heyond guestion.

With the general theory, the situation is quite
different. This gigantic concept, almost untestable
and untested, still stands apari from the main
body of physical theory, and yet is so extremely
furdamental in its treatment of space, time, and
gravitation that scientists have been disturbed
and baffed by this apparent lack of connection.
One of the problems is the testing of the general
theory. Einstein cited three phenomena which he
regarded ss tests of the theory: (1) the bending
of starlight in paths clcre to the sun; (2) the
shifting of spectral lines toward the red in spectra
of massive stars: and (3) the precession of the
perihelion of the planet Mercury. The first of
these is measurable only at the time of total
eclipse, and then only inaccurately. It has been
shown by Schiff, an AFOSR-sponsored investiga-
tor at Stanford University, that the second may
be explained without recourse to the general
theory, using only the special theory and the
principal of equivalence. The third is a small effect
(43 seconds of arc per century) bat it has been
found to agree quite accurately with the predic-
tion of the general theory. It is thus the only satis-
factory test of the validity of the general theory.
It should be added that relativity specialists hold
different points of view among themselves, and
many regard the principle of equivalence, which is
merely a statement of the experimental observa-
tion that gravitational mass and inertial mass are
exactly proportional, as being a logical conse-
quence of the general theory. Thus they regard
this as being in effect a completely satisfactory
experimental verification of the theory. On the
other hand, it does not necessarily follow that the
principle of equivalence could not be a consequence
of some alternative theory of gravitation, al-
though no such theory has been seriously proposed,
probably because the general theory of relativity
is so elegant. and complete,

The fundamental importance of the theory,
regardless of the relation of the principle of
equivalence to it, is such that considerable thought
has been given to further experimental test. Two
new tests hav~ been proposed and designed by
AFOSR-sponsored investigators (Schiff and Fair-




bank at Stanford), which are based on the be-
havior of gyioscopes in the gravitational field of
the earth. Tt has been deduced from the general
theory that a gyroscope moving about the earth in
a polar orbiting satellite will exhibit two types
of precession of its axis caused by tho gravita-
tional field of the earth. A superconducting gyro-
scope has been designed which is expected to have
8 drift rate less than 0.01 second of arc per year.
This must be housed in & magnetic field free space,
to shield it from the earth’s magnetic field. If
successful this will be a substantial advance in
gyroscope technology, and will pernit the test-
ing of the general theory. A second experiment is
also being prepared which will use the nucleus of
the helium isotope of atomic weight three us the
gyro. This will also require the use of magnetic
field free space and may be done on the earth’s
surface, using the rotation of the earth itself, in-
stead of the orbiting satellite, to carry the gyro
about the earth. It is also of interest to note thst
if an electric field is applied to the Helium-3 gyro
system, and precession is found to ensue owing to
this field, it will prove that the neutron has an
electric dipole. This will establish that time re-
versal invariance is violated in eleciromagnetic
interactions with elementary particles as discussed
earlier. These experiments are in preparation un-
der AFOSR sponsorship (1), and offer interest-
ing illustrations of how fundamental discoveries
and problems lead to advances in practical tech-
nologies, which in turn makes possible further
fundamental advances.

One aspect of gravitational theory is most
strange, namely that while all other physical
phenomena, when discussed on a fundamental
level, require recourse to quantum theory, the
general theory of relativity has no clear connec-
tion with or apparent need of quantum concepts.
Even magnetic fields have been discovered recently
to have quantized flux. One cannot help having a
suspicion that the position of the general theory
with respect to gravity may be analogous to that
of Maxwell’s equations with respect to electricity
and magnetism, which also required no resort to
quantum roncepts. It was not until the discovery
of the electron, the specinl theory, and much later
the quantum theory, that the reasons for the
validity of Maxwell’s equations were understood
on a more fundamental level. It is thus natural
for relativists to become engrossed in attempts to
quantize gravitation, in order to seek a similiar

M

understanding of the general theory equations. It
is quite possible to postulate a “graviton,” with
a role perhaps anslogous to the photon in electro-
magnetic interactions, and which would be a kind
of quantum of the gravitational interaction. The
nature and the characteristics of the graviton
emerge from the theoretical deductions, which
might tell the experimentalists where and how
to look for this “particle.” Since all particles in
motion have associated with them a characteristic
wavelength the concept of the graviton immedi-
ately suggests the posiibility of gravity waves,
and several experiments have been and are being
studied or conducted in a search for them. Thus
far, no evidence of their existence has been experi-
mentally observed.

General Physics

The program of the general physics division,
as the name suggests, is a diversified research pro-
gram in many fields of physics of importance to
the Air Force. It is administered by a staff com-
prising three civilians and one military officer,
and has an annual expenditure rate of about $4.8
willion per year. including ARPA funds. The
major portion of the prcgzram deals with atomic
and molecular physical phenomena, including
quantum electronics. Other aspects include investi-
gations in plasma physics, both in the laboratery
and with astrophysical techniques: space physics,
including ionospheric and astronomical studies;
statistical mechanics and studies of nonequilibrium
thermodynamics: and quantum optics and co-
herent radiation.

STELLAR INTERFEROMETRY AND COHERENCE

One of the exciting investigations which has
had a major impact in modern optics is the Brown-
Twiss stellar interferometer, located in Narrabri,
Australia. The ordinary Michelson stellar inter-
ferometer gathers the light from a star at two
separate apertures, and by a system of mirrors
brings the light together so that an interference
pattern is created. This is physically similar to
the interference pattern when light passes through
two slits, creating interference fringes on a screen
behind the slits: the narrower the slite, the sharper
the fringes on the screen. Similarly, the Michelson
type of stellay interferometer cauces the light from
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the star to interfere such that fringes are produced,
with their sharpness depending on the apparent
diameter of the star. In practice, a Michelson inter-
ferometer has not been found very useful, because
all but a very few stars are so far away that it
is not possible to get the two light-gathering ap-
ertures sufficientty far apart so that stars appear
as other than point sources. The reason for this
is that the base line distance between the two
apertures must have a ratio to the light wavelength
of the approximste order of magnitude as the
ratio of the distance to the star to the length of
the baseline. When the baseline is made this long,
there is sufficient variation in the optical path
length owing to thermal and mechanical distur-
bances, that clear fringes cannot be formed. Brown
and Twiss, two radio astronomers then at Jodrell
Bank, England, discovered &« way to avoid this
problem by a radically new approach, of such
basic importance that it has created an entirely
new field of research, not only in optics, but in
radio technology as well.

This consisted of gathering light from a given
star on two large mirrors some distance apart and
focussing it upon photomultiplier tubes. The elec-
trical outputs of the tubes were then multiplied
together so that the fluctuations were correlated
against each other. While it is 2 well-known fact
that stars twinkle, owing to atmospheric effects,
it is not these twinkling fluctuations which are
measured ! Instead it is the fluctuations due to the
basic coherent characteristics of the light from &
weak point source. If the star being observed is
very far away, the light arriving at the earth
fluctuates in invensity, in such a way that the fluc-
tuations at one point of observation are exnctly
the same as at another. The light. is then said to
be completely coherent, If » nearby star is ob-
served, and the two points of observation are
sufficiently far apart, then it is found that the
fluctuations are not identical at the two points,
because the light is only partially coherent. The
degree of incoherence may be measured by cross-
correlation of the intensity fluctuations measured
at the two points. This means that the star no
longer appears to such an intensity interferometer
as a point source, but instead hss a measurable
diameter which can be computed from the degree
of incoherence. The Brown-T'wiss Interferometer
at Narrabri, sponsored by AFOSR, has mirrors
24 feet in diameter, mounted on & circular railway
such that they can be separated as muci as 600

foet. The Australian location was selected because
many more stars are within range in the southern
hemisphere than in the northern. By croes-
correlating fluctuations over a 100-megmcycle
bandwidth, the atmospheric scintillation is a
negligible fraction of the total, and introduces no
error,

The importance of this discovery lies not so
much in the astronomical data which will be ob-
tained on the 100 or 200 stars which the instrument
can resolve, although it is quite true that the re-
sults are of enormous interest to astronomers, and
particularly to those astrophysicists concerned
with the nuclear processes by which stars derive
their energies. Instead it is the wholly new outlook
of the behavior of coherent and partly coherent
light and the wholly new field of quantum statis-
tics of radiant sources which is being developed
to understand and explain this behavior. Practi-
cally, there is of course an obvious extension of
the theory to radar observations of objects too dis-
tant to be resolvable by conventional techniques.
It is more thar mildly astonishing that what now
soems an obvious extension of quantum theory of
electromagnetic radiation so long escaped atten-
tion not only of optical physicists but of radio
physicists as well.

LASERS

This remarkable expansion of the horizons of
the properties of light is of enormous importance
in laser theory, for of course lasers produce light
of a high degree of coherence. Fundamental papers
on laser theory were published several years ago
by two AFOSR-sponsored investigators: A semi-
classical treatment by Lamb, and a quantum me-
chanical treatment by Glauber. These papers dealt
with the mechanism of the stimulated emission
phenomenon, from their respective points of view.
Lascrs have two characteristics of both scientific
and practical interest: They produce light which
has a high degree of vcoherence, and the light has
very high intensity, which if desired may be
emiited in extremely short pulses. It is the latter
property on which practical interest has so far
mostly been centered, although it is the coherence
property which is responsible for the highly col-
limated nature of the laser beam, that makes pos-
sible the practical use of the high intensity. It is
the coherence property, however, which suggests
the potential use in communication, with the first




obvious idea being merely the modulation of the
axtremely narrow spectral line, as in radio trans-
mission of information. Indeed an AFOSR-spon-
sored investigator, Holzhauser, has shown how to
use amplitude modulation of laser beams in a
practical way, and beat frequency studies with two
independent lxser beams have been made by other
AFOSR-sponsored investigators as well, includ-
ing Siegan and Mandel. While not perhaps casu-
ally avident, it is & facl that sll these modulations
and interference effects, like the Brown-Tv:iss ex-
periment, involve quantum mechanical fluctaa-
tions, including the stimulated emission procses
itself and the spectral line width of the emitted
radiation. The Brown-Twiss ideas essentially
opened the door to these new concepts.

Masers, both optical and microwave, operate be-
cause certain atoms have transiticnal probabilities
for certain of their electronic energy leveis such
that an “inverted population” of electrons can be
produced. This requires that energy can be easily
absorbed by or “pumped” into the stom such that
electrons are raised to a high energy level, and then
drop into an intermediate level which has a natu-
rally low probability of transition back to the
normal ground level. With such atoms, given suf-
ficiently rapid pumping by optical, radiofre-
quency, or even chemical means it is possible to
elevate and temporarily store a large percentage of
the ground state electrons in the higher energy,
meta-stable level. These energized atoms may be
either in the gaseous, liquid, or solid state in vari-
ous masers which have been made. In nearly all
masers, it is necessary in practice to have them in a
resonant cavity, in the instance of optical masers,
or lasers, consisting of two plane mirrors at each
end of the cylinder containing the energized atoms.
When the mirrors are made parallel (called Q-
switching), light is then reflected back and forth
between the mirrors, making possible a standing
wave optical field patiern in the laser material.
The presence of this field influences the transition
probability for the electrons in the excited state to
return to the ground state, by giving off their
stored energy as light quanta. Depending on the
phase and intensity of the electric or magnetic field
of the light quanta traveling back and forth be-
twean the two mirrors, the transition probabilities
are raised or lowered in such a way that the tran-
gitions are stimulated or inhibited in just such a
manner that the newly emitted photon is in phase
with the stunding wave train between the mirrors,
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thus adding to the intensity of the wave This
huildup of intensity is extromely rapid, and by
having a small iiole in one mirror, or having it only
partiaily silvered, the pulse of light is allowsd to
leak out as the laser beam. Pulses of enormous in-
tensity may be generated, which when properly
focused will even punch holes in diamonds, simply
by vaporizing the diamond. Continuously operat-
ing lasers of lower intensity may also be made by
continuously pumping suitable stoms, which emit
their spectral line (or lines) at steady intensity.
Tt is clear that to obtain a laser beam of a desired
wavelength, it is necessary first to discover atoms
{or molecules) which have the appropriate energy
levels ag described above. These are readily investi-
gated by studying atomic and molecular spectra
since each spectral line is only a manifestation of
the energy difference between two levels, and the
line intensity is related to the probability of tran-
sition between these levels, Because of the great
practical interest in masers, both microwave and
optical, there has been a substantial increase in
spectroscopic research, in which the AFOSR pro-
gram is well represented. Indeed AFOSR-spon-
sored research has played a major role in the de-
velopment of laser technology, since not only has
much of the theory of laser action been developed
as discussed above, but many of the laser crystals
have been products of the solid state program. In
addition the knowledge of rare earth element
spectra gained by the late Professor Dieke of
Johns Hopkins made available many of the
dopants used in laser crystals under AFOSR
sponsorship.

IRREVERSIBLE PROCESSES AND STATISTICAL MECHANICS

An important program in the AFOSR general
physics research is the theoretical program on non-
equilibrium processes. Heisenberg once termed the
understanding of turbulence “the aristocrat of
physics problems” because of its intractability. It
might once have been more appropriste to apply
this accolade to nonequilibrium processes, for
turbulence is only one example of such processes,
but this is no longer true, for in recent years
theoretical physicists have succeeded in reducing
this aristocrat more to the level of at most the
upper middle class. To quote the U7.8. National
Academy of Sciences (2):
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“The more complex problems of the funda-
mentals of irreversible statistical mechanics have
been sattacked successfully only recently by Pri-
gogine and colleagues at the University of Brus-
sels. The understanding of the nature of the ap-
proach to equilibrium developed by ih= Prigogine
school represents a contribution to the statistical
theery of matter comparable in importance to the
work of Gibbs.™

Commenting to AFOSR on this remarkably
eomplimentary statement, Professor Prigogine
said thst “this development was only possible
through the continuous support of the U.S. Air
Force,” which was from AFOSR through the
European Office of Aervspace Research.

The understanding of all physical proceeses in
the final analysis must discuss the behavior of the
individual particles involved in the process. In
fluid physics this requires discussing the move-
ments of molecules, in plasma physics, of ichs and
electrons, in nuclear physics, of nucleons; ia ele-
mentary particle physics, the various ordinary and
strange particles involved. If the system of parti-
cles is in macroscopic equilibrium, then the details
of the particle behavior may usually be discussed
using a rather simple kind of average behavior,
kriown as Boltzmann statistics. The proper use of
this body of theory leads to the equations of equi-
librium thermodynamics, thus providing a micro-
scopic understanding of why the laws of thermo-
dynamies hold. When any physical or chemical
change takes place, however, ordinary thermo-
dynamics has nothing tu say regarding the rates
of change, nor does the ordinary statistical me-
chanies. The reason is that the kind of averaging
processes developed by Boltzmann and Gibbs is
not successful in systems which are not at equi-
librinm, except on a microscopic scale at best. Thus
new kinds of statistical approaches have had to be
developed, and since 1935 advances in the under-
standing of nonequilibrium processes has pro-
ceeded at an accelerating rate. The basic theory i3
known as the N-body problem, which must take
into account the rate processes of the mechanical
interactions between the many bodies involved,
transport processes, and hydrodynamic processes.
The AFOSR program in this field sponsors, in
addition to Prigogine, a number of other outstand-
ing theorists, including Lebowitz, Siegel, Lieb, and
Watson.

RADAR STUDIES OF THE 10NOAFHERE AND FLANETR

One major project now world famous is man-
aged by AFOSR for the Advauced Research Proj-
ects Agency, called the Arecibo Ionospheric
Observatory, located in a natursl bow! near
Arecibo, P.R. This observatory is reslly a gigantie
radar, with a reflecting dish 1,000 feet in diameter,
and with the 430 megrcycle radiofrequency feed
suspended about. 500 feet above the dish, which
resiz on the earth in the bowl. Unlike most radars,
the emitted beam of radiation is steered by moving
the feed while the dish remains immobile. This
novel arrangement was first worked out by an
AFCRL scientist, Sletten, and permits steering
about 20° from the vertical in all directions. To
accomplish this, the dish must have s spherical
surface instead of the usual parabolic surface, and
the feed must be a line feed, instead of the horn
feed (quasi-paint source) of & parabolic reflector.
The problem of this novel feed has led to an inter-
esting practical advance ir antenna design, which
must be mentioned as an example of how scientific
research leads to unexpected practical side results.
The original feed is a tapered rectangular tube 90
feet long, having slotted openings spaced along
each side. The radar signal at 2.5 megawaits pesak
power is pulsed into the feed, and by emerging
from the slots as it passes down the feed, illumi-
nates the dish such that the phases of the waves
reflected from the different regions of the dish
combine to produce a plane wave upward parallel
to the feed. By pointing the feed in different direc-
tions, the beam is steered in the desired direction.
In the early operation of the dish, it was disap-
pointingly revealed that the arrangement v-as only
about 40 percent efficient in geiting the radiation
energy into the beam, as compared with about 60
percent efficiency of a parabolic reflector with a
simple horn feed. Further analysis and experimen-
tation has led to a new design which can ba readily
made to give an efficiency above that of the para-
bolic antenna. It seems possible that this discovery
could lead to major changes in future antenns
desigus.

The design of the observatory was diciated by
the requirements for studying the ionosphere,
which is done by sending a high-intensity pulse
through the ionosphere, which is essentially trans-
parent to 430 megacycles. The radiofrequency field
caunes the electrons and ions to oecillate in syn-
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chronism with it, and as s result of this movement
they reradiste, since they sre accelerated charges
A portion of this energy arrives back at the dish,
and is mesasured by it in phase and amplitude. The
interval between the time the pulse is originally
broadcast and the time the returning radiation
is received is & measure of the distance, since the
signal travels at the finite speed of light. The anal-
ysis of the phase and amplitude of the gignal yields
the concentration and temperature of the particles
st that distance, Thus the ionosphere may be
mapped in & broad region sbove the observatory.
It has been found that charged particles move in
clouds acroes the ionosphere, and their character-
istics are studied, along with their diurnal varis-
tion.

Because of the high power of the transmitter,
radar astronomy of the nearer planets is possible,
and the rates of rotation of both Mercury and
Venus have heen accurately measured. Mercury
was previonsly thought to have only one face to the
Sun, as the Moon has to the Earth, but has been
established to rotate in the retrograde direction
(opposite to the Earth'’s rotation) on its axis once
every two-thirds Mercurial year. The radar reflec-
tion characteristics of the lunar surface are also
presently being mapped for NASA.

Because of the large area of the dish, it has the
greatest sensitivity in the world for receiving sig-
nals from space. The most interesting part of the
radio spectrum is the 21-centimeter (1430 megs-
cycles) line emitted by hydrogen, which is received
from very distant galaxies among other sources.
Tt has been possible to true the surface of the dish
sufficiently so that about 600 feet of the diameter
is effective for receiving this wavelength. A suit-
able feed is being designed and built for eflicient
reception of this frequency, and + ien this is in
operation the observatory will bece e first in im-
portance among the dishes in the w. !d for radio-
astronomy.

Geophysics—Seismology

The AFOSR geophysics division, comprising
one civilian and one officer, operates a basic re-
search program in seismology on behalf of the
Advunced Research Projects Agency, as a part
of the underground nuclear test detection program
of ARPA. The AFOSR program comprises about
40 projects mainly carried out by universities, and
includes research in instrumentation, seismic data

processing and interpretation of the structure of
the earth, and exploration of sites at & number of
locations around the earth.

The basic problems of underground explosion
detection are the detection of the seismic signal
of the explosion in the background of seismic noise,
and then the analysis of the event to determine
whether it was caused by an earthquake or an ex-
plosion. If the explosion is large, then neither of
these is difficult, but for very small explosions the
signal may be lost in the noise, and small earth-
quakes are so numerous that even for identifiable
signals the uncertainty of interpretation is large.

The enlargement of the signal to noise ratio can
be promoted in three ways, by moving the observ-
ing station close to the explorion (which is possible
for the Nevada test site but not for others), by lo-
cating the observing station in regions with the
minimum noise level, and by using arrays of seis-
mometers and processing the signals so that ad-
vantage can be taken of the directionality and
coherence of the seismie signal, It is of iaterest to
note that in the past summer the center of the
Greenland icecap has been found to be an excellent
low noise area, to the surprise of most seismol-
ogists. This was learned by an expedition orga-
nized by the Arctic Institute of North America,
supported and flown in by the Alaskan Air Com-
mand from Thule Air Force Base. A second site
of good quality is a station near Abeche, Chad, in
the center of Africa, where a station is operated
under sapervision of Rocard of the University of
Paris in cooperation with Anderson of Columbia
U niversity, Both sites are far from the ocean, a
well-known source of seismic noise, much of which
has been shown to come from waves on certain
beaches. Another investigation by Bradner of the
University of California at San Diege has in-
cluded ocean bottom measurements at. many points
in the southern and central Pacific Ocean. at
depths as great as 14,000 feet. It does not appear
that the ocean bottom has low noise characteristics.

Relavance

The preceding discussions by no means include
all the interesting subjects in AFOSR physical
sciences research, but are only a sampling of the
program. All sponsored investigaticns are basic in
nature, for it has been standard practice to refer
applied research investigators to the appropriate
laboratories of the Air Force Systams Command’s
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research and technology division. In selecting pro-
posals for support, the physical sciences staff has
attempted to choose the most original and impor-
tant research which its experience and immgina-
tion leads it to believe will be fundamental to
future Air Forre technology. Importance is
measured by an assessment of how much under-
standing of the physical phenotnena being investi-
gated is likely to be guined if the outcome is suc-
cessful. Probability of success is also a factor
which is weighed.

The question is often asked as to why the Air
Force, or even the Defense Department, operates
a program of this type. Why should not the Na-
tional Science Foundation be the exclusive Fed-
eral agency to support basic research? There are
undoubtedly reasonable arguments on both sides
of the question, but it should be remembered that
the Air Force on balance benefits from its involve-
ment in the basic research activity of the Nation.
The more connection the Air Force has with basic
research, the more interaction there is between
the Air Force and scientific thought and scientists,
The Air Force is the largest consumer of basic
knowledge, because of the vastness and complexity
of ihe technology used. Research and science also
benefit from interaction with defense technology
and its needs, and each reinforces the other. While
basic research is beneficial to the general level of
national technology, it is essentisl to Air Force
technology, which rapidly assimilates new dis-
coveries and usually applies them far in advance
of commercial exploitation, in order to maintain
the most advanced level of serospaee technology.

Tt is rare that a given basic research discovery
can be demonstrated as having been taken directly
through applied research, and technical and opera-
tional development to hardware. Instead, there is
a complexity of movement on all fronts, from very
fundamental research to perhaps only a slightly
improved gadget, which are all important, with

each reinforcing all others, 1f any of the move-
ment is lacking, then all are affected, and tech-
nological progress is slowed in producing new and
complex systen:s,

It is strange to = scientist that managers will
often sak for a prediction a3 to what will be
the effect on future developments if basic research
is diminished, or even discontinued. This is asking
what wiil be the effect of ihe lack of an idea which
no one has yet conceived. This can be answered for
a certain number of ideas in the past originating
from basie research, but even there it is not asually
possible to trace an explicit chain of events lead-
ing to an important system of hardware. From
such history, it must be concluded that innovation
must be continuous in any technological organiza-
tion. It is the opposite of stagnation, and stagma-
tion is fatal, whether it be in military, commercial,
or any other enterprise. Innovation only comes
from ideas, and in technologies, ideas come from
basic research activities wore than from any
other,

It has heen the aim of the physical sciences
program to strive for the novel, the original, and
the fundamental. While such judgments are far
from infallible, the record of Air Force participe-
tion in the really new research ideas has been
exceptional. It is the prime objective to keep it
that way.

11) See also the paper in this volume by E. Weligold
“Observational Tesiu of Genersl Relativity” or the
paper entitled “From Quantized Flux to a Free
Procession Nuclear Gyro,” by Fairbank et al, ir
the Procecdings of the OAR Resvarch Applications
Conference, 3 Apr 1908, Office of Aervspace
Research.

12) Publication 1292D, par. 2, p. 12, of the National Acad-
emy of Sclences National Research Council, Wash-
ington, D.C. (1968)
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Chemical Sciences

Dr. Avmos (3. HorsEY, Director

The directorate of chemical scienees, with an an-
nual budget of approximately $3.3 million, spon-
sors basic research in areas of chemistry of
immediate and of Jong-range interest to the Air
Force. The funds are provided by congressional
appropriation. via the Department of Defense and
the Office of Aerospace Research. As a report to
the taxpayers—our stockholders—the directorate
of chemical sciences each year prepares “Chem-
istry Program Review.” This document, which is
avallable upon request, gives many interesting
statistical and rimely scientific details about our
program.

The directorate of chemical sciences has six
senior scientists, one military, who select and man-
age the program. Each of our approximately 150
research efforts generally has a 4-year active life
span with the funds being made available for con-
secutive 2-year periods. The average cost of each
research effort is about $25,000 per year, although
they range from $5,000 to $165,000.

The chief investigators and their unsolicited
proposed research programs are carefully selected.
Scientific merit, probable return per dollar in Air
Force areas of interest, and the investigator's in-
fectious enthusinsm and dedication for his pro-
posed research play important roles in the seler-
tion process.

The chemistry research prograin consists of a
balanced re=parch effort of a fundamental nature
in chemistry and closely related areas (1) as a
foundation for meeting the more direct and vary-
ing needs—recognized and unrecognized—of the
military, and (2) research in specific recognized
areas where the aim is discovering new under-
standing that will open the way both to new
science and to satisfying defense needs within a
foreseeable timespan.

The first includes selected vesearch in the basic
disciplines of chemistry which are likely to pro-
duce information leading to new or improved mate-
rials and their applications to military structures,
military powerplants, military armaments, and

military communication systems. Crucial military
problems exist in limited war or in global war.
Present military problems and undoubtedly those
of year 2000 involve structures, powerplants,
armaments, communication systems, and people.
The disciplines of chemistry relevant to these
military objectives and our program include the
following.

Synthes’s, usually according to a rational plan,
is the construction of complex substances by the
combination of simpler ones, The projected con-
struction of a molecule of a substance must be by a
design, 8 sequence of steps, some of which may
never have been performed before. The projected
plan of synthesis must be fashioned in accordance
with analogy and theory, since simple trial and
error is too costly in time and effort. Dr. Anthony
J. Matuszko of our staff in a later section of this
report discusses organometallic chemistry and
gives a clear picture of the problems and successes
of synthesizing new substances containing carbon-
metal bonds and at the same time points out the
Air Force stake in this exciting area of chemistry.

Structural chemistry ard physical properiies
are important in sll areas of our chemistry pro-
gram. The unit of structure may be the molecule
or crystal, or it may be part of a molecule, a.g.,
a group of atoms, or even a single electron or a
single atomic nucleus, The qualitative understand-
ing of chemistry is aimost always in terms of
structural units. When a chemical reaction occurs,
it is the changes in physical properties which per-
mit the chemist, to decide which structural units of
the molecule have changed.

The following is quoted from the Westheimer
Report, “Chemistry: Opportunities and Needs,”
published in 1965 by the National Academy of
Sciences :

The more we know about the molecular
structures of chemical compuounds, the more
readily we can transform them in predictable
ways and the more readily we can understand
transformations that we cannot predict.
Nothing less than a “total” approach serves
for the kinds of problems that are now being
atracked; every possible measuremeut that
can vield u clue is required. This manner of
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approach to molecular structures has led to a
marked change in chemistry.

The tools that have made this change pos-
sible include new searching equipment for
detecting and measuring spectra of various
kinds: Infrared, microwave, radiofrequency,
ultraviolet, visible, Raman, Mossbauer, X-ray,
nuclear, magnetic resonance, electron-spin,
resocance, nuclear guadrupole, and mass
spectra. Furthermore, electronic digital com-
puters have been especially useful. We can
now achieve rapid and detailed characteriza-
tion of physical properties, many of which
either were completely unknown 10 years ago
or could be determined only with precision
lower by several orders of magnitude than is
now attainable. The new information on
structure has led to development in theories
of intermediates in reacticn mechanisms, of
gesinetrical and electronic structural units, of
spectra, of sterecspecific synthesis, of biologi-
cal activity, and particularly of electronic
binding and chemica) transformation.

The modern experimental chemist has a labora-
tory full of sophisticated electronic gear, The com-
puter is fast becoming an essential tool for both
the chemical experimentalist and theoretician.
Other important tools and emerging techniques
(in addition to those mentioned above) on the ex-
ploding frontiers of chemistry in which our pro-
gram is involved include : Molecular beams, shock-
tube chemistry, high-pressure techniques, vapor
phase calorimetry and vapor phase chromatog-
raphy, high-energy lasers.

* * * we are not yet able t¢ predict what
new chemical and physical phenomena will
be found. * * * we are only beginning to
kmow what properties of 4 molecule and its
environment we need to find to follow its
reactions; and we are almost totally ignorant
of the nature of chemical structure and trans-
formation under extreme conditions of tem-
perature, pressure, electric and magnetic
fields, and combinations of these. (Westhei-
mer report.)

Chemical dynamics, s wajor area of our research
program, is concerned with such questions as: How
do reactions oocur§ What forces drive them ? Why
are they so fast, or so slow ? Most useful reactions
do not take place in a single simple step. The basic
task in the study of cheinical dynamics is to under-

stand the elermnentary processes in a sequence or net-
work of cooperative and competitive steps. For
example, the reaction between hydrogen and chlo-
rine to produce hydrogen chloride is not simple
but is a complex neiwork of elementary stepsand a
chain of reactions. Some of these take place thou-
sands of times until the chain is broken. Innumer-
able chains constitute the process. Chain reactions
oceur in flames, explosions, burning of propellants,
and in the making of polymers.

What is the velocity of sach separate elementary
step in a network of chemical reactions? What is
the nature of the mechanicel and chemical energy
transfers that are taking place during the reac-
tion ? Obtaining and understanding the answers to
these kinds of questions are important to the prog-
ress of chemical dynamics, Dr. Alfred Weissler of
our staff discusses the energy matter interface, its
place in the AFOSR chemistry program, and its
relevancy to Air Force in this report. G. C. Pim-
entel (University of California at Berkeley) un-
der AFOSR sponsorship discovered a method of
making the first chemical laser using the reaction
between hydrogen and chlorine, described by Dr.
William L. Ruigh in his article “Rapid Scan In-
frared Spectroscopy.”

Chemical reactions take place in solids, in lig-
uids, and in gases. Surface chemistry involves
chemical reactions at interfaces separating two
states of matter. These latter reactions at inter-
faces or neterogeneous reactions are of extreme
importance te the Air Force, to the chemical in-
dustry, and the science of chemical dynamics. For
example: (Corrosimn and <rack propagation of
metals, yynthesis of > igh-octane gasoline, manu-
faciure of nitric aci-© £ sulfuric acid, of ammonia,
of butadiene for :~uthetic rubber, and numerous
other chemicals. i st of thes processes are still
not understood.

Tn Aeterogeneous catalysis, chemical reactions
take place between molecules of a liquid cr gas
that are adsorbed on a surface. The substances
formed are then replaced by uew molecules of the
reactants. “Dirty surfaces”—that is, surfaces on
which there are unwantad foreign substances—
have stymied fundamentai work on catalysis until
recently. Ultru-high vacuus is now making it
possible to work with “atomically clean” surfaces,
One fine new tool for studying moleculss on sur-
faces is the field-emission microscope. Using this
instrument tecknique, Gert Ehrlich of General
Electric is studying for us the kinetics vt the ad-
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sorption of hydrogen on such semiccnductsr sur-
faces as germanium.

Another important surface chemistry area is

elentrochemistry, which deals with reactions that
take place at the interface between solutions and
electrodes when an electric current passes through
the solution. The chemical dynamicists are fasci-
nated by electrochemical processes snd reactions,
not only because of their inherent importance, be-
eauae they provide precision tools for the study of
meny other kinds of chemical reactions. Electro-
chemists have made available a large variety of
measurements for application to practical as well
as research problems. Electrochemical dynamics
plays an important role in both military and civil-
ian economy. Batteries and the electrochemical in-
dustries, fuel cells and communication systems,
illustrate the importance of the interconversions of
chemical and electrical energy and the increasing
technical importance of the field. Both in the past
and in the present our program has given careful
attention to this important chemistry research
area,
Many of the better understood chemical reac-
tions take place in solution where the reacting sub-
stances are dissolved in liquids. A study of a va-
riety of reactions by dynamic methods in solution
have led to an understanding of reaction mech-
anisms and have supplied the ideas and generaliza-
tions essential to the successful practical synthesis
of complicated compounds For exampie, M. E.
Kenny (Cese Inst. Tech.) synthesized phthalo-
cyaninosiloxane polymers and D. Seyferth
(MIT) devised a new m>thod of geacrating the
subsequent synthesis of fluovinated cyclopropane
derivatives. Dr. Matuszko Jiscusses the :ontribu-
tions of thess in estigators to cur progrsm.

Many reactions take place in steps with the for-
mation of fransient intermediatzs. These short-
lived substances ave consumed almost as fast as
they are formed. Some exist in solution for time
intervals as short as a billionth of a second. Free
radicals are examples of these substances, which
were being studied in our program in the 1950%
by F. O. Rice at Catholic Y"aiversity, H. P. Broida
at NBS, and G. C. Pimentel at Berkeley using the
matrix-isolation techniques. Out of these re-
searches grew the DOD million-dollar-plus NBS
Free Kadical Program headed by Dr, Broida.

In an attempt to latch on to an oxotic new fuel
the study of transient intermediates has opened
up rich new areas of chemical science important

in syntheses of new substances, understanding of
kinetics of reactions, the understanding of molec-
ular rearrangements and of reaction mecharisms,
Several of our investigators are exploring iais
promising research urea. For example, P. Skeil
(Penn State) is studying C,, Cs, and other single
atcm species as synthetic agents and Libby
(UCLA) hopes to add single atoms of carbon in
high vecuum to clean surfaces of solid carbon
erystale (diamond). Growing such crystals should
be a natura] for a manned orbital laboratory.

Accompeanying each chemi~al change there is
also an energy change. This phvunomenon and the
energy content of each individual chemical species
and the energy level of each of its electrons are
also of primary importance to the chemical
dynamicists. Note Dr. Weissler’s discussion of
photochemistry radiation chemistry in this report.

Solids are the principal components of all mili-
tary structures, military powerplan:s, military
armaments, and military communication systems.
The chemical behavior of solids has been impor-
tant in modern technology for a long time. The
serious work on the chemistry of solid state, how-
ever, has not been commensurate with the impor-
tance of the subject. Why? Have the ARPA inter-
disciplinary laboratories been highly productive
in solving significant military problems associated
with materials? Ts neglect of solid-state chemistry
by ARPA laboratories, as well as the general
neglect of the subject, because it is so very diffi-
cult? Is it because of the lack of vision of its
importance or the lack of funds for its support?
Although chemical reactions in solids are more
difficult to study than in any other medium and
the problems are exceedingly complex, our pro-
gram does contain numerous research efforts
involving solid-state chemistry. Much of the
fine work recently done in solid-state physics
actually lies in the overlapping area of chemistry
and physics. Progress to date in understanding
the solid state has been made primarily by
physicists who are concerned with the description
of these properties of matter that are not sensi-
tive to the nature of the particular system-—that
is they are concerned with mathematical descrip-
tions of isolated units. Future progress is more
appropriately in the hands of chemists because
they are concerned with system-sensitive aspects
of matter—that is, with units of matter in a real
environment, even though many such problems
now seem impossible.




Tt has often been said that the crystalline state
and the gascous state of matter are well under-
stnod and that very little iz known about the liquid
state. Wo in chemistry have given some attention
to the liquid state since the early days of our pro-
gram. Denton W. Elliott discusses “Liquid Struc-
ture™ as well az “Why should the Air Force be
interested in the structure of jiquids?”

Even a short discussion 0. basic disciplines of
chemistry important to the Air Force must include
theoretical chemistry. Ali aspects of chemistry
already discussed is the concern of theoretical
chemistry, Our past program, our present pro-
gram and our future will he concerned with
theoretical chemistry. I wish to quote from the
theoretical chemistry panel report prepared for
the Westheimer committee :

The theoretical chemist invents, tests,
and develops new theoretical concepts and
new theoretical methods: he applies theories
already established to newly discovered chemi-
cal phenomena: he relates different chemical
pbenomena and data by examining the con-
nections among them required by theory; he
provides a theoretical framework for discus-
sion of data; he tries to qualify; he tries to
predict. Above all else, he tries to understand.
The ultimate theoretical treatment is solely
in terms of the laws of nature, but this is
rarely achieved: the most valuable chemical
theory often falls far short of being a set of
nviolate mathematical deductions from phys-
ical principles,

In chemistry, theory and experiment inter-
act strongly and continually. When new phe-
nomena are discovered, theory is used in order
to understand and organize tle data, and to
relate the data to what is alreac,v known. In
the next stage, the orgmnizat @ provides
guidance for new experiments. ’redicting
the results of new experinients is a final stage
of theory, and establishec theory has predie-
tive value for engineering

Technology = in arge measure the end
product of old th.eoriex, Chemical thermody-
namies we, for decades the provinee of the
thecretical chemist, but today it is a major
resource of che engineer. Cunsidered in this
light, modern statistical mechanics and quan-
tum mechanics cun be confidently expected to
evolve into everyday tools of future engineers.

Even today, theoretical chemistry is playing
a dynamic role in technological research.

This brief treatment of synthesis, structure, re-
actions, surfaces, liquids, solids, solutions, electro-
chemistry, and theoretical chemistry are all illus-
trative of chemical disciplines likely to produce
information which will serve as a foundatior for
the varying needs of the Air Force. It is illustra-
tive of the consideration of the first part of our
program in chemistry,

The consideration of the second part of our pro-
gram are the specific recognized aress, as previ-
ously suggested, where the aim is discovering new
understanding that will open the way both to new
science and to satisfying defense needs within the
foreseeable timespan. Here, we are concerned with
the chemistry in extremes in environment, such
as high pressure, high vacuum, high and low tem-
peratures. We are concerned with radiation effects
on substances, novel synthesis of certain kinds of
substances, and with novel or improved techniques
for sensing and measuring minute concentrations
and chemical changes taking place. We are con-
cerned with an improved understanding of the real
nature of selected substances of scientific and mili-
tary importance.

This second part of our program may be illus-
trated by a series of queries which plague the
minds of our investigators :—

How does the form, structure, and stability of
a polymer change with the degree of crystalliza-
tion (Flory—Starnford)?

At room temperature at pressures from 10-200
atmospheres, what is the nature of the solvent
action of liquified gases such as carbon dioxide,
ammonia, and noncarbon flourides (Peacock—
Birmingham University) ¢

How can ane pure species of the nitrogen atoms
contained in the upper atmosphere be prepared
in the laboratory? What is its chemistry when it
reacts with other substances? (Lichten and Hoff-
man—2RBoston University) ?

What is the nature of germanium-carbon, tin-
carbon, rhenium-carbon bonds? How do you syn-
thesize substances containing these bonds? How do
thess bonds react chemically (Stone—Bristol
University) ¢

What ate the steps in the decomposition of
hydrogen peroxide decomposition? Why does it
take place so rupidly ? Can a radioisotope labeling
technique be used in answering these questions
(Edwards—Brown University) !
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Whet kinds of molecules will efficiently absorh
the harmful effects—to living and nonliving sub-
stances—of ultraviolet light or high-energy nu-
clear radiation (Hammond-—Cal Tech) ?

How do you synthesize triple strand polymers
with frequent ties between strands which may be
thermaslly stable (Butier—University of Florida) 1

How can flame spectrometry and gas chroma-
tography be used to make ultrasensitive und selec-
tive detectors for the detection and analysis of
vapors and gases, including toxic ones (Wineford-
ner—University of Florida) ?

What structural changes take place when
selected substances such as semiconductor mate-
rials are subjected to pressures up to and over 2
million pounds per square inch (Kasper—General
Electric) ?

How does one synthesize compounds of transi-
tion metals—such as iron, cobalt, and nickel—with
nitrogen, phosphorus, and sulfur! What will be
their structure and chemistry (King—University
of Georgia) ¢

How can the structure—and thus the chemis-
try—of minute single crystals of unknown sub-
stances be deiermined by X-ray diffraction and
computer techniques (Gougoutas—Harvard)?

What is the nature of the solid-solid reactions
of onium salts with amine complexes of cobalt,
nickel, chromium and copper, ete., at elevated
temperatures and high pressures as revealed by
the use of thermoanalytical techmiques (Wend-
landt—University of Houston) 2

What really happens to all the energy in an
exothermic chemical reaction from a molecular
point of view, since an appreciable amount has not
yet been made useful for propulsion or in explo-
sives (Bair—Indiana University)?

How can the many quantum chemistry elec-
tronic computer programs, which are so expensive
in scientific manpower and Jdollars, be made avail-
able to other investigators who need the same pro-
gram as a step in their own researches? A partial
answer is provided by Harrison Shull (Indiana

University) who operates the AFOSR quantum
chemistry program—now starting its tuurth year
with over 3€1 active participants at hoice and
abroad.

How can electrochemical techniques, such s3
polarographic and electrdeposition methods, be
used for the separation and determination of such
metals as zirconium, hafnium, tantalum, niobium,
titanium, and rare earth metals such as scandium ?
Can novel nonaqueous solvents, for example, ace-
tonitrile, be used for these separations and deter-
minations (Oliver—University of Massachusetts) ¥

Is it possible to get a better understanding of
the chemical structure of oxide glasses such as
alkali-alkaline earth aluminum-silicate systems,
using irradiation techniques, by a systematic study
of localized defecis states in parallel with the same
systemg in crystalline form? Will the study be
more fruitful by varying the chemical composition
(Mackey—Mellon Institute) !

How can I build a device which wil] accelerate
neutral moleculss to a high speed, each molecule to
have the same energy content, in: srder to test cur-
rent theories of inelastic collisions and to mors
profoundly understand the nature of gas-phase
chemical reactions, as well as the nature of gas-
liquid nnd gas-sclid collision processes /Whar-.
ton—TUniversity of Chicago) #

These are examples of questions which our
ehemistry investigaters are attempting to answer.
The answers may open up whole new areas of
science and will undoubtedly auswer questions
relevant to Air Force interests.

“The natural seiences, such as physics. chemis-
try, and matliematics, assume a very great signifi-
cance in centemporary military affairs. Only on
the buses of these sciences can one reliably and
objectively evaluate the new principles which
govern different forms of wmilitary material.”
(“Science nnd Technology in (Contemporry
Wars” Soviet Maj. Gen. G. I. Pokrovsky.)

Why shoald the Air Foree suppoct basic re-
seareh in chemistry? The answer is simple and
shert: It pays,
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Life Sciences

Dr. Harvey E. Saveuy, Director

In this directorate two divisions, biological
sciences and behavioral sciences, have a broad
charter to support studies in these fields of poten-
tial Air Force interest. However, since these pro-
grams are small, both in relation to others in
AFOSR as well as in the Nation as a whole, only
a limited numrber of areas can be selected for sup-
port. This selection takes into account areas
judged to be of particular long-range interest to
the Air Force, and the pattern of research support
already available in the military and in other
agencies such as NSF and NIH.

The life sciences directorate provides the Air
Force with a “window on the universities” by
selecting carefully projects for support proposed
by investigators who can also give authoritative
technical advice to the Air Force on critical life
science problems as they arise, Air Force acquaint-
ance with foremost scientists and knowledge of
current scientific achievements are accomplished
by the directorate’s lending support to research
symposia and national and international scientific
meetings.

In che biological sciences division a decision was
taken, at least 10 years ago, to emphasize certain
aspects of research on the nervous system. At that
time, the most effective way of accelerating this
field secmed to be to give support to key European
laboratories which were still having difficulty re-
building after World War 11, It now seems fair
to say that the regrowth and vigor of neurcbiology
in Europe has been significantly affected by
AFOSR’s program and has led to a fuller ex-
change with American scientigts both through
travel and exchange of scientific workers, Studies
in neurobiology are now showing close support of
relevance to Air Force and NASA technologies.
Some of the areas involved are: Sleep: brain
waves as indicators of states of alertness; sensory
physiology of vision and olfaction; nature of
membranes; endocrine studies velevant to texi-
cology ; tolerance to stress, and to behavior. Other
areas, such as photosynthesis, biochemistry, im-

munology, and molecular biology arm on the
borders of current military interests in explora-
tory developments and may well find direct appli-
cations within the next decade.

The orientation of a significant portion of the
biological program to studies relevant to problems
of living in the tropics and other stressful environ-
ments i3 now underway. Now that research in the
biomedical sciences has expanded so greatly in the
last decade, it becomes even more important for
AFOSR to look critically on how its small pro-
gram (2bout $1.7 million) can have the maximum
impact on research problems that are of Air
Force interest and which need special emphasis,
In view of the military strategic situation, it
seeins clear that problems of limited warfare
are likely to be of continuing importance. The
reorientation toward problems in the tropics
is intended to contribute to these problems.
While a well planned order of priorities is not. yet
at hand, it seems clear that problems of epidemi-
ology, and environmental physiology will rank
high. Ecologica! studies of environments should be
an important aspect of these interests, and can have
meaning not only for medical problems but nutri-
tional, economic, and sociological problems as well,
all of which are now becoming a part of the larger
problem of developing nations in which limited
warfare is a potentiality.

Continuing studies on the nervous system are
emphasizing those that help to gain a comparative
analysis of nervous mechanisms underlying motor
and sensory systems in animals, The applications
of this knowledge will be in the bionirs, and in
studies of automata and control systems.

Our program has included from s beginning
the support of studies in ethology, a name given
in Europe to the study of animal behavior with
emphasis on behavior in natural conditions. This
ares is now expanding in the United States where
the approach is findi::gw application to problems of
bird-strikes by sircra’t. It is anticipated that such
studies can also lead to significant findings useful
in the control of animal vectors and reservoirs of
diseases.

The life aciences directorate will increasingly
emphasize research of an interdisciplinary charac-




ter iu the general area of the biological science-
behavioral science interface,

The bebavioral sciences division concentrates its
effort on support of basic research that promises to
contribute to the solution of problems of human
adaption and performance that arise from the
operational requirements imposed by Air Foree
mission assighments. Basic behavioral research
findings provide the foundations upon which may
be built technological developments to improve
personne] classification; training; leadership:
morale; communication; man-machine systems;
adaptation to exotic environments; decision and
information processes; work under stress; target
location and acquisition ; teamwork ; and manage-
ment of large orgs -izations.

The disciplines supporting this program are ex-
perimental, physiological, and social psychology;
sociology; political science: anthropology: and
cemputer science.

Specifically, research projects are being sup-
ported on complex decisionmaking; short- and
long-term memory; perception under adverse en-
vironmental conditions: organizationsl effective-
nees; communication with foreign populations;
and behavioral coinpensation for stressful situa-
tions.

Increased relevance to Air Force needs is being
achieved by concentrating effort on problems con-
cerned witi human inputs required for the orderly
development of aerospace capabilities.

Studies have been and are being conducted on
sleep and arousal, and on optimal work-rest cycles.
Basie conditions af peychophysiolegiral adapta-
tion to fatigue and to environmental stress are be-
ing studied.

The behavioral sciences division is responsive to
guidance from Department of Defense and Head-
quarters USAF as to areas of need to which basic
research can be most relevant in current and future
applications of findings.

In the areas of strategy and concept develop-
ment there is & growing need for refined forecasts
of future military environments; for improving
planning processes; and for developing better
methods for translating pluns into functioning
organizations, systems, and strategies. Research in
these areas has been undertaken in response to Hq.
USAF guidance. Particular emphasis is being
placed on studies appraising military, technologi-
cal, political, and economic factors in both Com-
munist and non-Communist countries. Such studies
include: Appraisal of world situations likely
to affect warfare and military strategy during the
next 15 to 20 years; projected assessments of the
capacities of U3, science and technology to con-
iribute to systems development for future needs:
elaboration of concepts for the employment of
aerospace forces; forecast of the long-range capa-
bility objectives of the Air Force throughout the
spectrum of support, threat, and conflict; and
identification of capabilities inherent in the Air
Force for achieving national objectives.
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Engineering Sciences
Dr. MivtoNn M. Srawsky, Director

The directorate of engineering sciences selects
and supports phenomens-oriented research the
Air Force needs (1) to reduce the level of empiri-
cism in the development of both hardware and
software, (2) to extend the understanding of the
behavior of simple physical systems to more com-
plex physical systems, and (3) to discover or to
create new principles and concepts to be used as
building blocks for developing generic solutions to
engineering problems.

The directorate consists of three divisions, elec-
tronics, mechanics, and propulsion.

Research in electronices is carried out under the
juint services electronics program (JSEP), under
which 11 universities recesive Army-Navy-Air
Force support, and under the smaller electronics
program which serves as a catalyst for aspects of
JSEP. Included here are information, communica-
tions and electronic engineering sciences, in re-
sponse to mission requirements of better sensing,
transmitting, ranging, receiving, processing, in-
formation display, and controlliag of related
equipment.

Studies are conducted in systems in which the
individual electrons and photons play the dom-
inant role, including basic physics studies such as
the measurement of critical opalescence with laser
beams ag a test of theories of phase transitions, the
extent of the equality of electron and proton
charge, relation between inverse Faraday effect
and Raman scattering, and determination of
plasma instabilities from the computer analysis of
narticle trajectories. Other areas are electromag-
netics, quantum electronics, electro-optics, electro-
acoustics, solid state electronics, and electro-
dynamics.

Environmental electronics involves theoretical
and experimental investigations of phenomena as-
sociated with the earth, atmosphere, ionosphere,
and outer space. Research topics include an experi-
mental determination of the constancy of the New-
fonian gravitational constant, an experimental
test of the Freundlich rosmological red-shift hy-
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pothesis, and an experimental test of Einstein's
curved-space interpretation of gravity.

Two topics in bioelestronics are electromechani-
cal simulation of biologival processes to improve
the biological specimen’s capabilities, and analog
analysis of biological subjects to enhance elec-
tronics design. Interest in and the importance of
biovelectronics is steadily increasing.

Communication sciences studied under this pro-
gram include system theory, information theory,
control and feedback problems, network and cir-
cuit considerations, pattern recognition, artificial
intelligence, data processing, linguistics, and
threshold logic. The common trait of these fields
is that they may be treated as a study of the corre-
spondence between two sets of data. In this scheme
inputs and outputs from an unknown network
might be the data sets so that the notion is quite
general. Communication science, within this
framework, focusses on the general properties of
the correspondence and the attendant transfer
functions.

The mechanics division is mainly concerned
with the motion of & body through a medium, and
the laws relating this motion to causes and effects.
One such area of study is the external and internal
flow phenomena involved in the design of ad-
vanced low- and high-speed aircraft missiles and
space vehicles, These studies are directed toward
providing a more thorough understanding of ti.e
mechanics of continuum fluid motion. Included are
the effects of temperature, viscosity, pressure gra-
dients, compressibility, entropy, and gravity on
the fluid motion. One goal of this research is bet-
ter understanding of hypersoiic flow phenomena
associated with slotted wings for potential hyper-
sonic high lift-drag ratio wings.

A second major focus of the mechanics division
is boundary layer research. This concerns the layer
of fluid or gas adjacent to a body moving through
a medium, and may be thought of as laminar or tur-
bulent. Solutions to laminar flow can be obtained
for some conditions by usually straightforward
conservation equations. In turbulent flow, the
number of variables outnumbers the equations
now svailable. Other areas of interest are the sta-
bility of the boundary layer and the time—depend-




ent displacement of the externsl flow by the
boundary lsyer in hypersonic flow.

When the motion and the structure of the fuid
interact, the problems beciue those of acrophysics.
In this ares AFOSR has played an important role
in stimulating and supporting much of the under-
standing underlying hypersonic fiight, for ex-
ample, and has provided the bulk of the suppert
at times in aerophysics. Aerophysics is the study
of the mechanisms of vibrational and rotational
relaxation, of dissociation and ionization, of radia-
tion of energy, and a determination of the rele-
vant relaxation times. These effects bear on ob-
servable properties of fluid flow, such as shock
wave thickness, and are studied by both the fluid
dynamicist and the physicist. Here also are found
chemists and aerodynamicists using flow phenom-
ena to identify complex and intermediate reac-
tions, and using this knowledge to compute flows
i nozzles, through shocks and around bodies.

There are important areas of fluid mechanics
where the particulate structure of the fluid must
be recognized in any technologically helpful theory
of its behavior. The aerodynamics of flight at alti-
tudes above 5¢ miles and the behavior of instru-
ments for measuring airspeed and ambient pres-
sure at such altitudes are examples which are im-
portact from an Air Force point of view. At such
altitudes the distance traveled by molecules be-
tween collisions is comparable in size to some of
the aerodynamic featares of the vehicle, with the
result that events on the molecular scale -ause
the flow to deviate significantly from the .onti-
nuum behavior, For these reasons a portion of the
program is comprised of research on the mechanics
of intermolecular collisions, the mechanics of colli-
sions hetween molecules and solid surfaces, and on
the analytical techniques required for the predic-
tion of flows dominated by these events.

Structural mechanics is concerned with the
static and dynamic bekavior of structural com-
ponents of vchicles under varying aerothermo-
dynamic conditions in flight. AFOSR research is
providing new and improved theoretical methods
of analysis of stresses, deformations, and stability
of structures. Also of interest ave problems in the
areas of dynamie stability, vibrations of structures,
the iffect of random vibrations, aeroelasticity,
wave propagation, and fatigue. Great advantages
are to be gained particularly from better under-
standing of 1*» fatigue mechanism leading to im-
proved dezigns or improved nondestructive means

for detection and messurement of the progress of
fatigue damage in metals. The program also con-
siders the mechanical reeponse of structural mate-
rials to environmental conditions and includes the
fundamental understanding of materisls derived
from subjecting them to low pressure, higli-speed
impact, temperature extremes, different gaseous
environments, and triaxial stress under high
pressure,

The propulsion division supports research in
the detailed mechanisms, physical and chemical
processes of release, transformation and transport
of energy. Included are the interrelated effects of
combustion fluid dynamics, magnetohydrodynam-
ics and heat transfer phenomena in gas, liquid, and
solid and hybrid systems. Research efforts in this
program have a direct relation to air-breathing,
liquid, solid, and hybrid rocket combustion, and
magentoplasmadynamics related to release of en-
ergy by nuclear fusion, generators of electric power
and mechanical thrust.

AFOSR has also provided important portions of
the research in the area of supersonic combusticn,
both detonative and diffusional, rocket combustion
instability phenomena, plasma acceleration, mag-
netoplasmadynamic power generation, and in high
temperature plasma behavior.

Fundamental studies cre selected for the ex-
ploration of molecular and atomic sources of
energy so as to provide new information leading to
increased Air Force capability in chemical propul-
sion, Investigations of thermophysical properties
provide precise data on the structure, spectrs,
thermodynamie, and transport properties of se-
lected molecules that form the rcactants or com-
bustion products of present and future chemical
propellants. Chemical kinetics concerns the rates
and mechanisms of reactions involving light ener-
getic molecules, to understand processes taking
place in the combusion of chemical rocket pro-
peliants,

About 40 percent of the propulsion division pro-
gram is devoted to research on problems associated
with interaction of plasmas with electromagnetic
fields, The program is oriented toward generic
phenomena found in efforts to build a sound basis
for exploratory development of controlled thermo-
nuclear reactors, MHD eloctric power generators,
and plasms accelerstors. This research ares is di-
vided for administrative purposes into high tem-
perature plasmas; low tempersture, low density

o
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plasmas; and high density partislly ionized plas-
mas. The general problems that occur in slmost
every case are related to the description and under-
standing of instabilities, conductivity, collision
probabilities, charge exchange, and other physical
properties. In addition to this, research is being
conducted on the parameters describing laminar
and turbalent flow of plasmas,

This research program is designed to cover the
most important problems in magnetoplasmadyna-
mics.

Research concerned with the thermodynamic
properties of chemical species is important for
solid rocket propulsion and is studied from both
a theoretical and experimental viewpoint. Combus-
tion dynamics of solids involves the studies of the
complex processes taking place in the combustion
of solid propellants, the understanding of which
is essential for rational approaches to propellant
formulation and rocket design. One of the par-
ticular approaches most studied under this project
i3 that of acoustic, ur resonant instability.
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Information Sciences

Dr. Haworv A. WoosTer, Directur
and Rowena W. Swanson, Project Scientist

The information sciences try to apply the scien-
tific method of inquiry to an understanding of all
the factors that go to make up paths. Perhaps the
most obscure is the one man has spent the most
time on—the one concerned with an understand-
ing of himself, how he thinks, how he comes to
understand, how he learns, what he wants his goal
to be, and why. Perhaps the least obscure is the
comparatively new route being paved by mndern
technology. Man has harnessed the computer and
many other machines, complex concatenations of
many components, to sense and pricess signals
that he knows about but cannot sce or hear or
touch.

Information science may be this generation's
contribution to science. It is invading this dis-
cipline and that, extracting an idea here and an
equation there, and it is beginning to weave the
pieces into a pattern. It is beginning to show fea-
tures dealing with the acquisition and coding of
information. the communication process, and re-
call of information, and how information is and
can be used.

The selection of areas and projects for funding
is a prodact of many factors. The directorate has
turned its attention tc studies in depth of some
of the fundamental principles that must be ex-
plored and understood to advance basie concepts
of information representation and processing. At
this stage in the evolution of the information
sciences, these studies fortuitously are often efforts
of one person or small teams. Though this is a
familiar pattern in science, it must be remembered
that this is but one pattern in science.

Emphasis in the late 1950s with a much smaller
budget was on such library-oriented topics as
indexing and classification and the applicability
of machines to informa‘ion center operations.
Gradual shift to the present program has resulted
as much from an awareness of engineers, psysiolo-
gists, physicists, psychologists, mathematicians,
linguists, and philosophers that they were dealing
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with information science problems as it did from
an awareness of the directorate that problems in
many disciplines are basically information prob-
lems. The tasks within the program are: (1) infor-
mation systems research, (2) information identi-
fication and classification, (3) transmission of
information. (4) adaptive and self-organizing
systems, (5) language and lHnguisties research, and
(6) theoreticul foundations of information seciences

These tasks do not encompass nll of the informa-
tion sciences, nor could they form the given budget.
Several major areas excluded concern studies of
materials, hardware componcents and assemblies,
structure and behavior of biological systems, and
large-scale man-machine and time-sharing inter-
actions. Most of the excluded areas are included
in other AFOSR and DOD programs.

A further remark my be appropriate with
respect to inclusion and exclusion. Given $1 million
and a mission—for the directorate, to help assure
the timely impact of information science on the
future operational Air Force—selections have
been made which are identified with technological
problems of Air Force interest.

information systems research

Information systems research looks at the struc-
ture and operation of entire systems or of units
within a system viewed in the framework of the
entire system. Efficiency and effectiveness of meth-
ods and tools for the input, throughput, dissemina-
tion, and use of information are principal topics
for investigation.

Information systems abound. They are used for
document control, dats control, logistics, manage-
ment and command, and intelligence within mili-
tary and civilian contexts. Many existing systems
are hased on ad hoc planning ard have suffered
explosive, unanticipated growth. Frequently
mechanization or other changes have been intro-
duced to alleviate some information processing
diffienlties, but the effects are usually far from
optimal.

Questions must be asked about svstems in the
abstract. What are possible information flow pat-
terns? With what configurations of men and
machines can each be achieved? What is the match
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between pattern and purpose of the s, stem ¥ What
effect does the environment have on the system?
Who feeds the system? Who uses it? Who could
feed it or use it! What are the tradeofls for a given
system for & given purpose?

Questions must be asked about existing systems.
Existing structures and operations must be quan-
titatively and realistically analyzed. The effects of
perturbations must be examined in the abstract
and tested in simulations and in ongoing opera-
tions. Live data under perturbations are invalu-
able but difficult to obtain.

Systems research is slow-producing research.
There are many veriables, and they are difficult to
isolate, control, and test. They pertain to the be-
havior of men as well as to machines. They must,
however, be studied, which means that ways must
be found for studying them.

information Identification and Classification

The problem of selecting appropriate descrip-
tors of information and organizing them into a
structure was originally thought of as a library
problem. I: is still a crucial problem of informa-
tion servics activities handling the technical docu-
ment literature. Conventional library classifica-
tion schemes are not readily amenable to frequent
and major modifications of narrow subject areas
which must be accessed in specificity and depth as
research expands knowledge of them. Conven-
tional library indexing practices can similarly not
readily accommodate to current requirements for
many terminological access points to the subject
content of documents,

The problem of identification and classification
has, however, been aggravated by a technology
that has produced computers and sensors, Machines
that can read printed and handwritten characters
and can look at maps and photographs need
instructions to tell them how to recognize a pat-
tern and how to differentiate one pattern from
another. This raises the question of how to describe
a pattern. What are the information-bearing
parameters in n line drawing, in 2 letter of the
alphabet, in an aerial photograph? Are the bits
that are significant to a human significant to a
machine? Can rules or algorithins be developed
than can give machines the intelligence to identify
patterns they haven't seen before and to separate
signals from noise?

Projects concerned with both categories of prob-

lems pertaining to classification are included in
this task. Descriptor structures for document sys-
tems are frequently related to other aspecta of
total system organization and operation. As
methods are perfected for mechanizing useful in-
dexing procedures, new approaches to input,
search and retrieval can be explored and incorpo-
ratedd in systenis, Work with natural language
may also lead to abstractions pertaining to syn-
tactic and sematic structures in language. Rules
that characterize the provess must deseribe pro-
cedures by which machines can learn from expe-
rience and can adjust or adapt to new inputs. How
patterns are coded also bears on information con-
tent and information loss in their transmission.

The possibility exists that models for charac-
terizing patterns will also describe concepts rep-
resented by clusters of word descriptors.

Transmission of information

Many mechanisms exist by which information
is transmitted. A simple organism can have a
multiplicity of sensors for orientation m and
adaption to its environment. Man has mechanisms
within mechanisms compounded by his higher
animal abilities of perception, awareness, and
thought. Phycical systems display order, a balanc.
ing of cause and effect, and adaption that suygest
other mechanisms.

Living systems present a challenge to man's
understanding of information processing, In
packages smaller than he can fabricate, complex
processes oceur that he cannot yet modei. What
are the algorithms for seeing, for hearing, for
remembering, for forgetting, for integrating one
bit of information with another, for making quan-
tum jumps in thought that lead to creative synthe-
sis? How are impulses sensed, sorted, coded, trans-
mitted, stored, recalled, evuluated ? How are judg-
ments made and decisions reached? How do
organisms communicate with each other, and, in
particular, how effectively does man communicate
with man/ Inquire into information transmission
mechanisms ranges from studies of interactions at
the subeellular level to those among men and be-
tween men and machines,

This task principally sponsors connecting
research. However, other sponsors are not ne~es-
sarily concerned with information science objec-
tives that seek isolation of information-bearing
paranieters, models of information processing
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mechanisms, and techniques for improving com-
munication processes, Since the range is broad and
the budget is small, only a few projects can be
supported. They highlight the difficulties that
are inherent in atfaining information science
abjectives,

Adaptive and se!f-organizing sysitems

Man, the information processor, intrigues man,
the ciiuit designer, and man, the model builder.
Man’s nervous systems is a fascinating structure,
its operation a subject for conjecture. Some of
man’s sensory systems, his eye, his ear, are better
understood and offer existence proofs to the engi-
neer. Beyond what man can see are processes he
calls perception, consciousness, and thought. Will
he be able to find neural networks or molecules
he can associate with these processes? Where and
how is experience stored to provide for memory
and rernli?

Man and lower living systems embody principles
of structure and perfoymance which far surpass
equations that he hes been able to formulate and
hardware he has been able to build. Man has
repeatedly built machines exceeding his own phys-
ical capabilities. But, except to minor degrees, he
has not yet built devices he can work with as
extensions of himself in the way that he can work
with other nen. He has not built machines he can
send into hostile and adverse environments that
can report back to him selectively and reliably the
information he would want to know, He has built
machines which record vast quantities of data
about the physical universe, yet few machines can
distinguish the significant bits from the rest.

In information science terms, research to under-
stand and model the dynamic processes of living
systems is variously termed artificial intelligence,
the field of adaptive and self-organizing systems,
and when the construction of hardware is in-
volved, bionics, The term cybernetics is sometimes
used. because these systems incorporate control
and fedback mechanisms that adjust their per-
formance toward specific goals,

Research on adaptive systems may produce
spectacular results over the short range, but such
results can only be a first and gross approximation
to what the long range holds. The mechanical eye
or hand, the computer that voices the words
“Brave!” or “Come agein?”, the tracker that finds
n target embedded in noise go part of the way.
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Mechunical devices with more and higher level
features of human intelligence and adaption could
teach and train man. Machines might not only
help accelerate learning, but could also be used to
stimulate and enhance man's inventiveness and
creativity if more were known about his memory
and thought processes. The equations by which
mar diseriminates, makes decisions, integrates dis-
joint bits into a whole greater than the sum of its
parts can be successively approximated. It would
be shortsightedness, however, to consider fi.st
approxiniations as more than precisely that.

Engineers, mathematicians, and perhaps admin-
istrators, tend to get carried away with the poten-
tial prospects of the intelligent machine. It is
error to ignore data bases. The neurophysiologist
kmows something about the nervous system, but he
has a Jot more to discover. The psychiatrist and
psychologist know something about behavior, but
only a little something. The inolecular biologist
kmows compound composition and structure, but
what is the explanation for memory? Optimum
results over the long range can only come from
¢close cooperation across the range of disciplines
that contribute pieces to the puzale. The generalist
and the specialist are both needed in the various
fields, and they must be able to exchange ideas.
Science is becoming one again as it simultaneously
increases in specialization.

Language and linguistics research

Language consists of groups of symbols
arranged according to a set of rules. Viewed this
way, “language’ includes both the languages peo-
ple speak and all synthetic symbol systems. So
language is viewed in this task.

Language is a tool, It is a device for representa-
tion. Information science is concerned with its use
for representing concepts, relationships among
concepts, models for automata, and instructions
for processing devices.

Natural language has proved tractable with
difficulty, Structure or syntax has been amenable
to modeling, but the number of grammatically
correct sentences that can be mesningless is for
practical purposes, indefinite. Major emphasis is
now on semantics, to elicit rules for recognizing
meaning and generating meaningful sentences. Re-
search on natural language was originally spon-
sored (not by AFOSR) to develop procedures for
machine translation. Machine production of trans-
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lations, indexes, and abstracts, and other machine
manipulations of natural language text are re-
quirements if achievable, because man’s capacity
to assimilate bits of information is limited. As
document volume increases, automatic methods
that intelligently select the significant bits appear
mandatory for efficient handling of information.
Results are slow in coming because the data is
large, large-scale projects are expensive, and per-
haps creative ideas are few.

Work on synthetic or artificial languages can
be roughly subdivided into work on machine and
programing languages and work on languages for
reprecenting concepts and procedures simulating
intelligent processes. The directorate program has
net included much programing language research.
An area of directorate interest is in translators and
compilers which make machines accessible to non-
programer scientist and manager users,

Language for game playing and theorem prov-
ing suggest approaches to the representaticn and
association of concepts that may be approxima-
tions to characterizing thought processes. Consid-
erable progress has been made, some under
AFOSR sponsorship, on languages for problem-
solving procedures. Enough may now be known
about some languages for automata to permit gen-
eralizations on useful procedures that can be ac-
complished on computers.

Theoretical Foundations of Information Sciences

Most of the studies in this task concern develop-
ments in symbolic logic. We were nct thinking of
the new mathematics called for by von Neumann
to describe intelligent activities when we estab-
lished the task. Our sponsored projects in multi-

valued logics increasingly suggest this as a poasible
route. Since the McCulloch-Pitts logical calculus
of 1943, procedurea have been sought for express-
ing such “ideas immauent in nervous activity” as
learning and recognition and the ability of auto-
mata to function reliably under duress, with un-
reliable components, and with incomplete informa-
tion. Space flight and hostile environments now
impose requirements ou logical elements of adap-
tion and self-repair.

Automata theory is another route for building
intelligent systems, The use of algebraic methods
to describe the language and behavior of automata
may lead to machines that are both fundamental
and behaviorisiically simple. Combinatoria] alge-
bras may give useful models for informstion re-
trieval systems. Techniques for simplifying proof
procedures offer possibilities of eliminating ex-
haustive enumerations that are time consuming
and can exceed machine capacities. Questions con-
cerning algorithmic unsolvability and other prob-
lems in recursive function theory (the theory of
computibility) are amplifying notions of con-
structibility, decidability, consistency, and com-
pleteness.

The logic models supply formal approaches that
can be upplied to problems in the structuring and
processing of information and language. The pre-
cise descriptions of automata are models of realiz-
able networks and define bounds on their perfor-
mance. Automata are beginning to be assessed for
the solution of natural langusge problems. How-
ever, it is expected that applications to informa-
tion problems will await further examination of
such questions as complexity, equivalence, and the
behavior of automata with and without restric-
tions on time and space.
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Relating the Accomplishments
of AFOSR o0 the Needs
of the Air Force

Dr. Wnuwiau J. Price, Ezecutive Director

Wiriax G, AsHrey, Physical Sciences Ad-
minisirator, VAR

Mas. Joseru P. MarTiNo, Assistant Ezecutive
Director for Rescarch Communication

Recently AFOSR conducted a survey designed
to trace the utilization of scientific research coming
from the Air Force Office of Scientific Research
program, The results of this survey are of broad
interest in that they help develop a model® of
interaction between science and technology, a mat-
ter of great importance in the transfer of technical
information. Equally significant, these results help
underline the key role which a science-oriented
activity can play in support of a technology-
dependent, mission-oricniod parent organization
(1. 2) and at the same e they provide further
insight to AFOSR and other managers seeking to
optimize the eflectiveness of this type of research
program,

Genearal Accomplishments of £FOSR

It is generally recognized that the A FOSR pro-
gram has been successful over the years in helping
provide the broad scientific base, as weil as the
scientific and techuical manpower, needea by the
Air Force. For example, we have always had a
high degree of payoff on our research investment
measured in terms of the quality and quantity of
the research resuits coming from the AFOSR sup-
port. A bibliography of these results, including ab-
stracts of the articles and reports, is published by
AFOSR (3). A close examination of these pub-
lications shows that this AFOSR accomplishment
alone demonstrates very good value received for
the money expended.

The scientific importance of the work which
AFOSR has supported can be established in vari-

' This model is discussed iu “The Role of AFOSR™ in this
volume.

ous ways such as by noting the number of AFOSR-
supported researchers who have been rmong the
leaders in the continually emnerging important
fields of science. The quality of the work, as well
a8 the AFOSR role as an alternate source of funds
for creative scientific programs, can also be ap-
preciated by some statistics on our own proposal
activity. We support only those proposals which
pass vigorous screening for scientific importance,
competence of the investigators, and potential im-
portance to defense. We receive many thousands
of informal proposals each year. Currently each
year about 2,500 of this much larger group of in-
frrmal propesals become formal proposals and
only less ihan 500 are finally supported.

AFOSR is also playing a significant role in
technical education. At any given time our re-
search program is providing at least partiai sup-
port for the doctoral research of more than 1,000
graduate students. The overall iinportance of this
support is quite substantial but hard to measure;
however, it can be appreciated hy recognizing that
these students are amony the top strata of the Na-
tion’s graduate students and they are receiving
their education in areas particularly relevent to
the DOD. This can be illustrated by the following
example. A recent short course on the “Status of
Modern Control Systems Theory™ at UCLA
utilized a total of 10 guest lecturers who presented
specific topics to the class. Of these 10, four had
received their Ph. 1. degrees as a result of AFOSR
support, one had received direct support from
AFOSR, and an additional three had received both
Fh. D. and postdoctoral support from AFOSR
grants. The two remaining had received support
from other Air Forve agencies. Much of the mate-
rial presented by these lecturers was hased on the
results they had obtained under AFOSR sponsor-
ship (4).

Thus the impact of the AFOSR research sup-
port on scientilic research and education is gen-
erally recognized. However, it is realized too
seldom that the Air Force is benefited directly by
this admittedly science-oriented activity, both be-
cause the talents of very capable scientist= are
brought to bear on scientific fields holding par-
ticular promise to the Air Force, and what is per-
haps just as important, the Air Force support of
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scientists provides these perzons chanu:els by which
they can contribute inore divectly to the defense of
the ocountry through consulting and similar
activities.

Mare Dirsct Renefits 20 the Alr Ferce

AFOSR has played a primary role in colonizing
many scientific fields that are very important to
the Air Force. Some of these fields are:

Turbulent boundary layer research.
Blunt body hypersonic flow,
Hypersonic laboratory simulation.
Plasma dynamies.

Shock-tube techniques.

Combustion research on high-energy fuelsand
oxidants.

Combustion instability.

Supersonic combustion.

Structural materials for high temperature and
other reactive environments.

Mass transfer cooling.

Magnetohydrodynamic energy conversion.
Electric propulsion.

Interactions of ultrasonic waves in metals.
High-temperature arc resezrch.

Rarefied gus flow.

Fluid physics.
Cosmic ray physics.
Seismology.

Masers and lasers.
Crystal growth.

Compound semiconductors,
Superconductivity.

High magnetic field research.
Very low temperature physics.
Cryogenic pumping.

Magnetic resonance spectroscopy.
Millimeter and submillimeter spectroscopy.
Ultrasoft X -ray spectroscopy.

Microwave spectroscopy.

Field ion emission microscopy.

Quasi-opti

Collisional phenomens in ionized gas.

Quantum electrodynamics,

Statistical mechanical studies of micrescopic
materials.

Materials studies by application of EPR,
NMR, and Mossbauer effect.

Matrix isc/ation techniques.

Precipitation Hardening.

High-temperature X-ray techniques.

Structure of polymers.
High-temperature chemistry.
High-pressure chemistry.

Cher aistry of the upper atmosphere.

Ladder-type polymers.

Chemical kinetics,

Energy transfer phenomena in molecules.
Rapid scan infrared spectroscopy.
Chemistry of photographic processes.

Structure of liquids.

Orbital and celestial mechanics.
Nonlinear dynamical systems.

Nonlinear partial differential equations.

Automata theory.

Probsbility theory and mathematical sta-
tistica.

Optimum control theory.

Sampled-data control systems.

Statistica) filtering theory.

Theory and application of digital filtering.
Nonlinear circuit theory.

Computer design of electric networks.
Pattern recogmition.

Statistical approach to information theory.
Man-machine interfaces.

Information retrieval.

Error correcting codes in information theory.

Cybernetics and information theory.

Cemputer languages.

Biological lens studies including compound
eyes.

Research in instructional technology.

Simulations of internationa] relations.




Role of RNA in memory.

Visual perception.

Prisoner of war stress research.

Biological rthythm.

Gas chromotography for identification of
becteris.

Nervous and sensory physiology.
Performances of organizations under stress.

Since these acromplishments are documented
slsewhere (4-#£4) and are not the primary con-
sideration in this paper, they will not be reviewed
bere. Illustrations of these activities include:

Probability and statistics, to which
AFOSR programs have made outstanding
contributions, not only to better understand-
ing of these fields, but also to such Air Force
interssts as communication theory, decision
theory, war gaming, reliability theory, and
meteorological forecasting (4, 5).

Improved education and training methods
research. An AFOSR-sponsored conference
in 1958, and publication of the proceedings
(6), provided the impetus for subsequent
rapid progress in the field. Thess and other
AFOSR activities have had very sigmificant
impact on teaching machines development
and on military education and training tech-
niques in general.

Fast chemical reaction research. Important
increcses in understanding, including the
development of a greatly improved rapid scan
spectrometer for the infrared region, have
not only opened up important new areas for
fuller knowledge of many fast-chemical re-
actions but have also led to the exciting
development of chemical lasers (7) and new
space flight instrumentation.

Visual perception by moving observers.
Studies stimulated by AFOSR have led to
important productive research activities in a
previously neglected area. Through study of
perceptual functions in dynamic situations,
including reduced or distorted perceptual
cues, important human capabilities and limi-
tztions can be identified (8).

Seismology research. Technically managed
by AFG3R and funded by ARPA, this pro-
gram has colonized research in this area of
vital importance to solid earth geophysics.
This research ]  ‘rovided many unique and

significant contributions in instrumentation
and techniques for studying and an:'yzing
seismic sources, for discriminating between
natural events such as earthquakee, and nu-
clear explosions, ané for pointing the way
toward earthquaks prediction (9).

High magnetic field research at the
AFOSR-sponsorei National Magnet Labora-
tory at the Massichusetts Institute of Tech-
nology. Research ut NML is stimulating an
entire new branch of science. Startod in 1960,
this laboratory is rapidly adding to ths im-
portant understanding of the strr~ture solids
in several hitherto unreachable aspects, is
stimulating research with high magnetic fields
throughout the world, and is already making
several important direct applied contributions
to the defense effort and to technology in
general (10).

Combustion research, which has been con-
tinually supported by AFOSR, has had broad
impact on such important areas as fuels and
oxidants for high-energy missile propulsion,
and combustion stability in operating rocket
engines (71, 18).

Hypersonic research, including hypersonic
facilities studies, is & broad based program in
which AFOSR has played a key role. Of
course, its overall impact on Air Force opera-
tional systems is widely recognized (13).

Low-temperature physics research which,
made possible by fundamental understanding
of the nature of absolute zero, and further
stimulated by the goal of designing an experi-
ment to check Einstein’s Theory of General
Relativity, has established both through
theory and experiment the principles required
to make improved gyros and magmetometers
(14).

Information handling and retrieval studies
including man-machine interface preblems
wwere pioneered by AFOSR. This field of re-
search, which is growing rapidly both in
importance and breadth of support, hcs
slready led to the computerized management
control data systems in use by various Depart-
ment of Defense agencies and currently being
adopted by other governmental and non-
governmental organizations (15).

The large AFOSR activity in providing com-
munication between the scientific community and
the Air Force using agencies—through symposia
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specifically designed to bring new science to users
through oral and written: state-of-the-art reviews,
by AFOSR-sponsored consultants traveling to
Air Force installations, and by other reiated
AFOSR programs (14,16, 21, 3)—is also making
imporant identifisble contributions, We know also
thet many scientists supported by AFOSR are
pecforming consultation for DOD in-house snd
industrial sctivities under non-AFOSR auspices.
it is very significant that AFOSR support helps
these persons achieve and maintain their expertise
while they are continuaily helping the DOD in »
myriad of direct ways. For example, Project
Juson, a long-standing group which has con-
tinually made in.depth studies for the DOD, has
always included several AFOSR-sponsored scien-
tiste. In fact, Dr. M. L. Goldberger, Project
Jason’s chairman of long standing, is supported
by AFOSR in theoretical high-energy physics,
Fiunslly, we have always believed that there are
many other instances where the research results
coming from our program have directly benefited
the military forces, in terms of specific applica-
tions. Although many of these uses were known
to us, and some have been documented elsewhere
{4-2%), we also believe that there was a large
amount of specific utilization of our research
about which we had little or no information.
Since the disseminstion of the results from the
research program can take place in many ways
spaced over a long span of time—through reports
of journal articles, through presentations at
scientific meetings, and particularly through any
one of numerous less formal channels--the re-
search results receive wide distribution, and may
be used by someone totally unknown to the re-
search scientist. The diversity in the methods of
flow of information is at the same tims a source of
great strength in the research program snd the
primary reason for the existence of the problem
in tracing the specific utilization of research. Even
in cases where the user has to make some contact
with the author, there is often still little feedback.
For instance, an AFOSR contractor, Dr. D. A.
Calahan, then at the University of Kentucky, de-
vised & computer program for designing electrical
networks, The user could specify the desired net-
work characteristics, and the computer would then
design the network, including component sizes and
places in the net work. He sent eard decks contain-
ing the computer program to nearly a hundred

people who requested them. Even though Dr.
Calahan received feedback from a number of
recipients it was still not possible to point to
specific weapon systems which benefited directly
from it, even though it actually was a major step
forward in design technique.

Furthermore, even in cases where the reeearch
scientist does learn of an application for his re.
search, he may not always inform the sponsoring
agency. The application typically does not come
until several years after the completion of the
research. The research scientist may now be receiv-
ing support from a different agency. He may not
even realize that his sponsors want to learn of
applications of his work. So the small number of
cases where the scientists learn of applications of
their work is further reduced in relaying word
of these applications to his sponsoring agency.

The Current Study of Specilic Applications

In order to obtain nore nbjective dara, AFOSR
recently embarked un & number of projects to
obtain informaton about how basic research resulis
get used in military technoicgy, and how this proc-
es8 might be improved. In one of these projects
we attempted to reduce the number of failures to
report known applications, by directly asking our
researchers if they knew of applications of their
research.

A Drief one-page questionnnire wss sent to a
small sample of scientists who had been associated
with AFOSR in the past. The intent was to collect
a body of examples of applications, which would
then be useful in drawing conclusions about what
kind of research results get use, what they get
used for, and the channels through which they
get used. The analysis of the questionnaires is not
complete (s partial analysis and compilation has
heen made (24) ), but some interesting information
has emerged from the study. In particalar, we ob-
tained over 100 good examples of applications of
research which AFOSR has sponsored.

We found that the utilization came about in a
wide variety of ways. These were broadly cste-
gorized e “weapon systems”, “instrumentation”,
“design .echniques”, “manufacturing methods”,
and the remainder which were simply grouped as
“other”™. Some of the cxamples are given below,
as well as some additional information obtained
from the questionnaires.
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Weapen Systems Applicoticss

Three examples of weapon system applications
will be cited, two involving a missile application
and one an airera ft application.

One missile application wus concerned with re-
entry vehicle design. One of the design probleme
of reentry vehicles is to assure that they are un-
stable in all but the nose-first attitude. If a reentry
were capable of stable flight in some other atiitnde,
and reentered in that attitude, the heat shield.
which is thickest on the nose, would offer insub-
cient protection and the vehicle would burn up.
One of the early model reentry vehicles for ballis-
tic missiles was designed to be unstable in all but
the nose-first attitude, in at:nosphere of normal
density. However, it was found that the vehicle was
stable flying tail-first in rarefied gases, The com-
pany designing the vehicle found that for seme
years AFOSR and the Oftice of Naval Research
had sponsored research in rarefied gas aerodynam-
ics at the University of California at Berkeley and
other places and that the resulis of this research
were directly applicable to their problem. The
company was able to muke use of the results of this
research to redesign the reentry vehicle so that it
was no longer stable in the tail-first attitude. even
in rarefied gas flow.

The aireraft application involves so-calied fa-
vorable interference. Dr. Antonio Ferri, AFOSR
contructor at Polytechnic Institrte of Brooklyn,
has developed a theory known as “three dimen-
stonal interferenve effects™, which shows that by
properly pusitioning protuberances on an aireraft,
or even creating protuberunces where necessary,
the airflow disturbances from one can be caused
to interfere with the airflow disturbance of the
other, canceling out effects that would otherwise
be deleterious to nireraft performance. This con-
cept was applied by Grumman Aireruft Co. to
design the air inlet for the F11F-1F aireraft re-
sulting in a considemble increase in the power
available from the jet engines, Tir. Ferri was a
consultant to Grumman during the dexign of this
aireraft,

Finally, we find that Kalman's linear filter
theory., developed under AFOSR support in 1959
under a contraet entitled =~ The Study of Non-linear
Mechanics™, is finding broad application in the
contro} and navigation systems currently being
employed for USAF and NASA space Jaunches.

158-wig (7 - BT - F

Insirvmentation

A sizeable share of the applications turned out
to be in the field of instrumentation, In some cases
AFOSR was supporting the work in ordet to ab-
tain the new test instrument. In other cases, an
instrumentation technique was developed by a re-
search scientist who was looking for something
else, but who realized the significance of what he
had discovered.

A striking example of research directed toward
a new instrument is the wave superheater hyper-
sonic wind tunnel, at Cornell Aeronautical Labo-
ratory. AFOSR research at Cornell University,
Cornell Aeronautical Laboratory and other places,
designed to provide fundamental understanding
of hypersonic flow and of methods for producing
lsboratory simulation, evolved this concept of this
type of wind tunnel. AFOSR supported CAL for
the design and fabrication of a pilot model wave
superheater, intended to demonstrate the feasibil-
ity of obtaining u vontinuous stream of high-tem-
perature air. With the successful demonstration
of the pilot model, the presently used full-scale
wave superheater was designed and built, with
initial support from AFOSR, and later support
from other agencies. This device has proved to be
of tremendous importance in design of reentry
vehicles, since it provides an opportunity to test
full-sized reentry vehicles, at reentry speeds and
temperatures. at much lower cost than for a missile
ight, and with much more detailed measurements
taken of heat shield behavior. The tunnel has al-
ready been used for severnl full-scale tests of de-
velopmental reentry vehicles,

AFOSR supported two programs of phenom-
cna-oriented research in the infrared properties
of molecules at high temperatures with ressonable
cxpectation that wtilization might be achieved if
the research were successful. This research, accom-
plished primarily at the Warner Swazey Rescarch
Laboratory, did, indeed, lead to applications of in-
terest to both DOD and NASA. One of these pro-
grams was for research in the use of “band models™
to represent the transmittance of infrured bands
of molecules at high temperatures, Fram it evolved
spectruseopic techniques which were quickly ap-
plied to the problem of determining the concentra-
tion of water vapor in a supersonic nozzle and the
determination of CO. concentrstions in shock-
heated gases, The other research program was to
determine the temperature distribution in a hot
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gne from measurements of the infrared spectrum
of the gas. Results from this program led to a
method for caleulating spectral transmittance in
an applied research program for NASA. This ap-
plied researck program combined the results of
the two basic research efforts and produced a
method for predicting the radiant heating of the
base of the Saturm rocket. Further, the results of
this basic research have been applied to calcula-
tion of the radiance from a missile plume,

An example of instrumeniation which aroee
from rescarch originally aimed at other purposes
involves the use of superconductivity in metallur-
gical analyses. AFOSR has continuously supported
2 major fraction of U.8. research in superconduc-
tivity, together with the Army Research Office
and the AEC, which supportcd work on super-
conducting magnets. The intent of this research
program. at 2 number of universities, was to gain
more understanding of the phenomenon of super-
conductivity. Among other things, it was learned
that the presence of minute traces of impurities,
imperfections, and lack of homogeniety in metal
samples can alter the superconducting behavior of
metals to a measurable degree. This fact has been
put to use by at least one aircraft manufacturer
as & nondestructive testing technique for the analy-
sis of new titanium alloys for aireraft structures.

Another example of an unexpected application
came from Butler's search for understanding of
the alternating intra-inter molecular chsin prop-
agation mechanism for the formation of linear
polymers from nonconjugrted diene monomers.
This theory led to the concept and synthesis of
ladder polymers. A polymer derived from this
process has shown excellent potentizl as a flor-
culating agent with the capability of converting
surface water to potable water, and the Army
is using this material in a portable unit for water
purification whick is awaiting adoption by the
Army Medical Corps.

Still another example is that of the blood-glu-
cose meusuring instrument, Dr. H. ¥, Malmstadt,
of the University of Tlinais, applied for AFOSR
suppert for research in the field of spectrophoto-
metric titration procedures, In these procedures,
the concentration of some chemical in a solution
is determined by adding another chemieal which
will neutralize or otherwise react with th . hemi-
cal to be measured. The neutralizing chemical is
added slowly and continuously until just enough
has been added to completely remove from the

solution the chemical to be messured. The end-
point of this process is signaled by a change in the
color of the solution. Since the amount of neu-
tralizing chemical which has been addec to the
solution is known, it is then possible to calculate
the amount of the chemical to be measured which
was originally present. The drawbacks to this proc-
ess are that it is time consuming. and the exact
time of color change (endpoint) is often a matter
of judgment, since the solution may be only faintly
colored well before the endpaint. Dr. Malmstadt
investigated the use of photoelectric devices for
detertaining the endpoint, and succeeded in devis-
ing techniques which allowed determination of
the amount of certain metals present in a solu-
tion, with much more precision than had been pos-
sible before, He then turned his nttention to other
materials, including glucose in blood. He found
that 2 modification of the procedure already used
on metals could be used for determination of hlood
glucose, and that the entire process could be auto-
mated using a combination of commercially
avnilable instruments. The process he devised is
much more rapid than those previously used, it
used a less expensive chemical for addition to the
glucose solution, and its precision is considerably
higher. The method has heen adopted in a num-
ber of hospitals and clinical laboratories.

Design Techniques

Another important category of applications was
that of design techniques. These covered a wide
range of subjects, from differential correction of
orhits to design of solid propellant rocket engines.

In the case of correction of orbits, S. Herrick of
UCLA, with AFOSR support, has developed
theories of differential correction of orbits, His
theories were applied by Aeronutronic to the de-
sign orbit of the Mercury capsule. In this case, the
npplication of the resenrch result arose from the
fact that Dr, Herrick was a consultant to Aeronu-
tronic Division of Philco.

P. D MeCormack, of the University of Dublin,
under AFOSR sponsorship, was doing research
oh the effects of vibration on stability of combus-
tion in the engine, He presented his results at an
AFOSR-sponsored  symposium which was  at-
tended by specinlists in the field of combustion
dynamics. Personne! from Rocketdyne, who were
concerned with design of a medium-sized rocket
engine for NASA, were present at the meeting.
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They recognized that McCormack’s results pro-
vided a solution to a problem of combustion in-
stability which had ariren during tests of the
NASA engine. They applied his results success-
fully, and eliminated the i stability.

Another example involves the design of a re-
startable solid propellant rocket. Under the
direction of Drs. N, W. Ryan and . D. Baer, at
the Untversity of Utch, a concept had been orig-
inated regarding the relation between ignition
temiperature and initial temperature of a solid
propellant. Svme time after publication of their
results, theyv attended a symposium and heard a
paper presented by an industrial group which
related that their concept had been applied suc-
cessfully. The concept had made possible a signifi-
cant reduction in the number of low-temperature
test firings required during development of a re-
startable engine.

Manufacturing Methods

The manufacturing methods which had resulted
from the application of AFOSR research ranged
from methods for producing a few ounces of low-
defect materials to methods for producing ton-
nage quantities of high-purity materials.

Two examples of small-seale manufacturing
methods both involve solid state electronics.
AFOSR-supported research at Westinghouse on
dendritic growth of semiconductors, resulted in a
detailed understanding of the nature of the den-
dritic growth mechanism and led to methods for
producing  high-quality germanium and silicon
ribhons for nse in transistors, Similarily, AFOSR-
sponsared research at Sranford University has led
1o means for production of laege, relatively defect
free, sapphire crystals which are in great demand.
for use as substrates for integrated circuits.

Two other examples involve large-quantity pro-
duction of maierials for applications requiring o
ingh degree of purity. AFGSR-sponsored re-
seiarch at Columbia University on chemical reac-
tions in the tail flame of a high intensity are
has led directly to a process for producing ura-
nium monotarbide, a process which is superior to
those previously used, and which has been unsed
commercially, producing UC in many-ion lots for
use in nuclear reactors. Another example is a proc-
ess for producing tonmage quantities of high-
purity aluminum, which grew out of AFOSR-

sponsored research on the effect of stirring during
freczing on the purification of materials,

Twe fuither examples show where phenomena-
oriented research at the University of Illincis re-
sulted in improved manufacturing methods for
semiconductor devices, Siudies of diffusion in
heavily doped silicon and germanium provided
valuable data for the fabrication of devices, partic-
ularly integrated circuits, by the diffusion method.
Similarly, basie studies of semiconductor surfaces
hiave been of importance to those concerned with
the reliability of semiconductor devices.

Other Applications

After the examples were grouped into the cate-
gories described above, we were left with a collec-
tion of disparate examples which could not be cate-
gorized easily. One of these will he cited here
because we feel it has considerable significance.
Drs. Tiffany and Kikuchi were working at the
University of Michigan in 1955, under a joint-
service funded Project Michigan, which was in-
vestigating infrared equipment. They wanted to
investigate a phenomenon called electron spin res-
onance in certain solid materials. Because of the
pressure on Project Michigan to produce hard-
ware, it was difficult for them to get support for
this investigation, as it was considered too “*basic™.
They applied for and received AFOSR support to
continue their investigations. In the course of their
research they studied various crystals including
the ruby. Almost incidently, they observed that
the rthy had properties which would make it use-
ful in mcrowave amplifieation. They grasped the
signiticance of their observations. and made the
reaults available to others who developed the ruby
ax the basis for the first practical solid state maser.

In addition to the direct application of research
results to weapon systems. or to means for design-
ing, testing or manufacturing weapon systems,
mauy other benefits of u service-sponsored basic
rese. ch program were illustrated by this survey.
Cousultations with acrospace manafacturers is an
mnportant  example which demonstrates how
AFONR-sponsored research is nansmitted directly
to users, While some certainly would have been
involved in these activities evan without AFOSR
support, some made the positive statement that it
was AFOSR support that made them mnterested
enough in Air Force problems to be willing to en-
gage in these activities,
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Summary of Findings

The examples cited above illustrate some of the
findings of our investigution of applications of
AFOSR-suppurted research. Analysis of the find-
ingx is uot complete, and additional efforts ure be-
ing made to get more examiples. However, based
on the information we do have, we have already
reached sone conclusions.

First of all, it is abundantly clear that much of
the phenomena-orienteq research we have sup-
ported has had a sigmiticant impact on miliary
technology. Our success . finding utilization
threugh this curvey shows ns that a Iarge amount
of such information could be accumulated.

Second, we find that rescarch is often applied
quite rapidly. Although much of the utilizotin
which we discovered in this survey came from re-
snlts produced in the first 10 years of our 15-year
history, we are already seeing important utiliza-
tion of the last 5 years of research results. Clearly,
one does not have to wait until research results are
condensed into the Books to be taught to the next
generation of engineers before it is utilized.

Third. since the interacticns bridging scientific
research activities with technological utilization
occur in many diverse and important ways, any
specific study of the R&D management process
must recognize the possibility of missing very im-
portant facets of this interaction. On the one hand,
examples are found where phenomena-oriented re-
search provided the key idea from which applica-
tion procceded. On the other hand, we find many
mare cases of utilization where lughly essential
understanding and other support was provided
technology activities in a large variety of ways
which usually are not even mentioned when the
crigin of application is being discussed.

Fourth, the phencmena-orierted research lead-
ing to the applieations which we are finding was
nnt generally started to support the specific pur-
pose for which it was ultimately used. Rather, it
was initiated by the AFOSE project manager who
selected it because it suppoited the overall pro-
gram for which he was responsible and, as such,
met appropriate standards of Air Force relevance
and scientific promise. As new knowledge and
understanding grew, related techuology pro-
gressed along with it. In other words, we are find-
ing a large amount of utilization of rescarch of the
type which is typically performed in universities,
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under the sponsorship of capable agency pro-
ZTam munagers.

Fifth, we found that one of the important roles
performed by urganizations like \FOSR is tu sup-
port phenomena-oriented research in laboratories
(such as indastrial laboratories) which are some-
times reluetant to conduct research not directly
related to thelr technieal program. This support
permits investigators in such labertories to per-
form: a thorough investigation ¢« omme phenone-
non or approach instead of stopping when they
have enough information to meet the specificat ions
on the development program which brought a
prablem to light. The additional information thus
gained often turns out to be very useful in solving
or sidestepping a more complex form of the same
problem in a later development program.

Sixth, our findings contirm the widely accepted
belief that carefully designed spectal purpose sym-
prsia and scientific meetings, and other means of
communicating which provide opportunities for
personal contact, are very impcrtant channels for
transmizsion of research results from researcher to
user, and equally important for transmission of
needs from the user to the researcher, thus assuring
their dynamic and positive interaction to forestall
the usual time lupse of vears as when reliance is
left solely to publication.

Conclusions

We are quite pleased with the results which
have come out of this study  #ar. They have con-
firmed our earlier confiden. rhat the research
which AFOSR has sponsored has been of great
benefit to the Air Force, and to the other military
services,

The contribution to our knowledge of the way in
which phenomena-oriented science and technology
mteract 1s particulurly significant in that it brings
the interface role served by AFOSR into clearer
focus both from the standpoint of its impartance
and s Tunction. This unederstanding is vital in
choice of research areas for colonization and in the
conduct of activities designed to provide effective
iniernction between phenomena-oriented seience
and te~hnology. Further study of those successful
techniques for selecting research in the past s pro-
viding additional insight into ways of further
optimizing the research management procedures
used in the future.
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Mathematical Sciences

Automata Theory
- Lir.Cor. BarNETT R. ACINS

The development of the digital computer her-
alded a new era in science and technology and has
had an impact on all phases of modern existence.
It is used as a tool for computation and as an in-
tegral part of systems development ranging from
automobile production to guidance of space vehi-
cles. Yet there are severe limitations on a com-
puter’s capabilities. Although there have been
many technological advances, such as the design
of smaller components and better memory tech-
niques, the fundamentals have not changed in the
past 25 vears due to & lack of the related mathe-
matical formulism we call automata theory. How-
ever, results of the AFOSR-supported program
in automata theory promises to lead to a wide
range of new theoretical advances in computer
technology.

Automata theory began in 1939 with the classi-
cal work of Shannon on switching cireuits. The
theory of sequential machines, where time plays an
essential role, was established in the McCulloch
and Pitts paper of 1943, Thereafter, theory devel-
oped slowly because no mathematical formalism
was available,

Almost concurrently with the theory, digital
computers were developed. These are finite state
sequential machines. The approach to the construc-
tion of computer hardware was the iniuitive one.
The engineer, confronted with the problem of
realization of any particular sequential circnitry,
and knowing how many registers, words of mem-
ory, etc., were required in the past to construct
similar devices, used his experience and ingenuity
to connect the chosen components in the most ad-
vantageous manner. Frequently, after the machine
was in operation, a considerable redundancy was
discovered. Whole blocks of components could be
eliminated without in any way impairing the de-
sired operation. Even though there were a num-
ber of techniques for dealing with nonsequential
circuit design, it was an art to which long experi-

Preceding Page Blank

ence in practical problems was the sole initiation.
The situation was similar to that existing in classi-
cal mechanics before the introduction of the Ham-
ilton-Lagrange methods. Obviously, what was re-
quired in sequential machine design was a canoni-
cal representation furnishing a technique by which
a complete set of irredundant equations charac-
terizing the desired system could be obtained
almost mechanically. In addition to the immediate
design application, such schemes could constitute
a general structure theory of sequential machines,
leading to a really profound understanding of
finite state sequential systems in general.

In 1962, the first basis of an algebraic theory of
finite sequential machines appeared. It established
that the needed mathematics was the theory of
finite semigroups, and the one new idea, that of a
relative measure of the computing power of finite
machines, was introduced. This was a key to the
decomposition of finite machines into a natural set
of irreducible component machines.

The algebraic theory of machines came to the
attention of AFOSR even before publication. An
evaluation of the theory indicated that it was based
on sound mathematics, and had the potential to
develop the needed mathematical formalism. Two
goals were envisioned: First, to furnish an auto-
matic, programable technique for minimal physi-
cal realization of finite-state machines: and second
to provide fundamental understanding of the
essential notion of finite state systems in general.
A wide range of applications was anticipated. Ma-
chines could be designed automatically by com-
puters without human intervention. Special pur-
pose computers, such as those required for onboard
space vehicle systems, could be realized with mini-
mum weight and cost. Many systems with finite
state representations, ec.g., long chain molecules
and biological systems, could be studied carefully.
At the very least, the research would vield more
efficient programing methods which should save
more than the cost of the investigation. Based on
these factors, a research program in automata
theory was initiated.

The algebraic theory of machines is a complete
structural study using algebraic methods, in par-

95

S RN

B

(RS




ticular, those of the theory of groups. This allows,
for the first time, the application of the enormous
fund of sophisticated results of classical and mod-
ern algebraists to computer engineering. The most
elementary use of the theory is to construct, given
the inpat-output relation desired, the minimal
finite state machine realizing this relation.

To understand the ideas, we need a fow defini-
tions. Machine 4 is said te diride machine B if
and only if ary calrulation 4 can do van be done
by B, possibly aided by memoryless input-output
codes. A semigroup is a set of elements closed
under an associative operation. Semigroup A
divides semigroup R if and only if A4 is a homo-
morphic subimage of B, i.e., intuitively,if and only
if 4 1s algebraicly simpler than B.

The initial observation is that machine 4 divides
machine B if and only if A’s semigroup divides
B's semigroup. Here we have an engineering prop-
erty which is difficult to establish equivalent to an
easily verified algebraic property.

A machine is called prime if, ~vhenever it divides
a series-parallel (loop-free) network of other ma-
chines, it divides one of them. That is, # machine is
prime if it can never profitably be loop-free con-
stricted out of weaker ones. In view of the strin-
gency of the definition, it is not cleai that any
prime machines exist. A very long algebraie con-
struction and proof shows that there is, i fact,
an infinite number of them and gives a complete
characterization of the primes. It is well known
that any integer can be represented as a product
of the primes that divide it. For example, the num-
ber 200 is divisible cnly by two primes, 2 and 5
and can be expressed as 2° and 5% It is amazing
that a corresponding fact is true for the much more
complicated set of computing machines. This con-
struction immediately allows solution of the state
assignment problem for a wide category of cases.

Suppose an engineer wishes to realize in hard-
ware a given V state sequential machine ¥ (ie.,
the abstract logical formulation: of the circuit).
Assume that flip-flops, cores or any other binary
elements are the basic memory objects.

In the iiterature, this is the sole case treated, It
should be noted here that the approach via the
algebraic theory of machines leads to a method
equally applicable to n-ary eiements for any n
greater than 1.

The engineer proceeds to select an integer k such
that 2® is equal to or greater than ¥. H: then as-
signs to each state of the machine M a configura-

2%

tion (k-tuple) of elements such that two different
configurations correspond to two different states.
Once this assipnment is made, the diode logic of
the hardware is uniquely determined by the se-
quential machine J. In general, the next state of
each binary element is dependent upon both the
present input and the last state of all the binary
elements. In ¢his arbitrarily bad state, we may
measure the complexity of the diode logic by say-
ing that there are k* dependencies. In general, de-

2
pendencies of the order of %5 are considered ex-

cellent, using the foregoing techniques.

However, using the algebraic theory of ma-
chines. & is decomposed into a series-parallel net-
work of prime machines, where the product of the
number of states of the component machines is
equal to the number of states of the original mz
chine M. States are assigned to the component
machines arbitrarily. This operation, through the
conne.ting codes of the decomposition, automati-
eally induces a state assignment for M. Now, it Is
clear that we can number the component machines
I to q, =o that in all, between the i*® machine and
the input to the network there are no more than i-1
intermediate machines, The logic of the 1st ma-
chine wilt depend only on the binary elements
which realize this machine, and the logic of the it
marhine will der.2nd only on its hinary elements
and the i-1 machines which precede it. Conse-
quently, the number of dependencies is of the order

of 1+2+ -+~ +k=L_:)i (approximately.)

Thus, in this application, the complexity of the
machine ./ is reduced in the ratio ¥:5.

In genernl, the theory of machines can be re-
garded as a theory of optimum coordination of
phase spaces, where phase space is the set of states
of machines whose outputs are the same as the
current state, In fact, the precise notion of what
is meant by the term *physical theory™ is just a
transparent coordination of the phase space over
which the theory aperates. Problems in mechanics,
for example, l2ad directly to the correct choice of
generalized coordinates, and the seven integrals
of motion are seen to correspond to the first ma-
chine and the machine decomposition of phase
space, It is in the case of discrete phase spac
where the techniques of differential equations are
not applicable that important breakthroughs are
anticipated using this algebraic theory.

A new method for generating Roolean func-




tions has been developed. A fixed simple «belian
group machine X is used, and any Boolean func-
tion B can be realized by & with the aid of a stor-
age sequence depending on ¥ and A. This means
that one finite state machine can be used to realize
all Boolean functions involved in a given opera-
tion with only a storage unit required for each
Boolean function. This could lead to significant
new techniques in the optimization of design »f
computer components.

A system for determining semigroup isomor-
phisms (equivalences) has been programed to
Project MAC, The program required 20 seconds to
find an isomorphisin of the cyclic group of order
12 with the direct product of the cyclic groups of
orders three and four. Decomposition of semi-
group of order 64! has been achieved.

A study of the application of the theory to biol-
ogy has been initiated. A state input model for
metabolic processes has beer: developed whereby a
semigroup can be found underlying a given multi-
enzyme system. The theory proves that the semi-
group of any enzyme system can be represented by
a system of simipler romponents. Information the-
ory indirates that the components which are bi-
ologically significant are those known as simple
non-Abelian groups (SNAG's), all others being
insufficiently adaptive to maintain vital functions
in the fluctuations of environment to which living
organisms are subject.

This program represents the first application of
nonlinear mathematical modes to biology. There
are considerable implications for medical research
inherent in the theory, in that it provides insight
into pathological processes.

Work has been started, using the techniques of
the theory of machines, to attempt to clarify the
theory of elementary particles.

The pioneering aspect of the algebraic theory of
machines, which to a large extent was sponsored hy
AFOSR, will be concluded by bringing together a
number ef investigators, whose results in various
aspects of automata theory and applications will
be discussed. The proceedings of this conference
will be published and form a cohesive reference
for future research.

There are three major axpects for the coniinuing
research: (1) Pure research to develep a complete
structure in the theory itself: (2) immediate ap-
plications to computer sciences, languages, and
related fields: and (3) use of the theory as a tool

for better understanding of biological and phys-
ical systems.

Concurrent with the support of the algebraic
(struct. re) theory of muchines research, the ap-
plied mathematics division has funded other ap-
proaches to automata theory. These include the
reliability of sequential machines, the synthesis
of time varving sequential circuits, linear sequen-
tial circuits, error correcting codes and nonbinary
switching and logie.

There are two approaches to the effects of errors
in sequential machines. (Ine is to assume that the
machine lhias somehow arvived at the wrong inter-
nal state and then the effect of these errors is con-
sidered. The second is to consider the effects of
errors on the inputs. In this model. one specifies
input words which may be in error by giving an
error relation on the class of input words. In the
investigatinn, both internal errors (incorrect state
transitions) and external errors (inputs which are
not received properly) were considered. One result
was obtained by the study of the class of automata
which correct a prescribed set of input errors. It
was found that there is an exchange between the
error correcting capabilities of a machine and the
time necessary for correction.

Another part of the program is to develop a
genteral theory through which any linear sequen-
tial circuit can be analyzed and synthesized. In
particular, the investigation is concerned with the
characterization and design of stable circuits,
where any error input vanishes in a finite time,
and quasi-stable circuits, where input error pro-
duces a perpetual hat constant response. These cir-
cuits, which are singular, have been largely ig-
nored in the past, but can be used to advantage in
error correcting and detecting systems. Tech-
niques for canstructing minimal forms of linear
modular sequential cirenits and for singular cir-
cuits have been developed very recently.

An examination of the problem of minimization
of Boolean functions through graph theoretical
methods is being pursued. It may be that this ap-
proach to minimal synthesis is preferable to exist-
ing algorithms.

In most automata, the logic is two valued, based
on binary switching theory. There appears to be
considerable potential in multivalued logic for
automata, so the development of nonbinary switch-
ing theory is another area into which the program
in nutomata theory reaches. Ternary slgebras have
heen daveloped and synthesis techniques for mini-
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mum cost ternary switching circuits were derived
in the context of available technology. Efforts are
now underway to establish design techniques for
nonbinary cellular airays as well as for nonbinary
nonlinear sequential circuits,

AFOSR has thus developed a broad based pro-
gram on research in sutomata theory which en-
compnszes both the structural and the programing
approaches. There are, necessarily, overlaps und
interchanges between these approaches and be-
tween sutomata theory and other areas such as in-
formation theory and biology. These interchanges
are encouraged with the objective of advancing the
frontiers of all the involved sciences and their
eventual application to the needs of the Air Force
and the United States.

Control Theory
Mis. Jorx Joxes, Jr.

Modern control theory is a branch of applied
mathematics under strenuous development by
AFOSR to help obtain solutions to problems
related to high-speed aircraft, aerospace vehicle
systems, and advanced space systems.

The starting point for these theoretical develop-
ments were based upon the assumption of a mathe-
matical model of the system to be controlled in
one form or another. Although the main objective
of nearly all control problems is maximization or
minimization of a certzin specified perforniarce
index, their complexity and the methods of
approach depend on the forms of the assumed
mathernatical model. in particular, the form of
the system equations and the associated con-
straints.

Most of the recent research efforts in control
theory have been devoted to problems involved
in obtaining solutions to adaptive and optimum
control problems. Theoretical investigations on
optimum and adaptive control have beenr carried
out for the following classes of systems: dynamical
systems governed by ordinary differential equa-
tions; distributed paramerer dyramical systems
governed by partial differential euations, integral
equations, ana functional differential equations:

integral equations: and dynamical systems with
nncertainties

Optimum control problems have occupied the
attention of researchers for several years. Methods
used for their solution have included those based
on the valeulus of variations and on Pontryagin's
maximum principle. Another approach is based
upon the work of Krein who established conditions
for the existence of linear functionals which trans-
farm given elements of 2 normed linear space into
given points on the real line, and which, in addi-
tion, have norms of value less than or equal to a
constant L. When the conditions are used to define
a minimum value for L. a minimization problem
is defined. The application of Krein's work toaute-
matic control optimization problems has been made
by several scientists.

The solution of optimum control problems re-
quires that the desired result be a development
of design procedures for the ccntroller of a manu-
facturing facility which optimized that plant's
performance in some sense. The cost of control or
of deviation of the plant’s state from the desired
state is expressed as a cost function and this cost
function is to be minimized. In addition, con-
straints on the operation of the plant are also
present. A group headed by Leondes at UCLA
is investigating such a functional analysis ap-
proach to control problems for linear plants. The
cost functions and constraints correspond mathe-
matically to norms of linear functionals defined
on a normed linear function space. The output of
a linear system at a specific time 7 is related to the
input time function by a convolution integral.
This integral is a linear functional which trans-
forms the system weighting funciion into a real
number, the output. Each new input time function
defines a new functional. Thus, the control system
optimization problem corresponds to a mathe-
matical problem of finding a linear functional
with minimum norm which satisfies certain con-
straints.

In order to completely solve the problem, one
needs to find the functional and the type of norm
which corresponds to the physical problem being
solved. The control signal must be formed as a
function of time or of the state variables physi-
cally available for measurement. The controller
must be designed for either open-loop or closed-
loep control of the plant.

Duving the last decade, control theory has
advanced quite rapidly. This is due largely to the
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fact that contral engineers have been called upon
to dea] with increasingly complex systems. As the
problems become more stringent, the theory of
optimal control <vstems has received increasing
attention by engineers and maihematicians. His
torically, the optimal contral problem arose first
as the “time optinal™ control problem. the problem
of bringing sonie components of the system state
vectors to desired states from a given set of initial
states as quickly as possible, while satisfying cer-
tain constraints on the means of controlling the
system. Since then, a large nnmber of research
papers have appeared on various other types of
optimal control problems as weli as on time optimal
control problems and the theory of optimal control
has reached a rather high level of development.

The aptimal way of controlling a given system
with respect to the given criterion of performance
will be called the optimal control policy. Optimal
control policies may be given as a function of
“state” of the control systems or as a function of
time. In the former case, they represent a closed-
loop control of the system whereas in the latter
they represent an open-loo) control.

A way of controlling the system in some non-
optimal way for the given criterion of perform-
ance will be called a suboptimal control policy.
There are several reasons why one must consider
suboptimal policies. First, because of the scale
and complexity of systems it may be impossible
to solve optimal control problems exactly even if
optimal policies are assumed to exist and in cer-
tain cases optimal policies may not even exist.
Also, if optimal policies whose existences are
assumed are too complex either from the stand-
point of analysis or engineering implementation,
then various approximate solutions of the optimatl
control problems must be considered. Original
complex problems may, on the other hand. be
sufficiently simplified to allow exact solutions, In
any case one desires good suboptimal policies to
approximate aptimal policies.

Another fact which must be considered is that
rarely are criterin of performances designed to
include all pertinent factors in optimal system
designs, thus it is necessary to consider not only
optimal policies but suboptimal policies to allow
engineering and or economical considemtions in
the construction of systems.

The problem of optimally coutrolling a class
of linear control systems which are disturbed by
random noise and the probability distribution

function of the noise is known or where the distri-
bution funection is known only as a member of a
given class of distribution funetions, i« known as
a stochastic control problem in the tirst case, and
as an adaptive control problem in the latter case.

Another example of an aptimal control problem
is that of designing a system such that certain
components of tiue system state vector follow
some desired or given functions of time as accu-
ratelv asz possible during the contml perind. One
may refer to desired functions of time as desired
trajectories and actual or realized functions of
time produced by the system as actual trajectories
of the systems. Optimization problems consist in
choosing contro} vectors and other system parame-
ters at the disposal of system designers in such a
way that some given criterion of closeness of fit
is minimized for given desired trajectories and
realized system trajectories.

An important result used in control theory is the
Pontryagin maximum principle introduced in
1956. An especially appealing feature of this prin-
ciple from the control system designer's viewpoint
is 1ts utility in establishing certain properties of
optimum controls with a minimum of mathe-
matical manipulation.

Let us consider an example of the maximum
principle applied to a lunar hovering mission. As-
same that a space vehicle is in the terminal descent
phase of a lunar mission and is descending verti-
cally. We desire to program the thrust so that the
vehicle will achieve zero terminal velocity at some
specified altitude, say approximately a few hun-
dred feet and with a minimum expenditure of fuel.
Once this terminal condition is achieved, the vehi-
cle can hover by applyving a thrust acecleration of
one lunar gravity g. Such a mission permits inspec-
tion of a lunar surface and subsequently aiding in
the choice of a landing site if so desired.

It has been shown for this above problem that
there is at most one switching during the descent
and that the switching is from “off” to “on.” That
15, the optimal thrust program consists of either
full thrust from the initiation of the mission untii
the desired hovering altitude is achieved. or a
period of zero thrust or free-fall followed by full
thrust until the desired hovering altitude is
achieved, Because of the relative simplicity of the
optimal thrust program, it can be synthesized by
developing an appropriate switching function,
Development of a switching function consists in
determining a relation such that if the thrust is
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turned on when this relation is first satisfied, and
left on, the desired terminal conditionr are
achieved.

The optimal thrust program is then implemented
by sensing the altitude and velocity during descent
by s radar altimeter and doppler radar., respec-
tively, initisting thrust when & given relation is
satisfied and continuing thrust until the desired
terminal conditions are achieved.

Fundamentally speaking, all physical systems
are intrinsically distributed in nature. However,
in many physical situations, the system’'s spatial
energy distribution is sufficiently concentrated or
invariant in form during the course of motion so
that an approximate lumped parameter description
may be ndequate. However, on the other hand, the
spatial energy distribution of many pmncnl
physical systems are widely dispersed. It is desired
to maintain precigse control of certain spatislly dis-
tributed physical variables. This generally requires
the direct consideration of distributed parameter
mathematical models which are in the form of
partial differential equations or integral equa-
tions. Typical examples include distillation proc-
esses, nuclear and chemical reactors.

The basic approach underlying almost all exist-
ing works on the control of distributed parameter
systems has been based on first approximating the
distributed model by a corresponding spatially dis-
cretized model, and then designing a control sys-
tem via the established theory for lumped param-
eter systems.

The notion of controllability is associated with
the ability of steering one system state to another
in a finite amount of time by means of certain
admissible class of controls. This concept was first
introduced by Kalman. He derived precise mathe-
matical conditions for the controllability of finite
dimensional linear dynamical systems. For dy-

namical systems governed by nonlinear ordinary
differentinl equations, results pertaining to local
controllability in Kalman's sense have been ob-
tained by Lee and Markus. Also, they have estab-
lished a relation bet ween complete controilability
and asymptotic stability. Many other phases of
control theory have been investigated including a
study of optimal control for systems described by
differenice equations, control problems with state
vector measurement errors and on line computer
control techniques and their application to reantry
aerospace vehicle control.

Over the past 25 years a great body of knowledge
has been built up on the subject of feedback control
of linear, time-invariant dynamic systems. This
knowledge plays an important role in our tech-
nology, and engineering schools recognize this fact
by teaching courses in this aren. However, many
dynamic systems, particulariy aerospace systems,
are nonlinear and/or time-varying and the tech-
niques for analysis and design of linear, time-in-
variant coiitrol systems are, in genersl, not appli-
cable to these more complicated systems. This fact
was particularly noted by AFOSR in the early
fifties and it has since pioneered in the development
of theories applicable to the design of realistic
aerospace systems.

The appearance of practical, high-speed digital
computers in the 1950's provided an essential tool
for dealing with nonlinear and time-varying sys-
tems. It also required a great understanding and
the development of a theory of sampled-data sys-
tems. Such systems which are also referred to as
discrete systems are those in which information
is available only at discrete intervals of time. A
telemetry system is another prime example of a
discrete system. It is, therefore, quite obvious why
the first prograri of AFOSR support of research
in control theory was in sampled-data systems.
This program at Columbia University had as its

Radar Aitimeter
P'gs“t:?" N Vehicle
Doppler Radar
Thrust Initiation Signal -]
Thrust Cut O Signal Computer

Fravee \.—Block diagram for optimal aysten. for lunar hovering mission.
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principal investigators John Ragazzini (now dean
of engineering, New York University) and Lotfi
Zadeh (now head of the Department of Electrical
Engineering, University of California, Berkeley).
The program was extremely successful. It provided
the fundamental theory essential for the use of
digital computers in guidance and control systemns.
Specific applications have heen made to the design
of digitally controlled aireraft intercept sys{ems
{(SAGE). guided missile control systems, and
trajectory and rendezvous control of space vehicles.
It should also be noted that both the oil industry
and chemieal industry are prolific users of sam-
pied-data control systems and the results of this
program are used extensively there also. Although
the theory with its manyfold applications was
extremely significant, its greatest achievement was
the development of trained researchers in theory
and design of control theory. These penple have
all had and are still having significant impact on
the deveiopment of the theory and ite « pplication
to aerospace as well as other engineering problems.
These are E. 1. Jury, now professor, University
of California, Berkeley: R. E. Kalman, now pro-
fessor. Stanford University: .J. Bertram, now re-
sponsible at IBM for development of the next
series of advanced scientific computers: H. Fried-
man, now professor, New York University;
A. Bergen, now professor, University of Cali-
fornia, Berkeley; P. Sarachik, now professor,
New York I'ni\'ei'sity: G. Kranc, now professor,
City University of New York: G. Franklin, now
professor, Stanford University : B. Friedland, now
direetor contrel group, General Precision Corp.:
J. Sklansky, now at RCA and contractor of ASD,
Wright-Patterson AFB: W. Nelson, Bell Tele-
phone Laboratories. This program in sampled-data
systems at (Columbia University was quickly sup-
plemented by support of its first research associate
to receive a degree, E. I. Jung at the University of
California, Berkeley. He subsequently has con-
tributed significantly to discrete system theory,
most recently in the design of a rendezvous radar.
Doctoral students trained in that AFOSR program
are now playing significant roles in industry ; one
example is in developing satellita communication
svstems at (Comsat.

Another early progmm was en time-varving sys-
tems with John Truxal at the Polytechuic Institute
of Brooklyn. This program prrticularly stimu-
lated the research in adaptive «ntrol systems and
many of its developments and results were ap-

plied in the design of the adaptive nutopiiot for
the X-15 serospace vehicle. It also led to consider-
able fundamen'al research on sensitivity or the
offects of changes in a system’s psrametery.

AFOSR was rlso a pioneer in the support of re-
search in nonlinear systems. The largest and most
successful was the support of the Research Insti-
tuie of Applied Science {RIAS), {Over 100 tech-
nical papers wnd six books resulted from this pro-
gram.; The program under the direction of S.
Lefshetz and .J. LaSalle emphazized the mathe-
matica] aspects of nonlinear systems and the appli-
cation to design of control systems. Important
additions to basic theory resulted from their study
of stability of nonlinear systems, in particular the
use of Liapunov’s second method. When they be-
gan the study there were relatively few mathemati-
cians in this country acquainted with the method
and even fewer scientists and engineers who real-
ized how it could be applied. This was in sharp con-
trast to the situation in the Soviet Union where
Liapunov’s second method was the primary tool
used in solving linear and nonlinear stability prob-
lems of all types. Today, Liapunov's second meth-
od is being used in the United States. It is » stand-
ard topic in the training of control engineers and
is being applied by the aeraspace industry.

Also at RIAS an AFOSR sponsored progran:
under K. E. Kalman (trained in the Columbis
group) with R. Bucy. made extremely significant
discoveries in developing and applying statistical
filtering theory. The theoretical results were ob-
tained by a new look at the similar problem con-
sidered by Norbert Weiner in the theory of signa!
detection and aircraft course prediction. One of the
theoretical results was to show that the simple
mathematical operatinn of taking an average, and
other operations of s similarly simple nature, can
be employed in a large number of cases to obtain
statistical performance that i« optimum, or close
to it. Such operations are easily realized or closely
approtimated by simple devices constructed of
standard electronic components. In situations
where the use of digita! computers is indicated, the
simple, averaging type of operations make very
modest dewands on computer speed. memory
capacity, and arithmetic capabilities,

One direct application of the theoretical results
is now oceurring at Patrick Air Force Base. Here,
Republic Aviation ix studying the redesign of
devices to predict missile impact points: the previ-
ous design was quite elementary and unsophisti-
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cated with a rather poor performance index. Im-
proved designs, using a proper balanee of analog
computer and digital computer techniques, will
yield close to theoretically optimum performance,
high reliability. und, what is perhaps most im-
preasive, will cut costs by about $2 million. The
capability of the theory to solve the point-of-im-
pact problem has already been amply demon-
strated by its suecess in a refated area. that of the
point-of-intercept problem solved in the Dis-
eoverer series of nosecone intervepts,

Further applications of the theory have been
made to the problem of estimating position and
velocity on board a lunar orbiting vehicle, Studies
of this problem, based on the research supported
by the Air Foree, have been conducted by NASA
at the Ames Rescarch Center. Other outgrowths
of the theory have been applications to the general
problem of astronautical guidance. Direct applica-
tion of the theory hus been made by Autonetics for
the Navy to optimize the performance of their
ships inertial navigation system { SINS).

Probability Theory and
Mathematical Statistics

Mas. Jonx F, Gaxoer

Coincidencex. in general, are great stumbling:
blocks in the way of that class of thinkers who
have been educated to know nothicg of the theory
of probability: that theory to which the most
glorioas objects of human research are ‘Ldebted
for the most glorions of illustrations.

Encax Arrax Por,
“The Murders in the Rue Morgue”

The world we live in confronts us with events
that are not strictly predictable yet we are required
to make what we hope will be favorable decisions.
For example, just about anyone would be willing
to wager in favor of the propesition that the sun
will rise tomorrow. However, what assurance does
one really have to guarantee the occurrence of such
an event? To justify the act of the sun rising
tomorrow on the basis that 1oday was a beautiful
day to visit the beach or that the sun has followed
the sume habit since the dawn of recorded history
is no real assuranve that we will be blessed by that
avent tamorrow,
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Unfortunately. the mathematician has not de-
veloped methods for handling suel propositions—
the best advice that one ean give for situations of
this type is ta advise the concerned individual to
follow the “old and reliable™ gmmbler’s rule, 16,
never bet against a winner* * %,

Fortunately, not all events of man, nature and
sctence  exhibit  such singular  unpredictable
characteristics as Jepicted by the example cited
above. Hence, the mathematician has been able to
develop methads for transforming extremely large
classes of what seem to be strictly unpredictable
events into predictable events. These methiods form
the mathematical disciplines generally referred to
as probab:lity theory and mathematical statisties.
These disciplines have found important applica-
tions in such different fields of endeavor as agri-
culture, criminology, =conomics, engineering,
medicine, psychology and sociology. They have
proved their worth to the Air Force through ex-
tensive use in many areas of Air Force interest,
including communication theory, decision theory,
war gaming, reliability theory and meteorological
forecasting.

Pierre Simon deLaplace (1749-1827), generslly
considered the father of probability theory, gave
the following elementary definition of probability:
If an event can result in n equally likely outcomes,
then the probability of such an event £ is the ratio
of the number of outcomes favorable to £ to .ae
total number of outcomnes. Obviously, this defini-
tion is somewhat restrictive in nature and does not
begin to adequately describe the full potential of
modern probability theory.

Fortunately, it is much easier to show what prob-
ability theory does by examples than to try to de-
fine and explain probability theory per se. For.
even though probability theory is 4 distinct and
separate discipline of mathematies, it is clearly
a branch of analysis and in a narrow sense a
branch of measure theory. Its most rudimentary
parts, and probably those parts that are most
familiar to the vast majority of people, find their
origin in combinatorial analysis. In fact, combina-
torial analysis affords us with a good elementary
example of probability theory. For instance, what
is the probability of drawing thre: red balls from
an urn which contains four red balls and three
white bails? According to Laplace's definition, we
would like to know the ratio of the number of ways
we can get three of the four red balls in the con-
tainer to the total number of ways one can pick
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three balls (of either color) out of the container.
Now there are four possible ways to get three red
balls out of the container while there are 35 pos-
sible ways to pick three balls nf either color. To
demonstrate this, suppose we number the balls one
through seven and let the first four be red and the
remaining threc white. There are four ways to
choose the numbered balls one through four taken
three at u time, while there are 35 ways to choose
the numbered balls one through seven taken three
ut a time. Finally. the desired probability is seen
to be %5

Because we shall make use of the theory dem-
onstrated by this example, let us develop it further.
One could just as easily have asked for the prob-
ability of getting none, one or two red balls drav-
ing three balls at a time from the container. Simple
calculations show that these probabilities are 1/35,
12/35 and 18/35, respectively. To further aid devel-
oping our example, let us associate some commonly
used names with the concepts thut we have been
discussing. The number of red balls appearing in
the sample (in this example the sample, or more
specifically the sample size, refersto the set of three
balls drawn from the container) is a quantity
whose value is determined by the results of the
random selection of the sample. It is usually re-
ferred to as the random variable. With each possi-
ble value d of the random variable #V (again. in
thisexample 0, 1,2, or 3 are the possible values that
the random variable may assume) we associate the
probability P(RT =d) that the value d will oc-
cur. A mathematical expression which gives this
probability is referred to as a probability distri-
bution function or simply a distribution function.
In this example the distribution function happens
to be a discrete probability distribution function.
It is often helpful to bave a mathematical formula
that expresses these probabilities as a function of
any given value 4 in the domain space (the space
of all possible values d can assume) of the random
variable. To this end, let the total number of balls
in the container be ¥ (here &V is generally referred
to as the population size). suppose that the popu-
lation contains r red balls (here again the » red
balls could represent any special event we wish
to single out, e.g., detective transistors, improperly
tempered turbine blades, below-standard mixing
values, etc.) and (V-r) non-red balls. Further,
suppose that the samiple size is s. We wish to find
an efficient way of expressing the distribution of

the random varable £V. In the above example
N=7, r=4 and #=3. A straightforward calcula-
tion gives the distribution function

_ o (ry N(N-m, a‘d)
P@y=gy= 2 "ITrd)

where (a, &) stands for the binomial coefficient

a'
bT(a—b)!
a and b are integrers and a!=1-2-3+ - -a. The funec-
tion {#) in this example is somctiines called the
hypergeometric distribution (¥, r, 3).

With the aid of this example we shall now give
an acceptable definition of mathematical statistics
as well as shed light on how inextricably mathe-
matical statistics and probability theory are re-
lated. Modern mathematical statistics studies
rethods of drawing conclusions about a popula-
tion on the basis of data that ordinarily is collected
from only a sample of the population, To clarify
the relation as well as to make a distinction be-
tween mathematical statistics and probability
theory, consicer the following problem.

Suppose that a field commander is interested in
the percentage of a boatload of bullets that con-
form to a specific quality standard, e.g., how many
bullets can be expected to misfire. Obviously, he
would not want ro fire each bullet to ascertain the
number of bullets suitable for combat use, so he
chocses a random sample for examination. Suppose
that there are N bullets in this shipment of which »
are below standard, that s of them are examined
and that £1 of those examined are below standard.
Xote how this problem corresponds to the previous
example. Recall that we calculated the probability
that 277, the random variable, will assume one of
its possible values ¢ to be (#). This is a typical
result of probability theory.

Such a result stops short of giving the field com-
mander a usable answer. Obviously we need » in
order to compute (# ), but if we know the value
of r we do not need to make any inspection. Ac-
tually, (#) gives only the probability that 2T
will take on various values, while the field com-
mander will observe during combat the actual
value of R1". Hence, the problem is not to find the
distribution of B¥ knowing r, but rather to draw
somie conc lusion about r after observing RT". This
iz o statistical problem: to draw a conclusion about
a# pobulation on the basis of a sample. From these
examples it appears as though statistics and proba-
bility work in opposite diregtions. Indeed, proba-

(a. b)=




bility theory investigates s known population in
order to derive distributions related to a sample
from tha population, while, as we have just scen,
statistics investigate the ohserved sample in order
ta draw conclusions about some unknown fenture
of the population.

In the above example there is in the probability
model a quantity (i.e., »in this example) generaily
referred to as o parameter. Knowledge of the value
of this parameter completely specifies the distribu-
von, Statistics is intensely concerned with develop-
ing methods of drawing couclusions about
paraineters on the basis of the observed values of
random variablez whose distributions depend on
the parameters, Althongh statistics depend heavily
on probebility theory to specify the distribution

corresponding to various values of the parameters,

it goes far beyond probability theory in order to
deal with the more delicate questions that arise
when the tundamental distributions are not com-
pletely specified.

The diiciplines of mathematical statistics and
probability theory are far more extensive than
the above examples indicate. Although the study
of distribution functions, random variables, and
sampling methods are central topics of considera-
tion for the advancement of these disciplines, *hey
are by no standard the only topics of importance.
Any atiempt to list all of the areas ¢f currrent
research interest is doomed, for the subject matter
of these disciplines is growing at a spectacular
rate—a rate which is resulting in a flow of new
research results with whici no single article of this
nature can adequately describe. However, some
subjects of current research interest deserve to he
mentioned. These subjects of research interest ure:
limit theorems, stochs. *ic processes, Markov proc-
esses, estimation theory, the test of statistical hy-
pothesis, parametric and nonparametric statistical
methods, the analysis of varianee and rransforma-
tiong in the anulysis of variance, the design and
analysis of experiments, decision theory, multi-
stage decision procedures, sequential analysis,
multivariate analysis, multiple comparison iests,
mformation theory, communication theory, relia-
bility theory, and operational snalysis. They all
have one thing in common whieh is to aid mankind
n one way or another in his selection of the appro-
priate course of nction to be followed in real world
events. For example, decision thepry was devel-
oped to repluce the theory of testing statistical
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hypothesis for it was felt that that theory was
inndequate to describe many of the problems aris-
ing in statistical ; wvestigetions.

The researct ijectives of AFOSR’s program in
probability the. v and mathematical statistics are
to discover new theories and to develop techniques
which will ultimately yield new and improved test
methods for scientific, engineering, and manage-
ment problems wrought by our pressing national
defense interests.

A substantial portion of AFOSR’s mathematics
support. is for major projects in some of the above-
mentioned areas. It includes group efforts at many
of the leading research centers as well as singular
efforts performed by outstanding research person-
nel at both leading universities and aerospace cor-
porations.

A major group effort at the University of North
Curolina under the leadership of G. E. Nicholson,
Jr., A. Barlotte, R. C, Bose, I. M. Chakravorte.
W. Hoeffding, and N. L. Johnson has made out-
standing contributions in mathematical statisties,
the design of experiments, cominunication theory,
nonparametric inferenve, and the design or analy-
s1s of multifactor multiresponse experiments under
various models, Three major achievements of this
leading group are described here, Each achieve-
ment has made its singular contribution, be it
mathematical eloquence, useful application, or ex-
ceptional future potential.

The first ol these results is significant primarily
becanse of its mathematical eloquence and it
denionstrates the outstanding research caliber of
the personnel involved. R.C. Bose and 8.S. Shrik-
hiande created n sensation in the mathematical
community Ly establishing the falseness of one of
Leonard Euler's (1703-83) classical conjectures.
Euler conjectured that there do not exist pairwise
orthogonal Latin squares of order 4:+2 (¢ a
natural number), Recal! that the Latin square is
a prime tool in certain experimental designs. To
illustrate further what a Iatin square is, consider
the following example. Suppose we wish to com-
pare effects of five types of bornbs delivered by
five types of aircraft flawn by each of five pilots.
First we make a 5 by 5 square array (i.e., 8 matrix
consisting of five rows and five columns) matching
the pilots nganinst the type of aireraft flown in
such n way that each pilot flies once nnd only once
in each aireraft. We then make this configuration
into o Latin squure by assigring the types of
bombs to be dropped nt random in such a way
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that each type of bomb is used once and only once
by each aircraft and each pilot during the experi-
ment. Now the Latin square is a practical eaper-
imental design when dealing with small sets of
events but the labor of analysis rapidly becomes
excessive a3 the size increases, This labor is con-
siderably less for a particular type of Latin
squares, orthogonal Latin squares. The results of
Bose and Shrikhande outline ways of developing
an infinite number of orthogonal Latin squares of
sizo 47+ 2 thus disproving Euler’s conjecture while
at the same time giving to science an improved
method for solving real significant problems.

Another contribution which has proved to be
of considerable use involves error correcting codes
in information theory. R. C. Bose is the world’s
foremost authority on error-correcting codes. Re-
call that information theory is concerned with the
reliable transmission of information in a com-
munication system. Discrepancies between the
transmitted und the received messages occt  and
are generally attributed to noise. The ceatral
problem is to assure that the transmitted and re-
ceived messages are as nearly alike as possible
commensurate with time, cost, and operating pro-
cedures. A logical soluticn to this problem is to
invent an error-correcting code—a short error-
correcting message transmitted with the original
message—which points out errors and corrects
them. Boss and his colleagues have made singular
outstanding contributions in this direction. How-
ever, the kernel of Bose's results is a real mathe-
matical achievement apart from its obvious
applications. His results prove that error-correct-
ing codes and fractionally replicated statistical
designs are in essence the same mathematical
problem, thus accelerating advancement in both
subjects by opening avenues of cross-fertilization.
Bose and the groun at the University of North
Carolina are currently working on methods of
devising rules for obtaining check digits for check-
ing message sequences in such a way that errors
which are more likely to occur can be corrected or
detected with the least amount of checking, Such
results will find extensive use in modern digital
computers as well as space communication,

The third achievement of the group is significant
net only because of its contemporary and unu-
sual scientific importance but also because of its
exceptionnl future potential. W. Hoeffding con-
sidered tests of simple and composite hypothesis
for multinormal distributions. In particuler, he
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showed that the Chi-square tests of simple and of
some composite hypothesis are inferior to the cor-
responding likelihood ratio tests, In addition, he
demonstrated that certain Baysesian tests share the
same properties of a likelihood ratio test. The out-
standing feature of this research is that it aban-
dons the currently used device of analyzing in-
finitely close alternatives to the hypothesis being
tested and uses for the first time the theory of large
deviations in deducing optimal tests. Jerzy Ney-
man says of these research results: “* * *
Hoeffding’s paper goes further than merely prov-
ing the superiority of a particular test, In fact, it
is my expectation that his paper is the first section
of a new and a very important chapter in the
theory of statistics,” In addition he states, “* * *
Hoeffding's paper clearly indicates that the poten-
tial of the device of infinitely close alternatives as
a means of deducing optimal tests is already spent,
and that it should be replaced by some other more
effective device, and ‘probabilities of large devia-
tion’ seems an excellent promise.” The results of
this research are also of considerable interest to
the user of statistics,

Another outstanding research effort in prob-
ability theory and mathematical statistics is under
the leadership of J. Wolfowitz at Cornell Univer-
sity. Wolfowitz’ primary fields of study are mathe-
matical statistics and information theory. His
current research interests are directed toward im-
proving the existing theory of generalized maxi-
mum likelihood estimators in several important
respects; e.g., finding relatively weak sufficient
conditions for the existence of asymptotically effi-
cient estimators, developing routine methods for
finding generalized maximum likelihood estima-
tors, and obtaining significant results for the multi-
parameter case. He is also investigating some
aspects of information theory ; e.g., t wo-way chan-
nels, estimation of the exponential error bound as
well as problems connected with Markovian chan
nels, fidelity criterion, and sequential decoding.
Space, or more precisely, limited space, wiil only
allow us to single out several of the nutstanding
achievements of Wolfowitz and his colleagues be-
ing supported by AFOSR.

In a joint research effort Wolfowitz and Kiefer
laid the foundation of the modern theory of design
of regression experiments. Recall that in regres-
sion analysis we distinguish between an independ-
ent variable and a dependent variable. We assume
that corresponding to each value of the independ-
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ent variable is normally distributed and that the
mean value of the dependent variable is given as
a function of the independent variable; eg., 2
polynomial expression. Regression analysis tech-
niques give us a method for determining the vari-
ance of the dependent variable as well as the
parameters of the function expressing the mean of
the dependent variable; i.e., in this case, the co-
efficients of the above-mentioned polynomial.

Wolfowitz hus also made outstanding contribu-
tions to information theory. C. Shannon originally
formulated and conjectured many of the results
that are now termed information theory. The de-
finitive development of this entire area : the mathe-
matics of information theory, on a rigorous basis
has been accomplished for the first time by Wolfo-
witz. The results are summarized in a recent pub-
lication (“Coding Theorems of Information
Theory,” J. Wolfowitz; Springer-Verlag). There
he describes and proves most of the known exist-
ence theorems of information theory. He treats
various types of information channels, e.g., general
discrete channels, channels with memory and with-
out memory, channels with stochastically deter-
mined states, etc.

Recently Professor Wolfowitz has given a new
and very sweeping method of solution for the
problem of asymptotic efficiency of estimators.
His method solves the problem for all classical
cases and many other problems for which no solu-
tion hasever been given.

Space limits us to singling out only a few re-
sults for detailed analysis although there are many
equally outstanding research projects in SRMM’s
statistics and probability theory sapport port-
folio. We shall give brief mention of only a few.
For example, at the University of Minnesota there
are several noteworthy projects. Professor Orey,
while working on potential theory for recurreat
Markov chains, introduced the idea of a Martin
boundary for recurrent chains. Professor Rubin
has made substantial contributions to the general
theory of multivariate birth and death processes
in which the stochastic interaction between the
various states (strges of a disease, different em-
ployment groups, etc.) can be represented by a
single fundamental parameter. He developed a
method of estimating this parameter from the ob-
served fluctuations in time of the “densities” of
individuals in the various states. He also made con-
tributions in statistica! mechanics concerning the
fluctuation of colloidal and gas molecule concen-
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trations under diffusion equilibrium. Specifically,
he studied the fluctuation of component cell con-
centrations.

Hoel at the University of (alifornia at Los Au-
geles has made substantial contributions to the
classical theory of linear regression. He has worked
on the problem of optimum design for polynomial
regression and on the problem of determining the
effects of correlation on interpolation and extra-
polation by means of polynomial regression. He
has obtained optimum designs for both one and
higher dimensional polynomial regression and for
trigonometric regression on the sphere.

In conclusion it seems appropriate, indeed nec-
essary, to include the research accomplishments
and directions of K. L. Chung of Sranford Uni-
versity. Chung is one of the country's, if not the
world’s, outstanding probabilists. Hv: is one of the
principal developers of the theory of Markov proc-
-cses (for an excellent example of a Markov proc-
ess see “Theory of Markov Processes,” E. B. Dyn-
kin, Prentice-Hall, Inc., 1961). Chung’s current
research interests includ: the study of boundary
theory for Markov chains where sudden exits to
infinity are possible as well as the study of proba-
bilistic potential theory and the application of
probability theory to the extended Dirichlet prob-
lem for multiplying superhara.anic functions.

This article briefly describes the important dis-
ciplines of probability theory and mathematical
statistics in an effort to convey som~ feeling for
the subjects, what they involve, how they are re-
lated, what they can and cannat do for us, #nd to
point out some of the significant achievements of
the past few years. Reliability theory is becoming
an important area of consideration for the Air
Force and national defense. It is common knowl-
edge that the development of missile and space
technology has brought about substantial progress
in the practice of reliability and reliability growth
analysis. This work has stimulated setivities in
many directions, including the development of
more sophisticated failure distributions. Mathema-
ticians have not extensively cultivated the prob-
lem of the statistical estimation from test data of
parameters such as empirical deseriptions and op-
timizations of reliability growth during engineer-
ing development programs, or the formulation of
explicit probabilistic growth mocels based on on-
site statistical descriptions. The next logical step
is to stimulate a definitive development of the
mathematics of reliability theory,
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Nonlinear Partial Differential
Equations

Dr. Roserr (. Pourer

The qualitative theory of partial differential
equutions is au impcotant part of contemporary,
physically oriented matheinatics. AFOSR sup-
ports a major research program in this area, in-
cluding efforts at many of the Nation'’s leading
research centers by leading research mathemati-
cians. A special feature of this program is its con-
cern for the solution of quasi-linear and (strictly)
nonlinear equations.

Generally speaking, all phenomena of our
“physical environment™ can be described mathe-
matically. This deseription can take the form of a
differential equation. Consequently, and in this
context, the so-called mathematical model of any
physical phenomenon is a differential equation.
The differential equation itself is simply a stated
relation between cerfain physieal observables or
representations of them and the changes which
occur among them over a period of time. It is a
mathematical expression which, in its “statement,”
relates the mathematical representations of the
observations.

The solution of a differential equation is another
(second) mathematical expression related to the
first, which describes a single one of the observ-
ables, explicitly, in terms of the others. The dif-
ference between an ordinary differential equation
and a partial differential equation can be simply
stated, The former includes a single independent
observable, and a single dependent one which
varies (in some way) with or dependent upon the
independent variable. On the other hand, u partial
differential equation includes more than one inde-
pendent observable with which a dependent one
varies. This simple difference, which can be de-
scribed as a mathematical difference involving
independent and dependent variables, has a sig-
nificant physical counterpart. That ~ounterpart is
an important dichotomy in the manner in which
physical phenomena can he viewed.

In the first case, a physical process is viewed as
being composed of elementary particles which,
while they may change position in a space-time
framework, are themselves unaffected in the proc-
ess, The process is described by an ordinary dif-
ferential equation. It is the classical description of

Newtonian mechanics. A contemporary example is
the description of the path of a ballistic missile in
which time is the independent. variable and the
distance traveled is the dependent variablc.

The alternate description of physical phenom-
ena is exemplified by the field theory in physics, in
which physical processes are determined by field
quantities which depend not only upon time but
uporn: three additional independent space coordi-
nates, or a total of four independent variables. It
is the classical description of electromagnetic phe-
nomena and optics, A contemporary example is the
description of the vibration of a membrane or a
portion of the surface of an aircraft. The vibration
of a two-dimensional membrane is described in
terms of time and two additional independent
space voordinates for a total of three independent
variables; the dependent variable is the displace-
ment or distortion of the membrane from its point
of equilibrium or rest.

Another major and important classification of
differential equations is according to their line-
arity or nonlinearity. When the dependent vari-
able and its derivatives (i.e., mathematical expres-
sions for the change of one abservable with respect
to another) occur to the first degree or power only
in a differential equation, and not as higher powers
or products (with one another), the equation is
termed linear. Otherwise it is termed nonlinear.
A reasonably important class of nonlinear partial
differential equations is termed quasi-linear. A
quasi-linear equation is one in which the highest
order derivatives of the dependent variable are
linear (and by implication other derivatives or
parts of the equation arenot).

Generally speaking, linear and nonlinear differ-
ential equations and mathematical methods for
their solution differ. often to a marked degree. And
again, the physical phenomena which give rise to
each, which may be termed linear and nonlinear
phenomena, also differ, again often to a marked
degree.

The formulation of a differential equation as a
mathematical model for physical phenomena, and
the invention of techniques for its solution, first
oceurred (more or less) with the invention of the
caleulus, and a formalism for treating matheinati-
cal varinbles and the observable changes of one
variable with respect to another (the derivative
of one variable with respect to snother).

Throughout the years mathematical concern for
the proper formulation and solution of partial
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differential equations has continued. While a gen-
eral theory or perhaps a body of theory was
created for the solution of ordinary differential
equations, comparable developments for the solu-
tion of partial differential equations did not oc-
cur, The interest of mathematicians in the latter
problems never waned, was on occasion directed
to the fermulation of general theories, and on
occasion directed to the study of specific equations,
in particular as the latter arose in physical con-
texts. But an appropriate cverall framework for
their formulation and solution was not evolved.

A dramatic change began in the latter 1040',
with the development of the theory of distribu-
tions or generalized functions in the context of
the medern theory of topological vector spaces.

The distinguished history of mathematical in.
vention is characterized by certain broad and gen-
eral trends, one of which is most often attributed
to the mathematician D. Hilbert (1862-1943). It
is to generalize and simplify. Mathematicians,
faced with seemingly intractable problems, often
generalize and to the mathematical outsider en-
large their problem. In a manner of speaking,
they consider not one probleni but an entire series
of somewhat similar problems, simultaneously.
Again in a manner of speaking, the essential and
major difficulties, in this fashion, become clearer.
As one result, the initial and intractable problem,
in its individual and intractable context, is solved
in a broader, clearer, and more simple context,
stripped of all but its essential features.

The price which a mathematician willingly pays
for this 1s “abstraction,” the creation of new areas
of mathematics which seem, again to the mathe-
matical outsider, to be further and further re-
moved from the physical problems which initiated
the original concern. That impression is naive and
incorrect, For the reward of this activity is the
solution of not only an initial physical problem
but of a wide range of physical problems. Since
they all can be solved in a single new (and ad-
mittedly abstract) contect, they can be solved thus
more simply.

A distribution or generalized function is what
the lrtter words imply, a more general type of
mathematical function which includes the older
type and definition of function. (A function is a
mathematical expression involving mathematical
variables). In its older context, & generalized func-
tion is a certain type of functional (which will not
be defined here).
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A topological vector space is faguin) a gener-
alization and an abstraction. Its earliest and most
primitive forebearer is the space of elementary
ralytic geometry. Extend such a space to a vector
space: extend the properties of the “real line”
coordinate system to, simply, continuity in space
(i.e., a topological space). The end results, in very
unmathematicel terms, is a topological vector
Hl)&(‘(‘.

The solution of a jairtinl differential equation,
by a generalized function solution in a topologi-
cal vector space thus mnitiated, in 1950-35i, one
of the most dramatic developments «f modern
mathematics.

What has happened in this area since the initial
breaktbrough includes, more or less, the definitive
and complete qualitative solution of partial differ-
ential equations with constant coefficients of arbi-
trarily high order.

Qualitetive solution refers to the formulation of
precise mathematical models, differential equa-
tions, which have a solution. (A mathematical
expression which includes variables and deriva-
tives need not necessarily apply to the given or any
physical phenomenon, nor have any solution).
That solution must be unique (mathematical char-
acterizations of a physical phenomenon may be too
general, and include a wide range of similar
physical phenomena distinguished by detail over-
looked in the initial mathematical formulation).
Furthermore, that solution must be stable. The
latter phrase is an important one in particular for
all physical applications of the equation and its
solution. It involves the following considerations.
Applications of mathematical results to physical
phenomena involve quantitative measurements:
i.e., numbers, If the initial quantitative measure-
ments, or judgments, which resulted in the formu-
lation of the differential equation were, somehow,
inessential and in a manner of speaking divorced
from basic, major, stable quantities, relatively
minor changes in their numerical values often re-
sult in major changes in the numerical values of
the solution, and render that solution valueless
for application to problems of the real world.

An important point and one worth repeated
emphasis: Unless the qualitative theory of partial
differential equations is mathematically estab-
lished (mathematically proved) in all these par-
ticulars, the numerical calculation of the solution,
which very often is aciieved by use of a modern
high-speed computer, will involve the following:
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(1) if the soiution does not exist, the computer
may “spin its wheels” endlessly in attempting to
caleulate it: (2) if a solution is not unique, the
computer may single out one (incorrect) solution
or combine the data from a range of =olutions and
render the results meaningless: or. (3) if the solu-
tion is not stable, slight fluctuations in the data
result in inaccuractes in the solulion which again
render it meaningless, and make it necessary to
begin all over again in formulating the problem
toobtaina correct solution.

A partial differential equation in contemporary
notation appears as [Ju—0, where I} is a differ-
ential operator and w is the dependent variable
referred to previously., A contemporary prob-
lem is the search for properties of /7 or rather of
its associated characteristic polynominal which are
intrinsic, in the sense that they ure more or less
equivalent to properties of the solution. The first
complete results are due to I. Petrovsky. Among
other results, he proved that the existence of an-
alytic solutions for the above equation is equivalent
to a certain condition on the characteristic poly-
nominal, for differential operators with constant
coefficients.

L. Schwartz, the creator of the theory of distri-
butions or generalized functions, pointed ont that
these two conditions were equivalent if » were
assumed to be a generalized function. The exploita-
tion of these ideas, in particular, by L. Hérmander
but including a number of other mathematicians.
has resulted in the more or less definitive solu-
tion of systems of partial differential equations
with constant coefficients of arbitrarily high order:
in particular, the qualitative establishment of the
existence and uniqueness of their solutions.

This rather surprising statement would have
stretched the credibility of most mathematicians,
some 25 or less years ago. Nor is that the extent
of progress in these directions. The important
solution of linear elliptic differential equations,
and still more recently of quasi-linear elliptic
differential equations, is to all intents and purposes
essentially complete. Similar powerfu] and
abstract methods in modern analysis, functional
analysis, and topology again proved surprisingly
effective, This is illustrated by just one series of
developments.

AFOSR sponsored a summer seminar in applied
mathematics, held at the University of Colorado
in the summer of 1957. At that time, the theory
of linear elliptic differential equations was ap-

proaching its essentially complete solution. At
about the game time, E. DiGiorgi and J. Nash
independently achieved significant breakthroughs
in the solution of quasi-linear elliptic equations in
divergence form. The successful extension of their
results, in particular through the intimate con-
nection between the divergence form of the equa-
tion and the calculus of variations, was a dominant
feature of the AFOSR Symposium in Differential
Equations at the University of California, Berke-
ley, in April 1960. The still more recent solution
of quasi-linear elliptic equations in the more di-
rectly stated nondivergence form has been essen-
tially achieved by (). Ladyzhenskaya and N.
Uraltseva, two Soviet mathematicians (1964), and
by N. Trudinger. a research assistant under the
AFOSR group program at Stanford University
(1966).

Other research directions in partial differential
equations evidenced at the Berkeley symposium,
and their subsequent development, were examined
in depth at the Symposium in the Applications of
Nonlinear Partial Differential Equations in
Mathematical Physics, in New York City, in April
1964. Their importance, and the extent of the
mathematics division's commitment to their con-
tinued exploitation, cannot be overemphasized.

An interesting historical perspective of these
developments is provided by the following observa-
tion. In an era (the last 20-25 years) now being
called the golden age of mathematies, the develop-
ments described above: i.e.. the solution of partial
differential equations by generalized functions in
the context of topological vector spaces, is thought
by many mathematicians to be the single most im-
portant physically-relizable development in all of
mathematics.

To such ends, AFOSR encourspges and supports
major group efforts, coordinated and relatively
large programs, at leading research centers in this
country in this research area. These include the
Courant Institute of Mathematical Sciences at
New York University, the University of Minne-
sota, the University of Californis at Berkeley, and
Stanford University. This is the most significant
national program by any Federal agency in this
research area. It is also interesting to reflect that
all of the AFOSR European program, contracts
and grants administered through EQAR, include
investigators making sigmificant contributions to
this same research area.

Recent AFOSR research projects include L.




Nirenberg of the Courant Institute, one of the
world’s foremost authorities in these develop-
ments. His most recent research interests include
a refinement of the theory of singular im zrals
of A. Calderon and A, Zygmund, precisely as such
techniques can be applied to establish the existence
of solutiuns of partial differential equations. His
investigations also include consideration of ab-
stract differential equations in a Banach space. In
conjunction with 8. Agmon (Hebrew University),
he is considering certain convexity inequalities.
employing the techniques of functional analysis
and complex function theory. A third major direc-
ticn is his consideration of the stability of differ-
ence schemes for the numerical calculation of the
solutions of partial differential equations, in con-
junction with P. Lax. A fourth is the study of non-
elliptic boundary value problems. He has obtained
and is continuing to obtain significant results in
ali these investigations.

K. CG. Friedrichs of the same institution, in con-
junction with P. Lax, is examining certain sym-
metrizable systems of partial differential equa-
tions, part of a continuing major research concern
of the investigators. Fle is also continuing to in-
vestigate the formulation of well-posed problems
in mathematical physics; i.e., the proper partial
differential equation model for physical problems.
His recent published results in these areas include
the development. of theories for the solution of
arbitrary; i.e., not specifically elliptic. parabolic,
or hyperbolic. but general, partial differential
equations, related boundary value problems and
canditions which guarantee the unique generalized
function solution of such equations. He has also
shown that many problems of mathematical
physics may be expressed and solved in terms of
the theory of the symmetric positive systems so
developed, although in many cases the resnlt will
not be simple.

J. Serrin of the University of Minnesota is con-
tinuing his research in the calculns of variations
and the solution of partial differential equations,
in particular as the two areas are related, His re-
cent publications concern various aspects of the
calculus of variations. In particular they include
an elementary method for obtaining an a priori
estimate which cun be used to solve a Dirichlet
problem (i.e., a boundary value problem for a
partial differential equation) under exceptional
boundary conditions. A series of three papers on
quasi-linear and nonlinear second order elliptic
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partia] differential equations extends the tech-
niques of Nash and DiGiorgi (above) and J.
Moser, to describe the generul behavior of the solu-
tions of such equations, In particular, he examines
the & priori majorization of solutions, the nature
of removable singularities, and the behavior of a
possible solution in the neighborhood of an iso-
lated singularity. There are remarkable differences
in the iatter behavior, as they concern nonlinear
versus linear partial differential equations.

J. C. C. Nitsche of the same institution is investi-
gating the structure of the solutions of general
nonlinear partial differential equations, by exam-
ining the structure of the solutions of the highly
nonlinear minimal surface equation. He has estab-
lished the possibility of formulating and solving
Dirichlet's boundary value problem for partial
differential equations in a convex domain under
unusual boundary conditions. With these results
and the determination of a new general maximum
principle, he has been able t . examine questions
concerning the removability of isolated singular-
ities. He has established some results concerning
the nonsolvability of Dirichlet’s problem in non-
convex domains, He has further investigated cer-
tain implications of nonlinearity upon the be-
havior of the solutions of certain quasi-linear
elliptic equations and parabolic equations. These
results relate to those of R. Finn (Stanford Uni-
versity), H. Jenkins, and D. Aronson, all with
AFOSR support. A final principal concern is the
numerical solution of elliptic equations by differ-
ence methods, including a number of related prob-
lems in the theory of polynomial approximation.

M. H. Protter of the University of California,
Berkeley, has continued his extensive examination
of partial differential equations, as generalized to
partial differential inequalities. He has, in addi-
tion, continued his research to establish upper and
Jower bounds for eigenvalues of elliptic operators.
In conjunction with H. Weinberger, a number of
applications of the maximum principle for elliptie
partial differential equations have been examined.
Their recent results include the solution of certain
elliptic inequalities, which in turn relate to the
solution of elliptic equations. He has extended cer-
tain of his earlier results on the asymptotic be-
havior of the solutions of hyperbolic equations,
and succeeded in sharpening the results on asymp-
totic decay, in particular when the hyperbolic
operator is sepcialized to the wave operator.

T. Kato of the same institution has continued




his related investigations concerning many differ-
ent aspects of the theory of linear operators, in
Banach spaces, with general types of spectra. An
important applicr‘ion relates such results to par-
tial differential perators and singular integral
operators. Some of his most recent results concern
the similarity of perturbed and unperturbed
operators in general contexts He is also continu-
ing s research in nonlinear analysis. By employ-
ing the methods of functional analysis, he is able
to examine abstract. (ordinary) differentin]l equa-
tions, with specific atiention to the application of
such results to the Navier-Stokes equations and
other nonlinear equations of mathematical phys-
ies. Other recent results concern the singular
behavior of singular equations; i.e., squations
governed by special in particular nonlinear
criteria.

H. Q. Cordes of Berkeley has been concerned
with the establishment of so-called zero order a
priori estimates for solutions of elliptic differental
equations. He has also continued to examine the
generalized Fredholm theory of partial differen-
tial operators. Particular directions here include
major aspects of the theory of singular integral
operators, of linear partial differential opeartors,
of the Fredholm properties of the oblique deriva-
tive and related problems.

D. Gilbarg of Stanford University is continu.
ing his previous research on nonlinear elliptic
equations and on problems in fluid dynamics. Re-
cent developments indicate that many results
which are important for the theory of elliptic
equations hold for a wide class of nonlinear equa-
tions of divergence form, which class is similar to
hut distinet from elliptic equations. He intends to
extend his preliminary results in these directions
to formnlate a theory of nonlinear equatious of
divergence form, analogus to the existing elliptic

theory. Recent specific results concern boundary
value problems for nonlinear elliptic equations in
n variables, examined under different ellipticity
hypotheses.

R. Finn, also of Stanford, conlinues to pursue
the research interests referred to above in .on-
junction with Nitsche's work, Quesfions relating
to the structure of minimal surfaces, and, more
generally, of surfaces of constant mean curvature,
are important for the resolution of many associ-
ated questions related to the solution of partial
differential equations. In addition, he is interested
in extending his previous results on problems in
the theory of partial differential equations as they
specifieally relate to problems of hydrodynamics.
These investigations include questions on the exist-
ence, asymptotic behavior, and of the singular
perturbation related to the exterior stationary
problem for the Navier-Stokes equations, He is
particularly interested in the possibility of obtain-
ing stationary solutions as the limit of nonstation-
ary ones.

The foregoing discussion is representative of
the research program of AFOSR in this area. It
is by no means exhaustive. The important research
investigations of many illustrious mathematicians
working in the same general and related directions
under the four major group efforts described
above have not been included, nor have the im-
portant research investigations of many other
illustrious mathematicians working in the same
area under other contracts and grants of the
mathematics division,

This article or similar articles could not be
exhaustive, even in relatively restricted research
areas of the division’s program. No special signifi-
cance should be attached to the inclusion or ex-
clugion of the research work of any individuals,
nor to the chronological order in which the items
chosen for discussion were presented.
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Physical Sclences

Magneric Resonance Spectroscopy

Dwionr L. WENNERSTEN

The historical roots of magnetic resonance
gpectroscopy are buried in optical, infrared and
ultraviolet spectroscopy and in the magnetic
cooling (adisbetic demagnetization) experiments
conducted in the 1920's. However, the main branch
of magnetic resonance spectroscopy comes from
critical experiments designed and accomplished
by Sterm and Gerlach in the early 1920's and in
1838 by I. I. Rabi, one of Stern’s many distin-
guished students. These two experiments demon-
strate, respectively, space (laboratory coordinate)
quantization and energy state quantization. The
Stern-Gerlach experiment is an example of the
detection of space quantization as meesured for a
single valence-electron atom, silver, The experi-
ment verifies the quantum mechanical prediction
that such an atom has a net angular momentum
vector which assumes one of two possible direc-
tions, up or down, relative to a magnetic (or elec-
tric) field direction, and secondly, that there is
in addition & net deflection up or down in a
maguetic field with a high gradient, or rate of
change of strength. With properly shaped pole
faces there is a large change in the intensity of the
magnetic field at various points in the space be-
tween the magnets. The two patches of silver de-
posited duplicate the slit outline approximately
and show the predicted separation into roughly
oqual numbers of atoms deflected up and down
corresponding to the orientation of the various
atoms’ angular momentum vectors. The second ex-
periment by Rabi combined two oppositely ar-
ranged magnets with an intervening cylindrical
electrode to permit introducing a radio frequency
field at right angles to the direction of the static
magnetic field.

In simple terms, an arrangement of oven, slit,
and vacuum chamber produced a thin ribbon of
molecules or atoms which progressed through a
magnet splitting into two ribbons dependent on
the right or left random orientation of the angular
momentum vector of the incoming particles. In
the central region a half-slit or knife edge elimi-
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nates one of the ribbons by intercepting its path.
When the RF loop is unenergized, the uninter-
cepted beam ribbon will enter another magnet,
experiencing an opposite deflection due to the
reversed gradient of this magnetic field and reach
the collector, usually a coated. hot-wire detector
{with shield) and produce n measurable signal.
When the RF loop is driven with a megacycle-
per-second signal trunsverse to the statir magnetic
field direction, frequencies can be found for which
the beam intensity measured at the collector de-
creases or vanishes. Additionally, the beam can
be “refound” if the collector is moved to a position
at twice the deflection distance from the axis of
the instrument produced by the first magnet alone.
So evidently, the RF frequency has reversed or
“flipped” the angular momentum vector direction
of the beam in the central region. This is 2 demon-
stration of quantum state selection quite different
from the space quantization of the earliest Stern-
Gerlach arrangement. In other words, the atoms
in the beam absorbed microwave energy and re-
oriented their spin vectors to that of a bigher
energy state.

This, then, was the state of magnetic resonance
spectroscopy just before World War IT. It is true
that microwave spectroscopy’s first experimental
finding, the inversion spectrum of ammonia, had
been made in 1934 by Cleeton and Williams, but
the field was largely dormant because of instru-
mental electronic difficujties and hence the uncer-
tainties in observed data.

At the end of the war, magnetic resonance re-
search based on electronic and radar advances
gave significant improvements, particularly in-
strumental versatility and stability. The types of
instruments multiplied and diversified. The meax-
urement techniques developed in: the same family
with atomic beam magnetic resonance spectros-
copy were microwave spectroscopy, nuclear mag-
netic resonance, and eleotron spin resonance.

P. Kusch (7) in tracing the history of magnetic
resonance investigations reports that the atomic
or molecular beam magnetic resonance method “is
to some degree the parent of almost every tech-
nique of modern spectroscopy—the nuclear mag-
netic resonance method, microwave spectroscopy,




optical pumping, paramagnetic resonance (ESR)
and still other spectroscopic methods.”

Ay can be expected, each of the cxperimental
techniques has particular strengths for certain
types of investigalions, Mivtowave spectroscopy
flowered and reached full maturity first by trans-
ferring Wor' War 11 elecironic techniques with
buagination but  vith ouly moderate further
development,

"This techniqn was particularly appropriate te.
and used for a - de variety of investigations of
molecular structural or geometric configuration
studies. A more detailed review of this area is cov-
ered elsewhere in this volume. A possibly more
elegnnt description was offered by H. C. Longuet-
Higgins (£2) in his introduction to the first session
of the 19th meeting of the Faraday Socicty at
Cawmbridge, in 1955, where he said, “microwave
spectroscopy provides, in fact, the most accurate
method for determining the geometry of simple
molecules, and is becoming increasingly useful (to
the chemist) as a tool for measuring internal bar-
riers to internal rotation.”

Additional developments included adaptatirn
of the heavy water, HDO, microwave oscillator
as an inexpensive frequency standard by AFOSR
contractor Y. Beers of New York University in the
late 1950 for an urgent Navy need. The short-
term frequency stability was about 1 in 10* with
much less auxiliary equipment required than the
ammonia or cesium atomic clocks of that period.

Tt is interesting to note that microwave spectros-
copy is an absorption process, where energy is
absorbed in exciting low-lying states near the
ground state at ordinary temperatures. The in-
verse process, stimulation of energy release by
excited molecular states in returning to the ground
state, provides a mechanism for controlled, coher-
ent oscillation or amplification. This is obviously
the maser. AFOSR helped support the waork of
Charles Townes through the joint services elec-
tronics program and, later, on the application of
the maser to the amplification of radio astronomy
microwave signals, and a test of this low-noise
temperature device on » radio astronomy dish at
the Naval Research Laboratory. This effort was
made with the encourngement and approval of the
Navy in sort of an inverse process to that involved
in Yardley Beers’ research on the medium-aceu-
racy clock mentioned earlier.

Nuclear magnetic resonance spectroscopy was
also supported widely by AFOSR. This technique,

disrovered independently in the United States and
[.S.5.R. just after the war, uses a very homoge-
nous magnetic field in the thousands-of-gauss
region and radio frequencies in the megacycles-per-
second range. It is useful for determining nuclear
moments, nuclear spins, nuclear quadropole (elec-
tric ) moments, nuclear-lattice coupling in crystals,
nuclear spin-tattice relaxation times, and—by el
culation—molecular bond lengths, bond strengths,
and geometry. It is & particularly sensitiva tool
for determining structural and local molecular
environments relating to hydrogen atoms in mole-
cules so rapidiy became a usefu! tool that moved
from physics ta chemistry.

Electron spin resonsnce (e.s.r.) or electron para-
magnetic resonance as the Oxford group named it,
followed hard on the heels of n.m.r. This spectros-
copic technique deals with resonance phenomena
of unpaired or spin uncompensated electrons in
molecular ions, free radicals and transition ele-
ment atoms. Since the magnetic dipole moment of
the electron is nearly equal to that of the proton
with a mass of one eighteen-hundredths as much,
strong magnetic fields and higher radio, really
microwave, frequencies are required to observe elec-
tron resonances. Typically, the parameters are
10,000 gauss fields and gigacycle (10°) frequencies.
Such research efforts were conducted frequently by
an association among scientists of different dis-
ciplines, One of the more productive groups sup-
ported by AFOSR was at Washington Universiiy,
St. Louis. Studies there (§) were accomplished
jointly by physicists and chemists with the some-
time participation of life scientists. Separate
chemical and life science programs are supported
now by sponsors other than AFOSR.

This sort of transition of a tool from one scien-
tific discipline to another raises management or
administrative problems for a government spon-
scr. In pm.r./es.r. research, the interdisciplinary
trained groups “measured” and interpreted almost
anything that gave a good signal, initially. This
was understandable as the early development pe-
riod of a new technique is an appropriate time for
proof of the experimental stability and sensitivity
of the equipment by all possible means. In addi-
tion, the validity of simple theoretic models first
was subsiantiated along with the various selection
rules of quantum mechanics that had grown up in
the art of optical spectrosenpy. Soon a point was
reached when proposals were heing received by
federal monitors where there was a serious ques-
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tion as to whether requests for sponsorship of new
instrumentation and research support was reach-
ing “cookbook™ or engineering handbook phase.
Such proposals came in considerable numbers from
recent Ph. D.'s trained under the initial groups
and from other scientists in related endeavors. The
program monitor then had o real problem in select-
ing, from this point, only thuse specific proposals
actuslly falling within his scientific areas of
responsibility.

In 1957 General Physics accepted its last pro-
posal to manufacture or wind a strong electro-
magnet. The art was at a stage that even with the
availability of graduate students it was more eco-
nomical in real project dollar costs to buy a
ready-built magnet. In this atmosphere, the fields
of pm.r. and es.r. reached full maturity around
1958. With hundreds of investigations underway
in the 1950°, it is difficult to rank major advances
even among the modest fraction of those programs
of atomic and molecular physics supported by
AFOSR. Representative advances can be found in
each of many group researches.

For instance, James Burgess became interested
in the theoretical models for the complex inter-
actions occurring among magnetic vectors ard
spins during his doctoral program at Washington
University. He developed the first applications of
density matrices to spin resonances there, then ex-
tended the density matrix work at Stanford, again
with AFOSR support, to include application to
spin couplings--a more complex situation. Its
solution was required before the full potential of
e.a.r. could be used in interpreting complex spectra
being obtained as instrumental sensitivity was
increased.

G. Pake, former physics advisory group mem-
ber and contractor, assesses (4) the es.r. studies
of free radicals conducted by 3. 1. Weissman and
associates as having one of the more importantly
signifieant impacts on physics and chemistry of
the late 1950%. This group, which started with
ONR support and was then AFOSR supported
from 1958, predicted and discovered the techniques
of measuring and identifying the hyperfine split-
tings of the electron resonances of free radicals
that arise from nuciear hyperfine interactions with
the unpaived eiectron. This proved that intermedi-
ates in reactions conld be identified and addition-
slly that minute amounts of rare or impurity
nuclei down to about 1 part per billion could be
quantitatively identified. A further accomplish-
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ment under AFOSR support included a significant
theoretical mnprovement. It was the findiag that
liquid sclutions of normally crystalline materials
could be used to average away anisotropic hyper-
fine couplings for free radicals and thus provide
clearer data from the simplified or uncomplicated
splittings to calculate the magnitude of the slectron
wave function at the nucleus. This was of great
significance to both theoretical atomic and molec-
ular physics and reaction rate chemistry, par-
ticularly to the direct measurement by e.s.r. tech-
niques of reaction rates by identifying the relative
concentrations of the molecules and molecular ions
where the reaction goes on in solution. Physical
biolagists had used electron transfer mechanisms
with free radical intermediates in their theoretical
models of many life processes at molecular Jevel.
ESR now provided a technique for identifying
some of the simplier ones, particularly photo sensi-
tive processes, Additionally, some animal tissue
studies were made by the Washington University
group (5). Here minute samples of human liver
were cbtained by nonsurgical, needle hiopsies and
tested in glucose solution for es.r. Large signals
were found to indicate a form of jaundice where
operative procedures would be of help to the
patient.

Tremendous improvements were made in the
postwar period on atomic and molecular beam
magnetic resonance techniques and instrumenta-
tion starting about 1950. These were based on two
fundamental discoveries, First was the Lamb shift
in 1947, that the displacement of the rescnance
point of a bound srate energy leve!l due to radie-
tive corrections did not follow the Dirac predic-
tions. The second was Kusch's verification in 1948
that the spin magnetic moment of the electron is
0,01 pervent higher than expected, 1.0011 Bohr
magnetons. These two advances allowed the full
six-figure nccuracy of experiments to be applied to
precision energy state measurements and identifica-
tion using atomic or molecular beams. Two such
studies can be cited to support this thesis

The University of Califeruin, Berkeloy, has a
large AEC-supporred program in fusion and fis-
sion research. One gr¢ ) under Nierenberg and
Shugart identified the tirst atomic parameters of
the transuranic element plutonium-239 for AEC
in 1957. Others have foliowed. Parameters such as
nuclear spin, magnetic moments, quadropole mo-
ments and hy perfine structure separation of many
transuranic elements have been measuzed. Fram
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1958 to 1964, AFOSR supported a4 users program
on these facilities at modest cost. The program
dealt in a large part with the atomic characteris-
ties, spin, moments, and fine structure of the radio-
active isotope series such as copper in the Cu 61
and Cu 67 atomic weight series (6). Copper 63 and
C'w 65 are the ctable isotopes normally found in
the abundance ratio of 2-to-1 respectively. Two
things were sought, the physical data themselves
as & check on atomic and nuclear physics theory of
structure and properties, and additionally, veri-
fication that atomic beam magnetic resonance
measuremen’s could be made on all five of the
radicactive species including the two with half
lives of less than 10 minutes. All of these objectives
were met during the planned program which
actually was completed nearly 1 vear ahead of the
originzl time estimates.

The second example is taken from the atomice
heam magnetic resonance studies which are part of
the Hughes and Lambh project at Yale University
supported by AFOSR. This is a very subtle study
of the foundations ot elementary particle physics
and quantum mechanies. It concerns muonium, one
of the three lightest atoms which are hydrogen,
muonium, and positronium. The heaviest of these
three isatomic hydrogen consisting of a proton and
an orbital electron. Muonium is next with a posi-
tive mu-meson nucleus and one orbital slectron.
The third and lightest is positrontum consisting of
a negative electron and its antiparticle, n positive
electron, orbiting about each other. Positronium
was discovered in 1953 at MIT and has been in-
vestigated quite thoroughly by a score of groups
under various sponsorships including (eneral
Physics, In brief. positronium has now become a
chemieal prove in recent times with AEC the
principal supporter of related research. Muonium
has had more interest to physics but has proved
more stubborn in yielding its characteristics. It
~rneigts of & postive muon, p*, which has 207 {imes
the “weight” of an electron. Its combination with
an electron is hypothesized to result in a “light
hydrogen” atom equivalent with properties scaled
from hydrogen where the proten in hydrogen is
1836 times the mass of the electron. There are other
interesting points: In positronium, the paositive
and negative electrons are antiparticles to euch
other and anhilate each other to produce intense
gummna rays; the electron and 4° are not antiparti-
cles and do not annihilate each other; the u* hasa
magnetic moment 3.18 times that of the pioton;

and, last, nuclear physics has established that u* it-
self is unstable and decays in 2.2 microseconds into
% position und two neatrinos have various ensr-
gies up to 52 million electron volts by a weak
interaction mechanism without conservation of
parity.

The subtlety mentioned earlier consists in using
these properties in the design of an atomic beam
eagreiimeln (o get unequivocal data that: (1)
Measurements are made on muohium atoms, not
something else: (2) that hyperfine energy level
splittings consistent with a “light” hydrogen atom
are induced; and, (3) the decay products {positron
and/or neutrines) are identiSable and give consis-
tent statistics.

The first two objectives were met in 1560 (7) by
a users program on the Nevis Synchrocyclotron at
Columbia. * pion-muon beam was filtered through
a carhon pion absorber with u* entering an atomie
beam resonant chamber equipped with 3 scintilla-
tion counters disposed around a reaction chiwmber
filled with pure argon gas. A static magnetic and
a tranverse microwave field are also provided. In
operation, counters 1 and 2 indicate coincident
arrival of u°, counter 3 measures loss of x* from
the “through™ muon beam. Counters 4 and 5 with
a proper absorber identify positron, e-, arrival and
delay times at right angles to the original beam.
A separate microwave resonant circuit identifies
the muonium atom and the hyperfine-structure
level separation at 4463 megacyeles per second. The
argon gas acts as a target for the p*, also furnish-
ing an electron to form the (u'e—) atom when the
muon slows sufficiently to capture one. Further
buffer collisions provide the necessary time to avoid
wall eollisions before the decay into a positron and
two neutrines. Experimental refinements produced
measurements on approximately obe muonium
atom per second.

A populur version of the research appears in
reference 8 along with the results of recent experi-
ments on muonium chemistry which detail reac-
tion measurements with molecular oxygen, O:;
nitric oxide, NO; and nitrogen dioxide, NQ..
Hughes speculates that a rich field of muonium
chemistry isnow open for exploration.

With the preceding recital, one view of the re-
cent course of magnetic resonance spectroscopy hias
been presented. From the frequent reference to
“user” programs it is apparent that many experi-
ments now require access to extensive, expensive
facilities as the froutiers of this class of spectro-
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scopic experiments are planned and accomplished.
It is also fair to say : (1) That emphasis has moved
back to optical and IR spectroscopy using the laser
as an intense radiation field generator; (2) that
p.m.r. and es.r. have moved to solid state sciences
and chemistry for present studies; and finally (3)
that as the body of scientific knowledge of mag-
netic interactions grows so rapidly as it does, few
practitioners in one scientific discipline can do or
follow the related progress in more than one other
discipline. Such is progress and the natural change
in viewpoint as to what are the present frontiers
in science.

(1) P. Kusch, PAys. Today 19, 2 pp. 23-35 (1968).

(2) H. C. Longuet-Higgins, Trans. Paraday Soc. (1955).

(3) Washington University Report 42 to AFOSR (1962).
Also, Y. Deguchi, Bull. Chem. Boc. Japan 35, pp.
261-264 (1962).

($) G. E. Pake, Joseph Henry Lecture (1063). Alvo,
Bull. PAil. Soc. Wash. 18, 3, pp. 206-207 (1964).

(3) J. L. Ternberg and B. Commoner, J. Am. Med Soc. 183,
p 330 (1063).

(6) B. Dodeworth, “Nuclear Spins of Copper and Iron
Isotopes,” (Univ. Cal., UC-34 "hynics, 18 Apr. 1063).

(7) PAys. Rer. Letters, 5, p. 83 (080) and 6, pp. 19-21
(1081).

(8) V. Hughes, Sci, Am. 214, 4, pp. 23-100 (1968).

Spectroscopy in the Millimeter
and Submillimeter Region
of the Electromagnetic Spectrum

Dr. Marsuarr C. HarrINGTON

Research in microwave spectroscopy by AFOSR
and its predecessor organizations began in 1953
when the field of short microwaves seemed par-
ticularly attractive because of the gap which ex-
isted between microwaves and the infrared. It was
suspected then and subsequently shown that this
spectral range was to be extremely fruitful in a
variety of ways.

The earliest contract was with Walter Gordy of
Duke University. He and his associates were pio-
neers in many aspects of microwave recearch and
have contributed papers in the field continually.
This group is, in fact, one of the more prolific ef-
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forts now supported by the General Physics
Division.

During the time that Gordy has been supported
by the Air Force 50 young scientists have received
the Ph. D. degree under his direction and about
an equal number have gained from 1 to 3 years
of additional experience in postdoctoral research
in microwaves. Essentially all are now in positions
where they contribute directly or indirectly to the
country’s defense. Some of them have been sup-
ported by AFOSR in their present locations. Thus,
AFOSR in supporting the research at Duke has
had an important influence in expanding and ex-
tending the field of microwave spectroscopy in nll
of its aspects—in equipment and techniques, in
data and theory, and in important applications in
science and technology.

Spectroscopy has had a long and successful his-
tory in the formulating and testing of ideas of the
structure and behavior of matter in its various
forms. Yet until a few decades ago, there was a re-
gion in the middle of the electromagnetic spectrum
which was largely unavailable for spectroscopic
research. This region Iay between short radio waves
and the far infrared. The first fruitful work in the
region appeared in the middle thirties with the ex-
periments of Cleeton and Williams (7) of the spec-
trum of ammonia. However, the lack of convenient
and powerful equipment prevented further exploi-
tation of the method until about 10 years later, The
extensive activity in microwave radar during
World War II for the first time led to the develop-
ment of suitable methods and instruments. Since
that time the field has expanded rapidly, and now
the gap between microwaves and the far infrared
regions of the spectrum has been closed.

The microwave region of the electromagnetic
spectrum lies between the far infrared and the
conventional radio frequency region. In wave-
length, this is from about 0.5 mm to 30 cm and in
frequency from about 600,000 Mc/s to 1000 Mc/s.
This region extends over approximately eight oc-
taves of the electromagnetic spectrum. In contrast,
the visible part of the optical region covers only
about 1 octave.

Since the microwave region lies between radio
waves on one side and the far infrared on the
other, this field may be considered as an extension
of either of the adjacent regions. There are, how-
ever, reasons for treating microwave spectroscopy
as an independent subject. The devices for gen-
erating, transmitting, and measuring microwaves
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are different from those used in ordinary radio
work, such as vacuum tubes, coils, resistors, capaci-
tors, ete. Thus, the development of specialized
equipment in the past several decades has permit-
ted elosing the gap in spectroscopic methods be-
tween those of short radio waves und the infrared.
Optical methods have continualiy extended ob-
servations toward the longer wavelengths of the
submillimseter regrions, hu! there is a practical limit
to use of optical elements, such as gratings, inter-
ferometers, and detectors in pushing lower into
the infrarved region of the spertrum. O the other
hand. some progress has recently heen made in
extending the laser into the infrared. For instance,
Gebbia (2) et al. report work on the CN line at
0377 mr1. However, there ave still gaps in the laser
region heeanse the deviee is not, in general, tunable.
("onsequently. it loes not at present provide a prac-
tical source for absorption spectroscopy. Efforts
may soon be fruitful in overcoming this deficiency.

The millimeter and submillimeter range is par-
ticularly interesting hecause in this range many
atoms, molecules, and erystals have sharp, strong
spectral lines that now can be measured with high
resolution and precision. Thus, information is
found which usually eannot be ascertained by ob-
servations in any other region of the spectrum, for
instanee, constants which determine the spectra of
molecules, and of solids or moleculur crystals, Ro-
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tational spectra of molecules are particularly
ament.ole to microwave techniques, Stevk and Zee-
man effects in rotational spectra have been ob-

rved only in the microwave region, The methods

id results developed in these studies have had
wide application in science und engineering.

The chief instrument used by Gordy is the micru-
wave spectroscope. In its simplest version this in-
strument censists of: (1) A tunable svurce of
electromagnetic radiation; (2) a frequency meter;
(3) an absorption ceil and associated equipment
for introducing the gas to be mensured; (4) a
detector of the radiation; {5) an ampiifier; and
(6) an indicator.

With this equipment measurcments were first
made in the centimeter range of wavelengihs.
Later the wavelength attained was noriened ton
few millimeters.

High resolution niicrowave spectroscopy now
has been extended from the 5 mm region down to
a wavelength of (.43 mm or a frequency of 601,472
Mr/sec, This bas enlarged the range available by a
factor of 10. Specially designed crystal harmonic
zenerators energized by klystrons provided the
energy, and erystal diodes were used as detectors.
Klystrons were preferred to other alternative
sources o1 microwave radiation hecause they pro-
vide 2 nerrower bandwidth at any one setting. (Jne
essentinl requirement in the equipment was the
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Figone 2.-—Simplified diagram of microware spectrograph.
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ability to sweep the frequency of the microwave
beam ~ontinunously throngh a range of frequencies,
Thus, narrow absorption lines could be revealed.
Several ranges of frajuencies were provided by
using the different harmcnies produced by the
erystal generator. Determination of the frequency
was made by comaparison with the standard sig-
nals broadeast by station WWYV of the U.S. Bu-
rean of Standards. Thus, standard frequencies, ac-
curate o at least eight sigmificant {igures, were
obtained by multiplication via a harmeonic chain
from the megacy~le or kiloeycle frequencies of the
Burean of Standands station. Early measurements
at Duke in the range 4 to 2 min were made with
multiplier and detector erystals in coaxial mounts
with K-band klystrons which had 2 1.23 em funda-
mental.

Tn an effort. to extend the range below 2 mm the
sizo of the crystals was reduced and they were
mounted directly into the waveguide.

Subsequent designs and niethods have remained
substantially the samne sinee that time but wave-
guide sizes were reduced as the wavelength region
was lowered. Better erystals and improved kly-
strons also permitted extending the range to 0.77
mm and later to 043 mm. Furiher work now in
progress may e. .ond the range to 0.3 mm or helow.

A wide hand of frequencies may be covered in a
single sweep of the klystron because usefnl energy
is available from many harmonics above the cutoff
Trequency of the wave guide. (Harmonics to the
20th und higher are often employed.) In a mole-
cule under considecation the lines may huve fre-
quenies which fall into an approximate but not
an exact harnonic series. The klystron harmonics
on the other haund, are exact multiples of the
fundamental frequency. Hence, two of tle molec-
ular absorption frequencies may be displayed
with different harmonics by sweeping the kly-
stron frequency over a small eange, The spacing
of the lines permits caleulation of certain molec-
ular constants. Ambiguity is avoided by measur-
ing the line agnin with another harinonie. This
method is superior to that in which the generator
of the energy is employed only with its funda-
mental frequency. For the shorter waves suitable
sources are itot available, but in the ranges in
which they are, the high total power which they
often provide is not advantagsous. For high-reso-
lution spectroscopy one must avoid the broadening
of the spectral lines which would arise becnuse of
saturation of the sample. Furthermore, it is not the
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total power that is important, hut the power with-
in the bandwidth required for the measurement.
For this reason, a generator of reasonably short
wavelength is choser and so arranged that its fre-
quency muy be swept continuously through a
selected range. The crystal harmonic generator
then provides many harmonics, each of which is
swept it step with the frequency of the generating
klystron.

One byproduct of this research has been un -
direct measurement of the velocity of light. Certain
molecular constants of HC* had been evaluated
from data obtained with a precision grating (€}
The results were expressed in wavelength units:
the limit of error involved was comparable with
that for the velocity of light. Professor Gordy and
his colleagues measured the same constant in fre-
quency units of error still smaller. The ratio of the
two values of the constant provides a new evalua-
tion of the velocity of light. This is 299,792.8+04
km/sec. The result Is in agreement with and is of
accuracy comparable with the best values obtained
by more direct methods.

The millimeter range of the spectrum is a goaod
one for measurements of the Stark effect. This is
the splitting of the spectral lines into components
due to an applied electric field. The observations
provide measurements of the electric dipole mo-
ments of the molecule. At the wavelengths em-
ployed here, the Sturk effect is easy to explore with
electric fields of moderate strength. The apparatus
needed involves a special absorption cell. Two
types of cells have been devised.

One type consists of a length of standard wave-
guide fitted wich a conducting strip in its center.
The strip is held in place by insulating spacers.
Measurements are taken with and without an elec-
trie field hetweer: the center strip and the walls of
the waveguide. In 1948, Gordy proposed a parallel
plate cell (7) for use with horns so designed as to
send the bewm of microwaves through the space
between the plates of the cell. To provide a focus-
ing effect Teflon lenses were installed in the horns.
This type of cell is sometimes called a “free space”
absorption cell. The cell and horns are enclosed in
a vacyum chamber with suitable arrangements for
introducing the gas to be measured. This second
type of cell was found to yield more accurate
values.

An adaptation of the free-space absorption cell
makes it suitable for the study of free radicals and
other unstable species of which the molecular con-
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stants are difficult to measure. In this case, the
gaseous free radicals are produced by a glow dis-
charge in a chamber helow and connected to ihe
cell. Other unstable maolecular species have been
measnred with this arranpement also. A modifica-
tion of this arrangement has been constructed to
study unstable species at higher temperatures. The
free-space cell is placed in a metallic enclosure of
which the temperature can be raised, Measure-
ments have been made on suckh unstable species as
AlF.

Another modification of the squipment permits
measurement of absorption spectra of collimated,
high-temperature moiecuiar beams which traverse
the radiation path.

This method has been particrlarly valuable for
the measurements of the molecular constants for
the alkali halides. The samples are heated in the
oven forming a bheam which traverses the cell.
Measurements of these high-temperature molecn-
lar beams in the wavelengths region between about
4 and 0.89 mm have yielded results which cannot
be achieved by observation of spectra in the optical
region. Furthermore, the method is superior to
that in which the cell containing the sample is
heated as a whole because under such an arrange-
ment the absorption lines would be broadened by
the Imppler effect and by pressure.

The microwave spectrograph is particulariy well
snited as far as resolution is concerned for the
study of molecules containing atoms of which there
are several isotopes. The lines of such molecules nre
separated so well in most cases that there is no
overlapping, For example, the two molecules O
(28% and (C#8% may easily be distinguished.
In this case the two molecules differ only by hav-
ing sulfur atoms of atomic weights of 32 and 34
respectively. The concentrations of the several iso-
topic molecules in a gas inay be determined ¢ usnti-
tatively from intensity raeasurements. Thus, the
method is valuable for the study of isotopic
rixtures.

Identification of unknown gases is possible.
Thus, metheds of qualitative and quantitative
analysis of mixtures of gases have been devised to
complement those of infrared spectroscopy.
Wherever it cun be applied, microwave spectros-
enpy is superior because of its greater resolving
power which permits definite identification and
aceurate intensity messurements.

For possible future applications in radio, radar,
or missile guidance, the pioneering efforts of

Gordy’s laboratry in microwave techniques down
to 0.4mm. wavelength will be helpful. For exam-
ple, they have shown that solid-state detectors and
harmonic generators are practical at these short
wavelengths for measurements on the absorptions
of atmospheric gases in the shorter millimeter
wave range of the spectrum. The results will be
useful in designing equipment for communication
at these short wavelengths,

Microwave spectroscopy slso contributes to the
study of certain aspects of Hquids and solids, par-
ticularly the measurement of closely spaced energy
levels in paramagnetic substances, and the struc-
ture of certain crystals,

Since 1955 this group has applied its methods
to the study of radiation damage in critical biolog-
ical matter, such as protein and nucleic acids
(ENA and RNA). This work has influenced the
initiation of many investigations emplaying the
same techniques in medical research centers. The
results with the nucleic acids DNA and RNA
have been most significant {5). Modified forms of
these molecules may eventunlly have applications
as memory storage units, or circuit elements, in
computers or other devices. Such applications must
await furthier information about their properties,

Since 1955, Gordy's group has also applied its
methods to tho study ~f radiation damage in
simple organic substances which are used in mak-
ing synthetic plastics and fibers (e.g. teflon). These
studies led to the wide usage now made of the tech-
niques for radiation studies in the laboratories of
chemical and electrical industries. The increasing
potential for exposure of materials and human
beings to ionizing radintion in the space age makes
the solution of such problems relevant to the pres-
ent space effort.

Other applications have been found, One is the
stabilization of a microwave oscillator by cou-
pling it to a spectrum lige. (6) It appears now
to be possible to stabilize the frequency of a klys-
tron oscillator to much better than one pa:t in a
million. There are obvious advantages in having
stable oscillators for frequency comparisons, and
for indirect mensurements of time and distance.

The results of this research have in general in-
creased the store of precse information about
sizes, shapes, and properties of atoms, molecules,
und atomic nuclei, primarily from their interac-
tions with microwave radiations. The review arti-
eles eited in the bibliography list papers in which
data and interpretation are presented. In some
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cases, the information was supplementary to that
derived from observations made in the optical re-
gion of the spectrum, but for many molecules the
data could not otherwise have been found,
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Seismology

WiLLiam J. Besr

A program of basic research in seismology,
funded by the Advanced Research Projects
Agency or the Department ¢f Defense under the
VELA UNIFORM program, has been scienti-
fically monitored and administered since 1961 by
the Air Force Office of Scientific Research through
its geophysical division.

In that time 46 resear. h efforts have been ini-
tiated through grants and contracts with leading
universities and research institutions in the United
States and abroad. The program's objective is to
improve the capability to distinguish seismically
between nuclear explasions and natural geological
events.

Research efforts have been applied in areas of
identification techniques, data processing, array
configuration, deep-hole and ocean hottom detec-
tion, instrumentation techniques, magnitude-
energy scale relationships, noise studies, earth
seismicity, explosion and earthquake source
mechanism studies, crustal studies, and theoretical
studies.

The entire resenrch program through the end of
1965 is summerized in the AFQSR publication
VELA UNIFORM Research in Seismology
(AFOSR 65-2667), published in Junuury 1966.
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The research program is directed toward four
general major problems associated with the detec-
tion and identilication of underground nuclear ex-
plosions. These are () the nature of the source
and its mechanisms for generating seismic wave
energy: (b) the propagation paths including the
crust and mantle of the earth: (¢) the receiver site
or sites including instruments and arrays for
signal to noise enhancement ; and (&) data wnalysis
techniques for the detection, identification, and
source location of seismic signals.

More recently, significant contributions have
been in the areas of improved traveltime curves,
refining the accuracy of locating explosion
sources, and in establishing large arruys, serving
to enhance the signal-to-noise ratio of smaller
events.

From these has come the realization that the
mantle, especially the upper mantle under the
source or receiver sites, cannot be assuined to be
layered, homogeneous, isotopic, etc. The upper
mantle can now be visualized as a corrugated sur-
face with large horizontal variations in tempera-
ture, density, compositions, and pressure at a given
depth below a given geographic region. Theref ore,
to accurately locate a seismic event the source cor
rections have to be known as well as the propaga-
tion paths corrections, and azimuthal variatjons
i the stations corrections. The source corrections
caused by the corrugated variation in the upper
mantle means that the complicated regions of the
world have to be calibrated to determine their
source corrections for the upper mantle,

Regional variations for the Aleutian Islands are
were calibrated by ARPA's Project Long Shot
during the fall of 1965. This underground nuclear
expiosion confirmed that the upper mantle has
large regional variations that affects the accuracy
of source locations and the distortion of seismic
waves propagating through these regions. There-
fore, since seismology provides the most direct and
accurate data for interpreting the structure of the
interior of the earth, AFOSR’s basic research pro-
grams have made contributions in developing
techniques to refine this interpretation.

Seismic techniques provide the only readily
available data on the mantle of the earth {depths
greater than about 30 km.). From knowledge of
the velocities of propagation of P and S waves,
attempts have been made to infer interior prop-
erties such as chemieal compositions, density ther-
mal properties, temperature, crystal structure and
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orientation, and creep rate. To provide satisfac-
tory interpretation of this seismic data, results
from high-pressure temperature research must be
utilized along with theoretical considerations. Re-
cent results from experimental seismology have
shown that this data, in addition to seismic veloci-
ties profiles, can provide other information such
as density and anelasticity, These determinations
when combined w1 h elastic properties are provid-
ing an approach to make a direct estimate possible
for the composition and temperature profile for
the mantle. There is a possibility of using seismic
anisotropy to determine crystal orientation within
the mantle. This reopens the question of phase
changes to explain the various discontinuities ex-
isting in the uppe> mantle.

Recent improvements have been made in long-
period instrumentation for recording the long-
period surface waves and free oscillations of tho
earth. These improvements have enabled seismol-
ogists to refine their interpretation of the earth’s
interior and to develop two new independent pa-
rameters, density and anelasticity. Density bears
directly on the problem of determining the com-
position cf the earth, Anelasticity has important
bearing on the problems of temperature and
phase changes in the mantle, and may even be ap-
propriate in explaining long-term deformations of
the earth.

These lateral variations in the crust and upper
mantle are now well established. New results,
especially from surface wave data, indicate that
regional variations exiend in the mantle even
deeper than 400 km. The gross features of the
mantle, such as low velocity zone und sharp uppe:
mantle discontinuities, seem t5 exist on a worki-
wide basis. Extra details differ for geographic re-
gions, ARPA’s worldwide calibration program,
such as Project I ong Shot, will provide the basic
data to refine our interpretation of selected geo-
graphic regions, These new results will aid in the
accuracy of locating and identifying events. These
results are from basic research in seismology being
conducted at California Institute of Technology,
Columbia University, University of California at
Berkeley, Southern Methodist University, and
Massachusetts Institute of Technology.

In addition to the basic research program in
seismology, AFOSR was responsible for three
specielized projects for the Department of De-
fense, each of which demonstrated a high degree of
soordination and ceoperation with many domestic
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and foreign research and governmental organiza-
tions. These projects were Blue Ice, described else-
where in this volume, Early Rise, and Infrasonics.

Project Early Rise was another in & series of
summer seismic field experiments designed to
understand and evaluate the method by which
seismic energy is propugatad and modified by the
inhomogeneities in the crust. The project consisted
of a series of forty 5-ton chemical explosions
detonated at a fixed shot point repeatedly occupied
and fairly centered in Lake Superior. Two shots
were fired each night at 0330 and at 0430, under
the overall direction of the crustal studies branch
of the U.S, Geological Survey, Department of the
Interior, Menlo Park, Calif.

Thirteen seismic radial arrays emanated from
the shot point and uniformly covered the entire
North American continent. The seismic field
parties occupying each of the arrays was composed
of seismic recording crews from universities and
industry as well as the USGS. Of the 13 radial
recording line, 10 were under the direction of the
AFOSR geophysics division. The seismic experi-
mental field methods required that each team move
out radially from the shot point after each suc-
cessful night's shooting. There were a naximum of
only 20 nights of shouting which precluded re-
occupancy of the same stations for more or hope-
fully better data.

The shooting program involved the use of the
U.8. Coast Guard cutter Woodrush. A special
underwater demolition team was assigned to the
Woodrush for loading and firing of the explosive—
& nitrocarbonitrate compound. The exact time of
detonating each shot was recorded electronically
on records which also centained WWV  time
signals, Communications between the shot point
and all field tenms were made by single sideband
radio systems und by rapidly changing telephone
networks. 'T'wo of the seismic profile lines in north
and northeast Canada required ihe use of pontoon-
equipped aircratt and experienced Canadian bush
pilats to place the teams in the remote areas where
roads do not exist. Experience gained in charge
composition and optimum depth location of the
charge from previous summer programs has re-
sulted in the best overall extensive seismic program
cver conducted under the VELA UNIFORM
project. Usable data has been obtained by nearly
all participants out to the extreme limits of their
planned traverses, From the analysis and compila-
tion of these data will undoubtedly be produced
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the most comprehensive seismic velocity and struc-
ture analysis maps of the North American con-
tinent ever known. The results will be compiled by
the USGS and will be issued as USGS technical
reports. .

Project Infrasonics is a joint program with the
geoacoustics branch of ESSA and supported by
ARPA, in which two infrasonic array stations
have been established in Bolivia and in Peru, Sev-
eral source mechanisms, natural and artificial, on
or under the surface of the earth, are known to
excite acoustic, acoustic-gravity, and shock wave
in the troposphere.

Recent research has shown that these acoustic
gravity waves are directly correlated with such
source mechanisms as earthquakes, tornados,
meteors, volcanos, and solar particles impinging
on the ionosphere. Even explosions in the atmos-
phere, if large enough and near enough, will be
recorded by infrasonic equipment. This interplay
of acoustics gravity waves with other geophysical
phenomens in the troposphere and ionosphere is
opening up a whole new area of geophysical
research. The station at Penas, Boliva, operated by
San Calixto Observatory, is conducting experi-
mental research on the interplay between earth-
quakes recorded at the seismic station and acoustic
gravity waves recorded by the infrasonics station.
The station at Huancayo, Peru, operated by In-
stituto Geofisico del Peru, will conduct research to
determine interaction of acoustic gravity waves
with the preturbations detected in the ionosphere.

In addition, a grant has been issued to Brown
University for Dr. Dave Harkrider to conduct
theoretical research on acoustic gravity waves.
Such research will cover the type of source models
to represent the artificial and natural source
mechanisms, investigate the applicability of plane
stratified atmospheric models, and calculate the
effects of viscosity, winds, thermal gradients, and

gravity.

Project Blue Ice
Mas. Dorwarp D. Youwe, Jr.

Seismologists the world over are eternally in
quest of that magic set of conditions best described
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as a “quiet site.” In rea! life such seismi~ laboratory
locations free of background noise, far from cul-
tural noise source, yet strategically located with
respect to the world's major seismically active
areas, simply do not exist. However the search
for the best goes on. Prior to the present decade,
seismologists had to be content with observatories
located in close proximity to educational and
governmental institutions for both technological
and financial support. This changed rapidly early
in 1961 with the inception of the Advanced Re-
search Projects Agency's VELA UNIFORM
project.

Activities under the project ranged from basic
theoretical research to seismic instrumentation
design and development. Under this charter the
entire earth’s snrface was considered the labora-
tory for investigation for the best seismic record-
ing locations. It is fairly safe to state that no part
of the free world was excluded from investigation
for the quietest possible location for seismic
studies. Concurrent with these worldwide back-
ground noise studies a large number of research
programs were instigated in universities and re-
search institutions in this country, Canada, South
America, and Europe. AFOSR alone directed over
50 research efforts in basic research in seismology.
The state of the art of recording instrumentation
was greatly stimulated and many new techniques
and processes for data analysis were evolved.
Simultaneously the theory involved in interpreta-
tions of seismic data was advanced by orders of
magnitude.

The cumulative results of such massive efforts
in the science have advanced seismology to the
present state in which the detection and identifica-
tion of seismic events is limited only by the natural
seismic background noise mixed with and masking
the incoming signal. .\ unique application of this
new knowledge is now manifest in the design and
installation of the large aperture seismic array
located near Miles City, Mont. This 523-element
array was commissioned in the late fall of 1965
and has been operated fairly continuously since
that date.

LASA, designed as an experimental model of a
large seismic detection array, was not necessarily
designed as a prototype for future array design.
However, it was immediately evident (from other
studies also) that arrays such as LASA offered
powerful methods for time series analysis of in-
coming signais with resultant marked incrense
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in signal to noise ratios. With the obj:ctive of
locuting the quietest feasible sites for possible
duplication of the instrument cluster concept of
the Montana LASA systenr, A FOSR was directed
by ARPA in February of 1966 tn take another
look at the seismic noise level of the interior of
the Greenland icecap. Several such studies have
been perforined by seismic field teams mn the inter-
vening years since 1961, A review of the data
collected hy these teams did not generate y great
amount of enthusiasin for another icecap investi-
gation in Greenland: however, several unique
innovations made the new survey interesting and
worthwhile.

The field effort, code named Project Blue Ice,
had a distinet technical advantage over the others.
The project was to be placed in the very center
of the uninhabited cap with the latest and possibly
the best event detection seisometers and recording
instrumentation and know-how available in the
seismic community. The original Blue Ice plan
was to move into the center of the Greenland
icecap as early as possible in the summer of 1966
and establish the station in sufficient time to permit
at least 1 month of data to be recorded hefore the
arctic night made later occupation too hazardous.
The station was to be closed in mid-September
and reoccupied in the early spring of 1967 for a
week to 10 days of additional recording. The
project would end with a final 2 weeks of record-
ing in July 1967 which would provide a 12-month
seasonal sampling of background noise on the
icecap.

Field operations began in March of 196¢ when
the Arctic Institute of North America in Wash-
ington, D.C., was awarded a contract to estanlish
and operate a base field camp to support the
seismic program. The exact location was not ini-
tially important but was to be selected such that
maximum distance from all sources of cultural
and natural noises would be obtained. This part
of the operation was under the able direction and
leadership of Ralph Lenton, of the Arctic Insti-
tute of North America, who effectively put the
camp together from a plan stage ta full operation
in less than 6 months. The site of the seismic
station was arbitrarily dart picked at latitude 78°
N.and longitude 40° W,

Air logistie support from Thule, Greenland, te
the interior of the icecap was provided by Head-
quarters \Alaskan Air Command from Elmendorf
AFB, Alaska, using ski-equipped C-130 Hercules

aireraft operated by th» 1Tth Troop Carrier
Squadron. The initial fiy in required that the lead
aircraft depart Thule with adequate survival gear
for the initial landing on a unprepared open area
of the icecap.

The lead aircinft could not make visual surface
contact at the dead-reckoned coordinates of 78°
N.—40° W. A break came when the abandoned
British 1952-54 North Ice Station was sighted thru
the cloud caver. The site-selection aircraft then
flew under the low cloud cover approzimately 14
miles and upon landing established the Inge
Lehman Station at T7°56°48” N. and 39°11’ W.
These coordinates were verified by 50 theodolite
sunshots and are accurate to = 1 km. This location
error is considered within the acceptable limits
for event detection studies.

The initial touchdown was accomplished on 19
July 1986. The camp nucleus then consisted of one
skid-mounted trailer and six scientific personnel.
This landing praty was rapidly augmented to a
full station complement of 10 and approximately
60 tons of camp and scientific gear. Approximately
eight missions (round trips) were required for the
Hercules C-130's to establish the basic <amp. This
was completed in 6 days without serious incident
except for the loss of one engine when a propeller
dug into a sastrugi ridge. The aireraft was airborne
again with a replacement engine changed on the
icecap within 72 hours.

The seismic array consisted of four downhole
short-period seismometers located at the center
and apices of an equal angular triangle as illus-
trated. A three component short-period surface
station completed the instrumentation. The base
camp consisted of two 20-foot-long skid-mounted
trailers positioned to provide an 18-foot covered
vestibule work space between them. One trailes
served as a cook, messing, and recreation facility.
The other housed four personnel, the scientific
recording equipment, and also contained a shower
which doubled as a darkroom. A Jamesway hut
extending from the vestibule served as a
dormitory.

The exact thickness of the ice at the site is not
known but from available data appears to be ap-
proximately 2.8 km. The terrain is monotononusly
uneventful and devaoid of animal or plant life.
Drilling began as soon as the minimum require-
ments of the base camp installation were satisfied.
The instrument hole depths were predicated upon
the depth required to reach an ice density of 0.83.
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This was found to occur at each mstrument loca-
tion at a depth of approximately 180 feet. All
instruments are therefore approximately 180 feet
below the surface. The holes were core drilled
which permitted excellent dersity/depth control.
The upper portions were cased with an 8-inch
fiberglass pipe down to depths of 60 feet. The
lower portions of the holes were unsupported and
showed no visible evidence of closure during the
first '8 months of operation. Drilling was accom-
plished by a portable ski-mounted Acker Hilibilly
powered by a Perkins diesel engine. Selected cores
were depth logged and encased in plastic bags for
additional studies. Instrumentation, operation,
snd maintenance of the array was accomplished
by personnel of the Geotech Division of Teledyne,
Inc., Garland, Tex.

On 17 August 1966, the Project Blue Ice site
was officially dedicated as the Inge Lehmann Sta-
tion. The name was selected to honor DF. Inge
Lehmann, a noted Danish seismologist, who has
performed considerable seismic research in the
United States. Dr. Lehmann presently resides in
Copenhagen, Denmark.

There were a total of four independent scientific
measurement programs under the project. The
seismic program was accomplished under a joint
activity arrangement between the Danish Geodetic
Institute and the Air Force Office of Scientific
Research. Dr. Eric Hjortenberg of the Danish
Geodetic Institute, Copenhagan, Denmark, worked
in colloboration with Dr. Eduard Douze, the
Geotech/AFOSR contractor in processing and
snalyzing the seismic data.

The seismic instrumentation was a packaged
“suitcase” system assembled and field tested by
Geotech. The short-period down-hole instruments
were Geotech model 20171A moving coil seis-
mometers designed to operate in shallow holes at
pressures up to 500 p.s.i. and at tilt angles as great
as 10 degrees. The instrument. is capable of long-
term operation at tempergtiures up to 120° F. (49°
C.) and demonstrated satisfactory operation at
bottomhole temperatures encountered at minus
33.2° F. It has a natural frequency response ad-
justable from 0.75 to 1.05 hertz and a natural
period adjustable from 1.33 to 095 second. For
Blue Ice the period was set at 1 second. A three-
component surface seismic station was installed
2,250 fee. to the NNW (326°) of the base camp in
a vault approximately 12 feet below the surface.
All cabling was accomplished using REA PE23, 2
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six-pair telephone cable suitable for direct burial.
This is the same cable used in the Montana LASA.
Available weather records of the area indicated
no lightning protection would be required and an
uneventful summer validated the decision to elim-
inate the protectors. Recording was accomplished
on 3 battery-operated Geotech 14-channel IRIG
slow-speed analog tape recorder. This recorder has
a capability for continuous operation for 33 days:
however, the speed was adjusted to 0.03 inches/
second for a 7-day operation. Two tapes were lown
out on each biweekly resupply air mission. These
wers continuously processed during the summer
by the Geotech division which permitted the data
analyst to recommend different gain settings and
adjustments via rado contact with the site upon
receipt of each tape. Each of the four vertical
down-hole seismometers were operated at dual-
gain levels. The surface vertical were operated also
at a dual level, but because of channel limitation
the two horizontals were recorded at one gain level
only. The remaining two tape channels were used
to record station timing and WWY. This method
of recording requires minimum power and mag-
netic tape but it is limited to dynamic range of
35 db (peak-to-peak) on each channel and a total
pesk signal range of 50 db (peak-to-peak) on each
channel and a total peak signal range of 50 db
(peak-to-peak) using dual-level recording. The
upper data frequency limit was 5 hertz.

'The magnetics measurement program was under
the supervision of Johannes Wiljhelm of the
Danish Meteorological Institute in Copenhagen.

Wiljhelm maintained a magnetic laboratory lo-
cated adjacent to the base camp in which he
recorded daily variations in the earth’s magnetic
intensity and declination. These data were supple-
mented by data from several fixed observation
sites in an array projecting east and west of the
base camp.

A third program involved the measurement of
the specific activity of the cosmic-ray-produced
Si32 One ton of ice below the 6-meter depth
(from the pre-hydrogen bomb testing era begin-
ning in 1953) were collected and flown te Thule
AB for analysis by scientists from the University
of Copenhagen. The purpose of this investigation
was to check whether or not the fallout of paturally
produced 8i * is influenced by a continental effect.
Comparison with a similar ssmple collected at
Camp Century, 500 k. west of Inge Lehmann
station, should give the answer to this question,
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which is inipcrtant for the possible use of Si**
for dating of ice.

For the fourth program, selected ice cores were
preserved for crystallographic studies by nerson-
nel from the U.S. Army Cold Regions Research
and Engineering Laboratories in Hanover, N.H.

In addition, daily synoptic weather observations
were recorded on precipitation, wind direction and
velocity, barometric pressure, temperature, clond/
sky conditions,

Initial aualysis of the data has been directed at
determiving the nature and character of the seis-
mic background noise. It was obvious from the be-
ginning that th~ noise level at this particular loca-
tion was especially low. As each new hole was com-
pleted they were immediately instrumented and
adjusted for maximum gsin. Guins were rapidly
increased to as high as 106 but were leveled off at
approximately 1 million, which was an order of
magnitude higher than anticipated. With the com-
pletion of the entire array, it became obvious that
this was an unusual seismic environment: there
was no evidence of noise due to ice flow, cracking,
wind, and other expected sources,

Power spectra of the vertical seismographic
data show that the noise level at the 1 ¢ps detection
interest frequency is slightly less thar 1 mu ?/cps.
This is true for down-hole verticals as well as the
surface vertical instrument. The power in the

Short Period
Vault

2755 m

Borehole 3

spectra increases rapidly for periods greater than
1 second and shews peaks at 2.8 and 4.5 seconds.
The expected €.0 second microseism pegk coinmon
at continental recording stations is seen at Inge
Lehmann only when major storms ave active in the
North Atlantic. The power peak at 2.8 seconds is
always present but is noted to change in value as a
function ef time. For periods less than 1 second
the spectra decreases rapidly. The surface instru-
ment is sensitive to wind noise at these short pe-
riods but the down-hole instruments showed little
response to summer winds as high as 35 knots.
Lieasurement of the ccherence of the noise within
the four elament array shows that for periods of
less than 1.5 seconds the noise is apparently
uncorrelated,

1'o check this particular result of the spectral
analysis the power spectra of all four seismographs
were summed at the 1-second period. The power
was increased by almost exactly a factor of four
indicating absence of noise correlation. This sum-
ming was done to eliminate ciher possible causes
for low coherence, For example, the low coherence
ut 3.5 seconds as seen by the notch in the power
spectrum, could be caused by averaging of the 2.8
and 4.5 second spectral peaxs which are due to
seismic phuses traveling at different velacities and
guite possibly from different directions, i.c., ocean
waves generated noise from the east and west

T Borehole 1

Base Carp
v

Borehale 2

Ficvre 3.—Location of seismometers at Station Inge Lehmann, Greenland.
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coasts of Greenland. Much work remains to be done
with the station data but low noise quantities are
already quite apparent.

Because of the uniquely low background noise
associated with the Project Blue ice data, it was
decided to continue manned operations throughout
the winter until summer of 1967. Logistic opera-
tions began immediately to prepare the station for
the 4 months of isoluted winter operations. On
15 Qctober 1968, four station contractor persouns]
were rotated into the Inge Lehmann station to op-
erate the array during the winter period. A rudi-
mentary emergency lighting airstrip was hastily
installed to provide for any emergency evacuation.

Seismic event reports are issued daily by radio
to Thule and relayed by teletype to the USCGS
at Rockville, Md., for inclusion in the standard
ESSA seismie cvent bulletin. A new crew will
operate the station until mid-1967.

Observation Basis of
General Relativity

Dr. Erice Wricoip

AFOSR has supported studies in gravitational
physies for approximaiely a decade. Although
these studies have not lvomed prominently in the
nuclear physics program, the investigations have
oeen both interesting and varied. Theyv have, for
mstance, dealt with vosmological solutions of Ein-
stein’s equations, eflorts to quantize the general
theory of relativity, studies concerning the gravita-
tional collapse of stars as possible explanations for
the behavior of quasars, and efforts 1o test the gen-
era] theory of relativity experimentally,

Although the genernl theory of relativity has a
clear conceprual superiority over Newtonian gravi-
tation, it has been difficult to establisn the experi-
mental superiority of the theory. In this respect it
differs markedly from the special theory of rela-
tivity, which has been amply verified hy experi-
ment within its domain of validity. In order to
verify the general theory, phenomena must be ob-
served in moderate gravitational fields at high
speeds (in terms of the velocity of light) cr in
strong gravitational fields st moderate speeds, The

relevant gravitational parameter isw%?— where
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¢ is the Newtonian constant of gravitation, ¢ the
speed of light, Af the mass of the grovitating ob-
ject, and » the distance from its center. Even at the
surface of the sun this parumeter is only of the or-
der of 10-%, while at the surface of the earth it is
roughly 10°. Thus the avaiiabla gravitational
fields are extremely weak amd the Newtonian
theor, can be used to a high degree of approxi-
mation.

There are, hewever, three well-kiown tests of
the theory: The giavitational red shift, the deflec-
tion of starlight by the sun, and the precession of
the perihelion of the orbit of Mercury. The first
of these “tests” was shown by Einstein(/) to be
independent of the formalism of general rela-
tivity and to follow directly from any theory con-
sistent with the well-established(2) equivalence
principle, The deflection of starlight passing close
to the sun has been measured and the results, al-
though not completely consistent, are in rough
agreement with the predictions of the general
theory of relativity. The situation is better with
regard to the third test. The observed precession
of the perihelion of the orbit of the planet Mercury
agrees with the predicied value to within £ percent.
{In the other hund, Dicke(3) has proposed that the
precession of the perihelion of the inner planets
could in part be due to a very ~mall flattening of
the sun.

In order to remedy this paucity of observational
evidence, a new experimental test was proposed by
L. L Sehiff and W, M. Fairbank of Stanford's
Department of Physics. Some years ago, Schiff
(4), under AFOSR sponsorship, showed that a
perfect gyroscope, subject to no external torques
and orbiting the earth in a satellite, will experience
an “anomalous” precession with respect to the
fixedd stars as it travels around the eurth. For an
orbit of moderate altitude, the predicted shift of
the direction of the axis of rotation of such a gyro-
scope is only T seconds of are per year, A measure-
ment of this precession, which arises ws a resalt of
the ewrth’s mass “distorting space;time™ in its
neighborhood, would provide a test of the general
theory of relutivity essentially equivalent to, but
more =ensitive than, the detlection of light test. A
second much sualler anonwmlous precession {of the
order of 1,0) second per year) is due to the differ-
enice, according to Einstein's theory, between the
gravitational fields of n rotating and nonrotating
hody.
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William Fairbank and his colleagues W.
Hamilton and F. Everitt have been working for
sometime toward a gyroscope that will be able to
detect these very smail rates of precession. This
work, supported by AFOSR, is now rapidly pro-
gressing toward the point of being tried in prac-
tice. The gyroscope under construction should be
capable of being read to 0.0i seconds of arc and
should have a drift rate due to all external torques
of less than 0.01 second of arc per year. The
experiment should give a completely new check
to the general theery of relativity,

The technical problems are enormous and can
only be solved by placing the gyroscope in a satel-
lite, where it is possible to reduce the effective
gravitational field sufficiently to reduce the
support torques to the required level. To reduce
the drift from the gravity gradient torques, which
eXist on any norspherical gyroscope whether it is
in a satellite or on the surface of the earth, it is
necessary to have the gyroscope as perfectly
spherical as possible. This, unfortunately, pre-
sents a severe readout problem sinee normal read-
outs require knowing the position of the axis of
rotation with respect to the ball. For a perfectly
spherical ball the moments of inertia of all the
axes of the ball are equal and it is impossible to
anticipate about which axes the gyvroscope will
spin,

Fairbank realized, however, that the so-called
London motneat could provide a unique way of
solving this readout problem. Lor lon's (5) theory
of superconductivity predicted that a spinning
superconductor would spontaneously develop a
magnetic monment of 10”7e gauss along its axis of
spin, where w is the frequency of rotation of the
body. The existence of the London moment was
demonstrated in 1964 by Bol and Fairbank (6),
supported by AFOSR, as well as by Hildebrandt
(7), and by King, Hendricks, und Rorschach (8).
The London moment is very small and to achieve
the required readout accuracy, a supercondueting
magetometer with a sensitivity of 10-*° gauss wrne
deveioped at Stanford (9). This would allow an
acenracy in readout of 0.1 second of are for a
superconducting ball spinning at a frequency of
440 radians per second (38,000 rev/minute). The
sensitivity can be increased to at least the required
1,01 second of ure by averaging over a year or hy
reducing the noise temperature in the amplifier
to liguid helinm temperatures,

Since external magnetic fields would interact
with the London moment causing a precession of
the gyroscope much larger than the desired level,
all external magnetie fields must be excluded from
the vicinity of the gyro. This has been made
possible by another unique featurs of super-
conductors also predicted by lLondon. He sug-
gested (5) that the flux in a superconducting ring
might be quautized in units of 4 x 10~ gauss em*®
due to the long-range order in the momentum of
electrons. In 1961 Deaver and Fairbank (10) at
Stanford and Doll and Nibauer (//) in Germany,
discovered that the flux trapped in a superconduc-
ting ring was indeed quantized, but in units of
2 x 107 gauss cin®. This factor of 2 is due to the
pairing of electrons in a superconductor and it
provided a very substantial verification of the
theory of Bardeen, Cooper, and Schrieffer (12).
This discovery made po<ible for the first time the
attainment of regions in which the magnetic field
1s truly zero. Ieaver and Faichank observed that
the flux trapped in the hole in a small supercon-
ducting ecylinder is zero if the cylinder is made
superconducting in a magnetic field of such size
that the flux in the hole of the eylinder is below
half a flux unit. The Stanford group has used this
unique property of superconductors to design a
zoro magnetic field facility (9) in which the am-
binet magnetic field will be less than half a flux
unit. An experiment where it is desired to obtain
zero magmetic field can therefore be surrounded by
a superconducting shield, placed in the zero mag-
netic field facility, and then cooled below the
transition temperature of the shield. When the
magnetic shield becomes superconducting, it will
trap no flux and inside the shield there wiil be a
region of zero magmetic field.

The actual gyvroscope will consist of a very
homogeneons  amd  spherical quartz  ball, 1.5
inches in diameter and coated with a thin layer
of niobium. The hall, electrostatically supported
across a supparting space of 1.5 thousandths of
an inch, is spun up in vacunm when in the super-
conducting state by helium gas jets. The entire
gyroscope is surrounded by a superconducting 4-
inch dimmeter spherical magnetic <hield from
which the lnst quantum of flux has been excluded,
The superconducting loop .f the readour mag-
netometer {9) introduces ¢ «i inlly no losses in
the ball. The gyroscope at:l reidout Toop are made
an integral part of a quarty telescope, which will
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be vsed to compare the axis of the gyroscope with
the position of the stars. Both the telescope and
gyro will be operated at liquid helium tempera-
tures. The complete satellite experiment, supported
by NASA after initial AFOSE support, will
include four gyroscopes, two checking the farger
effect due to the satellite’s motion around the earth
and two for checking the earth’s rotation eflect of
0.05 second of arc per year. The experiment will
be kept cold for more than 1 year by approximately
75 pounds of liquid helium.

If the gyroscope is at rest in an earthbound
laboratory, the earth’s rotation carries the gyro-
scope through the earth’s gravitational fleld, and
the magnitude of the first “anomolous™ preces-
sion would be roughly 0.4 second of arc per year,
rather than 7 seconds per year. However, due to
support torque problems, none of the existing
gyroscopes are anywhere near sensitive enough to
carry out an earthbound experiment. At this stage,
the Stanfoxd group revived the well-known idea
that a spinning nucleus is a gyroscope which
suffers none of the usual torques caused by the
necessity of supporting the gyroscope againet
gravity forces. However, there is one serious diffi-
culty with a free precession nuclear gyro, and that
is the overwhelming te:que due to external mag-
netic fields. Since = nucleus is very light and pro-
duces a relatively large n:agnetic field along its
axis of spin, a very weak external field can make
the nucleus precess at a high rate. For instance,
a He* nucleus wi!! precess at a rate of 20,000
radians per second per gauss if the external
field is at right angles to the He* magnetic moment,
Calculations show that in order to do the rela-
tivity experiment with a He® nuclear gyro, the
external magmetic field would have to be reduced
to at Jeast 3 x 10-'% gauss. Previous attempts to
make free precession nuclear gvroscopes have
failed because of the impossibility of making the
ambient magnetic field sutficiently small. The dis-
covery of quantized flux has suddenly changed
all this.

The Stanford group under Fairbank and sup-
ported by AFOSR has designed such a free pre-
cession He® gyroscope.(9) It is necessary that the
relaxation time of the He® nuclei be longer than
a year. This cun be satisfied by dilating pure
liquid He? in 10° parts of the completely nonmng-
netic He*. The He* nuclei must also be polarized
so that essentially all their spins are pointing n
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the same direction. This can be uchieved either by
optical pumnping or hy conling them to 0,01° K,
in the held of 100 kilognuss. The magnetic field
preduced by the polarized He® nuclei, although
an crder of magyitnda smaller than that produced
by the superconducting gyro discussed previously.
will have its direction monitored by a detection
eircttit basically the same as that used for the
superconducting gyro. Modifications are intro-
duced into the detection ~ircuit in order to prevent
it preducing a magnetic disturbance which can
react significantly back on the He® nuclei. (These
modifications are discussed in some detail in ref-
erence 5.) The He® gyro, approximately 0.2 inches
in dinmeter, is shielded by n earefully constructed
superconducting maygnetic shield -13, inches
in diameter. Even if care is taken to eliminate all
ferromagnetic materials, it is estimated that the
magnetic field due to the He® nuclei and reflected
from the spherical shield back on the nuclei will
have a disturbing effect equiveient to somewhat
less than 10 guuss. Therefore, the apparatus
presently under construction will not be sufficiently
perfect to perform the relativity experiment, the
expected drift rate being of the order of 0.07
second of arc per day.

Although the apparatus will not be sensitive
enough to perform the relativity experiment, the
nuclear gyro will make possible a new important
test of one of the fundamental symmetry laws i
physics. This symmetry law, the principle of time
reversal invariance, has been considered valid for
all the interactions found in physics. Recently,
however, high-energy experiments (73) have
shown that time reversal invariance may be vio-
lated in the weak interactions or in the electro-
magnetic interactions. Now a nucleus with a non-
zero angular momentum, such as He®, will have a
permanent electric dipole moment only if the
principle of time reversal invariance is violated.
(For a simple classical argument demonstrating
this, see Schiff, /;). However, should He® have
an electric dipole moment, a strong electric field
applied across the gyro should cause the He?
nuclei to precess. The Stanford experiment,
plaaned by Fairbank and Hamilton,will be a direct
and extremely sensitive test of the principle of
time reversal invariance.

In conclusion, as Fairbank(9) has smd: -

* % * wo see that the basic discuvery of
one of the fundamental properties of super-
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conductors, the property of macroscopic flux
quantization, has led to the possibility o/
making a truly zero ma; 1etic field region and
a readout such that a free precession nuclear
gyro can be made which in principle has very
much smaller drift rates than any known man-
made gyroscope and which is unatfected by
linear accelerations. The peculiar properties
of a superconductor with respect to a mag-
netic field developed along its rotating axis
and the associated perfect magnetic shields
give rise to the possibility of a gyro in space
which is more sensitive than any existing
gyroscope. These t wo gyroscopes in turn make
it possible for the first time, a test of the
equations of motion in Einstein's general
theory of relativity, and a new test of the
fundamental symmetry law of time-reversal
invariance. So we have come full sweep, =
fundezmental experiment makes possible a
practical application, which in turn makes
possible a still more fundamental experiment.
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Cosmic Ray Physics

Maa. Joseru E. GorreLL

Cosmic rays were discovered in 1912, but little
cosmic ray research was accomplished for the next
two decades. Then as man's knowledge of nuclear
physics increased and better scientific instrumenta-
tion Lecame available, research in coswic ray phy-
sics substantially increased. During this early
period, most research was directed primarily to-
ward the determination of the composition, origin,
and energy spectrum of the cosmic rays. These
areas are still under study today.

In recent years, however,cosmic ray research has
received additional emphasis because of its rela-
tionship to other scientific fields. For instance, the
Air Force and NASA desire to know the cosmic
ray hazard to manned space flight. High-energy
physicists wish to use cosmic rays to learn more
about the elementary particles. (Indeed, many of
the elementary particles were first disccvered in
cosmic ray research.) Also, the cosmologist is
interested in cosmic rays as a means of providing
information useful in the formulation and verifi-
cation of cosmological theories.

AFOSR has supported cosmic riy research
since 1952. During this time the funds allotted to
cosmic ray research have increased from approxi-
mately $150,000 per year to $650,000 per year. Ini-
tially support was limited to projects which used
cosmic rays for the study of elementary particlss.
However, after the launching of the first manmade
satellite additional funds were allocated to support
research In the space environment aspects of cos-
mic radistion. Today the AFOSR program sup-
ports research in most areas of coswiic ray research
that are of relevaace to the Air Force and of cur-
rent scientific interest.

Perhaps the best way to indicate the contribution
of AFOSR-sponsored cosmic ray research to man’s
knowledge is to discuss bricfly the work of a few
of the scientists supported in the AFOSR program.
One group at the Enrico Fermi Institute for Nu-
clear Studies at the University of Chicago has
been supported for many years and has made
valuable contributions to science. This group is
directed by John A. Simpson and has heen inter-
ested primarily in the low-energy components of
cosmic radiation, i.e., particles of less than 1 BeV,

Initially the Chicago group was interested in
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obtamning data on the neatvon intensity in cosmic
radintion. Instrumentation: was carried aloft in
high-flying aircraft and also placed in ground
laboratories at various altitudes and latitudes. The
ground stations ranged from: Chicago to Huan-
cayo, Peru, and were later expanded to include Fu-
ropean stations and shipboard stations, The neu-
tron detector used was designed by the Chicago
group and was adopted as a standard detector for
worldwide measurement in the International Geo-
physical Year,

Starting in 1959 this group entered the satellite
program by placing scientific instrumentation on
NASA satellites. The direction of research also was
modified toward obtaining charged particle <pec-
tra and fluxes encountered in oibit. This program
has led to several major accomplishments. One was
the careful mapping of the earth’s outer magnetic
field as opposed to surface measurements of the
magnetic field. By establishing that large dif-
ferences exist between geomagnetic coordinates at
ground level and those in the outer field, it was
possible to clear up many seeming anomalies that
had existed in the data on cosmic ray intensity
distribution.

Another notable accomplishment of the Clicago
group was the gathering of the most definitive
data known on the cosmic radiation associated with
the giant solar flare of 23 February 1956, That
produced the fifth and largest major increase in
cosmic radiation since the first observation of this
phenomenon in 1942. Extensive data were taken
from ail the ground measurement stations, and,
because of an alarm system developed by the re-
searchers, they were able to release a balloon that
re~ched 90.000 feet over Chicago to gather data
during the time of intense cosmic ray activity.
The insight gained by the analysis of this solar
flare data has led to a greater recognition of the
solar contribution to primary cosmic ray flux. For
example, it was determined that the Forbush de-
crease (a sharp intensity and spectral change in
cosmic radiation that occurs during magnetic
storms) is of solar origin. It had previously been
thought that this decrease was associated with
the earth’s magnetic field in some way. As this
example suggests, cosmic ray research often pro-
duces important new knowledge about other re-
lated fields. In this case the cosmic rays serve as a
magnetic field probe and the data obtained have
direct application on rndio communication studies
and space vehicle guidance and radiation hazards.
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The most recent accomplishments of the Chizago
group concern the experiments placed aboard four
satellites: Interplanetary Monitor Platform IITT
(IMP-III), Orbiting Geophysieal Observatory
11 (OGO-ITI), Pioneer 6 deep space probe, and
Mariner IV, The instruments placed aboard these
spacecraft are obtaining information as to the com-
position and abundance of cosmic rays. This in-
formation is proving to be of great value to many
areas of science. For example, Mariner I'V, looking
for trapped radiation near Mars, determined that
the magnetic field of Mars is less than one one-
thousandth the earth's field.

Another group that has produced significant re-
sults under AFOSR sponsorship is at the Univer-
sity of Rochester under the direction of M. F. Kap-
lon. This group has collected data from balloons
and ground-based equipment and has been con-
cerned primarily with the high-energy components
of cosmic radiation. (This is the part of the cosmic
ray spectrum of most interest for the study of
nuclear interactions.) The early work of this group
helped establish the fact that light element nuclei
(lithinm, beryllium, and boron) were present in
the cosmic roys. Whether the light elements are
primary cosmic rays or are produced as fragments
from nuclear interactions is still not known.

In recent years the Rochester group has been
studying the energy spectrum, the composition,
and, where possible, the isotopic structure of the
charged primary cosmic rays. This is accomplished
by using balloon and satellite-borne lithium-
drifted solid-state detectors, scintillators, and
Cerenkov light detectors. The charge composition
18 & very useful parameter since the existence of
rare components such as H3, He®, Li, Be, and B are
used in formulating models suggesting the origin
of cosmic rays.

Also of importance is the work done by the
Rochester group in the detection of high-energy
primary gamma rays. By means of a gamma Tay
telescope carried aloft by balloon, it was found
that very few, if any, high-energy gamma rays
were emitted by the Crab Nebula, a celestial body
that could conceivable be a source for such radia-
tion. Their experiment yielded the lowest value for
an upper limit on the high-energy gnnma flux
from that nebula.

The AFOSR cosmic ray research program has
included several foreign projects. One such project
is the partial support of a cosmic ray laboratory
on top of Mount Chacaltaya near La Paz, Bolivia.
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This mountaintop laboratory is the highest such
facility in the world (17.200 fi.) and is located
witlLin four degrees of the geomagnetic equator.
Since the lboratory is accessible year round and
the wind veloeities are rather low, this facility is
quite suited for cosmic ray research. AFSOR has
supported research directly at the labhoratory on
costic ray iptensity variation studies in addition
to supporting a Inrge experiment conducted there
by a group at MIT under the direction of GGeorge
Clark,

The intensity variations research under Ismael
Escobar collected data for several years on the cos-
mic ray intensity as well as temperature and pres-
sure data taken by radiosonde equipment. Those
data supplied evidence that the source of daily
variations in cosmic ray intensity was due to extra-
terresirial effects.

The MIT group established special equipment
on Mount Chacaltaya to study extensive air show-
ers. {A shower of particles is caused by a high-
energy cosmic ray particle interacting with the
atmosphere and producing a cascade of many sec-
ondary particles that impinge upon the earth over
a large area.) The equipment consisted of an array
of symmetrically arranged scintillation detectors
connected to a common recording station. This air-
shower array was ‘he highest elevation array ever
established. The results of the data obtained from
this array showed that the structure of air showers
at this altitude varied markedly from that at sea
level. This led to 2 much better understanding of
air-shower development and how elementary par-
ticles interact at extremely high energies.

This air-shower experiment led to another ex-
periment called the Bolivian Air Shower Joint Ex-
periment (BASJE) which had the primary objec-
tive of gathering data on the high-energy gamma
ray component of primary cosmic radiation. Very
high energy gamma rays are hard to detect but are
of interest because they are uncharged (unlike
most cosmic radiation) and are therefore not in-
fluenced by interstellar magnetic fields. They
should travel directly from their source to the
earth. Hence, if their arrival direction is obtained,
the direction of the source of the cosmic rays can
be determined, Also, since the production of high-
energy gamma rays is likely to eccur only under
very special conditions, the source of such rays can
tell something of the nature of steliur processes.
Another reason gamma rmy astronomy n.ay be of
value is that it could provide information about the

center of our own galaxy. Optica] telescopes can-
not view the center of our galzxy hecause of the
grea: amount of interstellar dust which makes this
region opaque to visible light. High-energy pamima
rays, however,can penetrate this dust.

The BASJE experiment is still in progress and
the data is being analyzed, Results thus far indi-
cate that there are sir showers of low muon con-
tent that appear to be produced by primary
gamma rays. .\ search is being made to determine
if these shewers are produced by gamma rays
emanating from certain regions in the celestinl
sphere. The results of this exj,eriment will be of
great value to cosmologists and other scientists,

Another foreign research project supported by
AFOSR is a jroject located in Australia which
is under the direction of C. B. A, McCusker. This
experiment has the purpose of investigating ex-
tensive air showers. One part of the experiment
is designed to study the core of the air shower.
A 60-square-meter array of 60 plasti- scintillators
is used for this purpose. The vesults thus far indi-
cate that the core of an air shower varies according
to the type of primary particle which produces the
shower. A primary proton will produce one con-
centrated area of secondary shower particles with
a diminishing number of particles extending out-
ward from this central point. However, a primary
cosmic ray deuteron will break up into two par-
ticles upon entering the atmosphere and will pro-
duce a shower pattern of two concentrutions of
secondary particles. Indeed, of the primary pari
cle is an iron nucleus one would expect that the
core of the -hower would contain approximately
56 conrentrated areac of secondary particles, each
as a result of the 56 nu-leons in the irca nucleus
being torn apart upon impact with atmospheric
ruclei. These results of the nature of air shower
vores was first published by the Syduney group and
other groups throughout the world are confirming
them.

The second part of this experiment is a study
of shower size and energy spectrun. The largest
air-shower array in t:e »orld is being constructed
in Austrulia tr: Jetect showers produced by parti-
cles of a 10 eV, (100 billion billion electron
volts). This array of detectors will be spread over
an ares of 100 square miles. It is anticipated that
an upper limit may be found for cosmic ray par-
ticles and that these cxtremely high-energy parti-
cles will originate frua. certain ureas of the
celestinl sphere, since particles of this energy are

131




not muen deflected by magnetic fields. The results
of this «xperiment will be of great scientific value
and they will be unique, for no other army of this
size is under construction or even contemplated
at this time. In addition, this array will provide
a unique facility to calibrate other air-shower
experiments such as those that detect the radio
emission, Cerenkov light, or scintillation light pro-
duced by an air shower.

The preceding examples of AFOSR-sponsored
cosmic ray research do not, of course, give a com-
plete picture of the work being nccomplished by
these groups. In a report of this scope, it is im-
possible to mentio all those supported by AFOSR
who are contributing to scientific knowledge in
general and to the Air Force mission indirectly.
AFOSR program has made unique and valuable
contributions to the knowledge of cosmic rays and
to the related fields of space physics, elementary
particle physics, astronomy, and cosmology. With-
out Air Force support, there is no doubt that
knowledge in these fields would be significantly
less than it is today.

Theoretical Elementary
Particle Physics
Carpr. Doxawp R. LEnmax

For the past 14 years, the Air Force has played a
sigmificant role in the support of scientists working
in the area of elementary particle physics. Ini-
tially, the primary emphssis was experimental
elementary particle physics; but in the early
sixties, due to increased costs in the accomwlish-
ment of experiments and relatively stationary
budgets, emphasis shifted to a program primarily
involving throretical efforts. Today, the subjuets
of these projects range over the spectrum of topics
on the forefront of elementary particle physics
research.

The purpose of this article is to discuss in a
broad manner the main avenues of research in ele-
mentary particle physics and to give examples of
work completed or presently being pursned by
AFOSR grantees and contract-:x in these areas.
The text is divided according to the n.sthads of
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approach to the elementary particle problem;
namely, quantum field theory, N-matrix theory,
and symmetry principles or the algebraic ap-
proach. Following a brief description of each par-
ticular approach, an example of work in that ares
sponsored by AFOSR iz described.

The goal of tiieoretical particle physics is to
formulate a theory to account for and classify the
proliferation of elementary particles which have
been experiinentally detected in the past 5 years.
The problem of finding u single theory to explain
the properties of and to account for the 100 or more
elementary particles is pursued by the methods
mentioned in the previous paragraph: Quantum
field theory, S-matrix theory, and syminetry prin-
ciples. To be absolutely correct, one cannot in the
strict sense call any of these a theory, because none
has succeeded in doing more than yielding an un-
derstanding of some small area of theoretical par-
ticle physics. Furthermore, they are not mutually
exclusive, but overlap in many ways.

The three main approaches described above have
as their foundation the principles of quantum
mechanics and special relativity, neither of which
seems to be challenged by experiment to date.
Within this framework, the desire is to find & uni-
fied description of the four types of interactions
which are responsible for the physics of the ele-
mentary particles and their propertics. These
interactions are classified according to their rela-
tive strengths: strorg, 1; electromagnetic, 10-%;
weak, 10-**: and gravitational 10-*, Primarily,
eﬂon is centered on tha de\elopment of a theory
of the strong and weak interactions, since quantum
electrodynamics seems at present to be an adequate
lheor3 for the description of the electrmnugnehc
mtermtmn, and the gravitational interaction is
too weak to be considered of importance at this
stage of investigation.

Quantum Field Theory

The use of the cancepts of rvelativistic quantum
field theory to describe the strong and weak inter-
actions has its background in thie success of quan-
tum electrodynamics. Quantum electrodynamics
is the quantum version of the classical field theory
of electroinagnetism. It ascribes to the electmmag-
netic force. The photon is a particle of zero-mass
itself in the photon, the carrier of the electromag-
netic foree. The photon is a pnmok' of zero-mass
and the electromagnetic interaction or force is long
range.




The application of quantum field theory to
dexcribe the strongly and weakly interacting par-
ticies is accomplished throngh analogy with quan-
tum electrodynamics, The theory is based on a num-
ber of Lasic “matter-fields” to describe the particles
and their interactions. Thess basic fields are then
raised to guantum status by means of certain
mathematical relations and from this, the particle
interpretation emerges just as in the case of the
photon. However, the force carrying particles are
massive and as a conhsequence, the short-range
character of the strong and weak forces is obtained.

The concepts of quantum field theory are used in
many different problems. Recently, J. Sucher of
the University ~f Maryland and G. Feinberg of
Columbia University studied the long-range forces
acting hetween pairs of particles. at least one of
which is neutral and spinless (i.e., it has no angu-
lar momentum). This work (7). supported in part
by the nuelear physics division of AFOSR, was
pursued to establish whether or not such long-
range forces are presently observable in particle
physics. It turned out that for the particle physics
problem they considered, namely. the long-range
force between K-mesons, the long-range effects
were not detectable. However, another interesting
result was obtained from this work concerning the
long-range forces between two neutral molecules,
cailed van der Waals forces, which determine the
macroscopic properties of matter such as surface
tension, viseosity. and solubility.
The first quantitative theory of van der Waals
forces was advanced by the German physicist,
Fritz London, in 1930 (2). In this theory, & par-
ticular dynamical model is assumed and the inter-
molecular forces arise from the electrostatic inter-
action between two dipoles. The energy of the in-
teraction turns out to be proportional to r-* and the
force to ", where r is the distance between the
bodies. London’s approach is not valid at large
separations due to the neglect of the retardation
effects in the interaction between the two neutral
systems. The retardation effects were first con-
sidered by the Duteh physieists, H. G. B. Casimir
and . Polder in 1948 (2). Casimir and Polder
found that, at relatively large distances, the inter-
action energy and the force are proportional to

v’ and r, respectively. in contradiction to the

London expressions.

The mere comprehensive quantum field theory
caleulationg of Sucher sud Feinberg yielded a more
general result. Their work proved that the result of

Casimir and Polder concerning van der Waals
forces is independent of the detailed dynamical
models for the individual interucting systems.
However, due to the binding of atoms by electro-
magnetic interactions, there is an exponential
term in the expression for the interaction energy
which may dominate the interaction potential for

many atomic radii before the r-* terms become of
importance.

S-Moftrix Theory

The S-matrix theory. or scattering-matrix the-
ory, approach dces not deal #ith the elementary
particle problem at nearly the basic level as the
quantum field theory approach. The aim 1s to rely
on empirical results of one experiment to predict
the results of another, while learning about the
various interictions without making assumptions
concerning their nature beforehand. Experimental
quantities, such as cross se:t:ons, are used to learn
about the properties of the interactions and to de-
duce their nature. Of course, the hope is that this
“black box™ approach will ultimately give the clues
for development of the correct theory to describe
the elementar; particles and their interactions.

One technique employed to carry out the above

program is the use of dispersion relations. Dis-
persion reiastions (4) had their first applications
in optics, where through such a relation, the index
of refraction is related to the ahsorption coefficient
of a given medium. Similarly, in the description
of a particle scattering from s scattering center,
one c1n utilize the wave character of the particle to
relate the scattered wave to the wave describing
the particle before interaction with the medium.
This is called a single-dispersion relation. In 1959,
the single-dispersion relation was extended to a
double-dispersion relation by Stanley Mandle-
stam. who was a member of a theoretical group
sponsored by AFOSR at the University of Cali-
fornia, Berkeley. This work made it possible to
consider more complicated particle interactions.
It is also interesting to note that these same tech-
niques have applications in the propagaticn of
radiation in the atmospbere, shielding problems
and electrical systems.

One theoretical physicist who has played an im-
portant role in the development and application
of dispersion relations in particle physics is Mar-
vin (Goldberger who is principal investigator on
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an AFOSR contract at Princeton. The Mandle-
stam dispersion techniques permitted Goldberger
and his associates to relate such thing. as scatter-
ing amplitudes of certain physical processes to the
absorption amplitudes of related processes. These
rasults sllowed many inferences to be drawn con-
cerning the properties of the interactions. Accord-
ingly, such topics as the electromagmetic structure
of the nucleon were studied exhaustively.

More recently, dispersion techniques have been
used in conjunction with the algebraic approach
to the elementary particle problem.

Symmetry Principles

The symmetry principles approach embodies the
attempt at finding algebraic principles and ap-
proximate conservation laws as an aid to discover-
ing what the correct elementary particle theory
may be like. The experimentulist classifies particles
and particle resonances into a multiplet structure
(similar to atomic spectra multiplets) aceording to
some conser-ed quantum property like parity. This
data permits the theoretical physicist to identify a
possible mathematical group to represent the in-
variance group of the underlying dynamics. Once
this is accomplished, results which can be verified
by experiment are calculable.

The algebraic rathod involves the use of Lie
groups and their representations. Lie groups were
developed in the 19th century by the Norwegian
mathematician Sophus Lie. The basic concept, the
group, i= defined as u set. of operations possessing
the property that any tw< of them performed in
suceession are together equivalent to another op-
eration belonging to the set, A representation of a
group is & st of numbers and a rule of transfor-
mation of these numbers such that each vperation
of the group produces a well-dejined transforma-
tion of these numbers. Wirh these two basic ideas,
the theoretical physicist, aided by the work done
by mathematicians on group theory, is prepared to
apply group theory to physical problems, This is
possible since the laws of quantum mechanics re-
quire that whenever a physical ohject has u sym-
metry, there is a well-defined group of operations

that preserve the symmetry, and the possible quan-
tum states of the object are then in exact ¢orre-
spondence with the representations of the group.
The algebraic approach has been very success-
ful in permitting the elaboration and prediction of
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numerous symmetry properties of the elementary
particles, The existence of families of related
strongly interacting particles; charge multiplets
and supermultiplets, as well as mass splitting rules
within the families have been predicted and veri-
fied by esperiment. Selection and intensity rules
for the production of the particles and their de-
cays through strong interactions have been de-
rived. However, some of the most recent and im-
portant results have been obtained by combination
of the algebraic method with dispersion tech-
niques best known as the algebra of currents,

The use of dispersion methods in the study of

symmetries was first developed {5) in 1964-65 by
G. Furlan (Institute of Physics—University of
Trieste) and S, Fubini (Institute of Pbysies—
University of Torino) under an AFOSR grant and
was later extended to a relativistic formulation in-
dependently by S. Adler, W. Weisberger {#/), and
5. Fubini, G. Furlan and C. Rossetti (7). Re-
cently, another application of these methods to
higher symmetry schemes has been pursued by G.
Segre, 8. Fubini, and J. D. Walecka (&) in col-
lnboration. Walecka is a member of a theoretical
group at Stanford University which is sponsored
by AFOSR. Many other applications have oc-
curred in the past year also.

The impact of the current algebra approach in
elementary particle physics has been particularly
significant in the theory of weak interactions and in
giving the physicist a deeper understanding of the
symmiry properties of elementary particles. The
scheme is based on » postnlate which was proposed
by Murray Gell-Mann (9) and can he used to derive
“sum rules™ invelving only experimental quanti-
ties, The firsi application of this new approach is
due to Adler and Weisberger () who derived a sum
rule relating the weak interaction ratio of the
renormalized axial-vector and vector-coupling con-
stants of g-decay to experimental quantities ap-
pearing in pion-nucleon seattering. The result is in
excellent agreement with the experimenta! value.
Further, Fubini, Furlan, and Rossetti (7. 70) have
obtained relations between the jsoscalar and iso-
vector anomalous moments of the nucleon and the
corresponding photopion production amplitude.
These relations also are in excellent agrecment with
the experimental values. In addition to these re-
sults, many other interesting spplications have
been completed or are in progress.

RIS AT P T B R 0 v e ny




4
;
:
»
¥
3
H
f
!
4
i
T
H

-

REFERENCES

i1} G. Felnberg and J. Sucher, Phys. Ker. 39, p. 1615
(1986).

(2) F. London, Z. 'hys. B0, p. 491 (1930,

(3) H G. B. Casimir and D. Poider. Phys. Rer 7%,
p. 360 (1948).

t§) References to the werk described in this article and
& dircussion of the basic ideas of dispersion theory
can be found in ch. 10 of Collision Theory (John
Witey and Sena, New York, 1964) written by M. L.
Goldberger and K. M. Watson.

(3) 8. Fubini and G. Furlan, Physica 1, p. 229 (1965).

(6) 8. Adler, Phys Rer. Leticrs 12, p. 1051 (1965). Almo,
W. Weisberger. Phys. Rcer. Letters 4, p. 1047
119653 .

(7) 8| Fubinl. G. Furlan, C. Roseetti, Nuors Cimento
40, p- 1171 (1963).

(&) 8. Fubini, G. Begre, J. D. Walecka, Ann, Phys. 39,
I 381 (1968).

t9) M. Gell-Mann, Physics 1, p. 63 (1964) .

t10) 8. Fubini, G. Segre, 1. D. Walecka, Vuotro Cimento
43, p. 161 (.986).

Crystal Nucleation and Growth

Lr. Con, Rarrn W. CoNNERs

Since the early 1960's AFOSR has supported
selected programs to study the process of crystal
nucleation and growth; techniques of purification:
mechanisms of impurity segregation, and density
and distribution of impurities; techniques for
forming precisely known compounds and struc-
tural imperfections of crystals. This broad pro-
gram has as its objective better understanding of
the ecrystal growth mechanisms and techniques
in order to advance the science and develop the
technology for making materials with the opti-
mum microstructure for certain desirable physical
properties of materials. In the past, much of the
work in the area of crystal growth was empirical
and a few scientists became experts growing cer-
tain selected crystals for their own use.

AFOSR has supported a program with William
A. Tiller, Stanford University, from 1961, first at
Westinghouse Reseanh Laboratories and lIater
Stanford University. This program, entitled
“Crystallogenics,” stands tor crystal genesis or the
birth and growth of <rystais. Progress has been
made in the area of nucleation, atomic kinetics,
solute manipalation, controlled fluid flow, inter-

tace mcrphology control, physical imperfections,
plase equilibria, and property and perfection
stuuies.

In the area of nuclcation, the effect of electro-
magmetic stirring during solidification has been
demonstrated as a practical means of achieving an
isotropic fine-grain texture in alloys (7). This
grain refinement produces a material with greater
homogeneity and increase in the physical proper-
ties. In the area of atomic kinetics several new
techniques have been devised for investigating the
difference bet ween the possible atomic mechanisms
during growth from the melt (2, 3). In the arca
of solute manipulation a quantitative analysis was
made of the effect of an electric field on the redis-
tribution of solute atoms during freezing and a
technique proposeu for measuring the effective
ionic mobility of solute atoms in the melt (2, 3).
In the area of controlled fluid flow, it has been
shown that by application of electromagnetic en-
ergy to a liquid melt, both the melt temperature
and its motion may be controlled. An analysis was
made on the influence of correction on the redis-
iribution of solute during the freezing process and
a consistent mathematical formation developed
{2. 3). In the area of interface morphology con-
trol, two dominant principles that determine par-
ticular interface morphologies were postulated.
Some experimental support for these postulates
was also determined. (). In the area of physical
imperfections several mechunisms for disclocation
generation during crystal growth were postulated
and experimental support found. Sophisticated
X-ray techniques are being developed for more
exacting tests (4.6, 7). In the area of phase equili-
bra, solidification techniques were developed for
deter.aining the partition coefficients. tielines and
liquidus surfaces in multicomponent systems. In
the area of property and perfection studies they
have been able to show that a high probability
exists for the rearrangement of :dislocation tangles,
at slip-plane intersections in a metal, 1o a lower
energy array resembling a twin. This has consid-
erable significance relative to the fracture stress
of metals and to the estimation of stress from
basic data (8).

The product of the above studies has been
fargely scientilic understanding but has conteib-
uted to the beginnings of some practical applica-
tions of the freezing process to (a) ingot structure
control, (5} preparation of large polvmer single
crystals, and (¢) the ultea purification of water.
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It can be predicted from the study of the freez-
ing process coupled with electromagnetic stirring
of molten metals and alloys that improved ingot
structure, improved ingot yield, and lower produc-
tion costs through well controlled and automated
processes will come about and replace the some-
what backward ingot pr:ctice and foundry tech-
nology existing today.

Another product of the freezing process was a
method of growing J.rge single crystals of selen-
ium, an elemental semiconductor which fails to
grow at adequate rates upder conventional lahora-
tory conditions. The selenium molecule in the
lignid has polymer-like properties, and whatever
the wethod of crystallization, the experimentalist
must dea] with the fact that the molecules in the
liquid medinm ahead of the crystal may be in the
form of chains of varying length, and varying
degrees of kinkiness or in the form of closed rings
of eight selenium atoms. In order to grow & single
crystal, the interface must be able to select the ap-
propriate molecular entity length from this me-
lange. At room temperature the selection process
s sluggish, and the crystal grows slowly. To
speed up the growth of single crystal selenium a
different approach was taken. This process in-
valved the use of pressure and higher temperatures
in a closed system. .After extended experimenta-
tion, it was found that a pressure of about 5,000
atmospheres was needed. At this pressure and a
temperature of 342°C. the researchers were suc-
cessful in growing a single crystal of selenium of
about 1 centimeter and 10 centimeters in length.
These crystals are of ample size that sclid state
scientist: (9) now have a material with which thev
can perform reproducible experiments and con-
trolled measurements of the electronic structure
and the semiconducting properties of selenium.

A program under the direction of F. P. Jona,
International Business Machines, had as its objec-
tive improving the fundamenial understanding of
the various mechanisms that are at work when a
crystal grows from the vapor phase by way of one
or several chemical transport reactions. This
work is divided into equilibrium studies, vapor
transport studies, and surface studies.

The specific vapor-growth systen.s chosen were
ZnS-1, Si-HCY and Ge-I or Ge-Br systems. In
addition, considerable effort wasx expended to
simpler, solvent-free vapor—growth svstems such
a8 Ge-GaAs and Si-8i. A simple method was devel-
oped for the determination of chemical equiiibria
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that invelves weghtless measurements. The meth
od was tested successfully on the (e-T system and
then used to elucidate the Ge-br system (/9). The
equilibriwn behavior of the Si-HCI system was
elucidated from published thermodynamic data
and found to explain satisfactarly a number of ex-
perimental facts (77). Also studied was the equi-
librium in the Ge-(ia-I system which is used for
the growth of heavily doped epitaxial layers (/2).

Kinetic measurements of the transport. rate were
carried out in the system ZnS-I and the effects of
temperature, nressure, and geometry were investi-
gated. Uiffusion-controlled vapor iransport theory
was tested successfuliy and the onset of convective
effects demonstrated (73). Vapor-transport theory
was confirmed also by the experiments with the
systems Ge-Ga-I, which provided useful rules for
the growth of heavily doped germanium (74). Fur-
ther confirmation of vapor transport theory was
provided by kinetic measurements in the Ge-I
system, wheieas some surface effects were detected
in the (te-Brsystem (75).

The interaction between diffusion limitations
and surface effects was elucidated theoretically,
and orientation-dependent growth rates even den-
onstrated experimentally (76). However, all at-
tempts at measuring the dependence of growth rate
upon supersaturation failed. No experimental
technique was developed that would allow meas-
urement of both temperature and thickness of a
substrate growing under surface-limited condi-
tions. Consequently, quantitative studies of the
effects of poisoning agents upon the growth rate
could not be carried out. Since the study of measur-
ing the dependence of growth rate upor. supersat-
uration failed, their direction was chai«d to the
nature and crystallographic characteristics of
semiconductor surfaces and to the measurement of
this chemical reactivity. For the former study, a
rew display-type low-energy electron diffraction
(LEED) equipment was used to develop tech-
niques of preparation of atomically clean surfaces
(17). The crystallographic characteristics of sev-
eral semiconductor surfaces were elucidated (78)
and this led to a study of the nature of surfaces of
semimetals.

A program under the direction of A. C. Beer at
Battelle Memorial Institute studying high-mobil-
ity low-melting-point group II1-V compound
semiconductors has been supported since 1980.
These investigations have provided:

Reasonably conclusive identification of the
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residual defe_t in GaSb as a type of antistruc-
ture, e.g., Ga atoms in Sb sites.

Development of special techniques which en-
able preparation of GaSb crystals having an
order of magnitude lower conceiitration of the
residual acceptors, with large increases in the
hole mobility.

Achievement of relatively uncompensated
n-type crystals of GaSb exhibiting a room-
temperature mobility of 6,300 cm */volt-sec., a
value substantially larger than has been re-
ported elsewhere.

Elucidation of scattering mechanisms in the
above n-type material, which illustrate the im-
portance of effects arising from the subsidiary
conduction band, including screening of Cou-
lomb interaction.

Analysis of electronic scattering in moder-
ately doped InSb which revealed the influence
of electron-electron interactions and the non-
parabilicity of the conduction band. .

The success achieved in growing single crystals
of GaSb from nonstoichiometric melts now permits
production of improved GaSb with electrical prop-
erties superior to these previously attainable.

The ability of improved GaSb should also in-
crease its usefulness in device applications. For
example, interesting studies are appearing regard-
ing acousto-electric properties of GaSb.

H. Steinfink at the University of Texas has been
studying crystal chemistry ot the systems rare
earth—groups V and VI elements. The aim of this
effort is directed toward the correlation between
crystal-chemical parameters and the physical be-
havior of the materials. An initial step to study
the connections existing between structure and elec-
trical conductivity was carried out with the inter-
mediate phases of LaTe . (/7) and NdTe ; and the
solid-solution series existing for this composition.
It was shown that the stoichiometric 1:2 composi-
tion has the highest electrical conductivity and
that it decreases as the tellurium concentration
decreases. A detailed X-ray structure study was
made to see what relation exists between the
changes in the structure as the tellurium is removal
and the physical behavior. The first step was a
precise structure determination of the stoichio-
metric composition and involved the measurement
of three-dimension X-ray diffraction data. This led
to the ambiguous assignment of the rare earth ions
and of the metallic ions in the structure. It was
shown that one of the crystallographically inde-

238-683 O - 87 - 10

pendent tellurium atoms displayed interatomic
contacts which could be reconciled with an es-
sentially metallic-type atom and the other tel-
lurium position were filled by an atom with ionic
characteristics.

The analysis of three-dimensional data obtained
from a crystal with composition of NdTe ,, (£20)
showed that the tellurium deficiency was created
by the statistical omission of the metallic-type
tellurium atoms, Thus, the removal of this type of
atom explains the observed decrease in electrical
conductivity and also explains the observed de-
crease in the “a” and increase in the “c” lattice
constants.

At the Virginia Institute for Scientific Research,
J. F. Kirn has been studying methods of crystal
growth fo. elements on which little work has been
done. Crystals of the alkali metals, sodium, potas-
sium, lithium, and rubidium have been grown by
the Czochralski technique both under high vacuum
and in purified argon. Rubidium crystals have also
been pulled under a blanket of oil in an effort to
reduce strain on the crystal seed by means of
buoyancy. A tachnique for growing alkali metals
to specific orientations has been developed.

Cobalt has been deposited epitaxially on large
surfaces of cobalt substrate by the reduction of
cobalt sulfate solution with hydrogen. Previous
problems of random nucleation have been overcome
by control of pH, agitation, and the addition rate
of the reducing agent. Areas as large as 1 square
centimeter have been achieved free of spurious
growth. Twinning still remains to be a problem,
but with some modifications to the equipment the
twinning may be overcome.

E. F. Carr at the Univerzity of Maine is study-
ing ordering of molecules in the anistropic phase
of liquid crystals. The primary objective of this
investigation is to obtain a better understanding
of the effect due to external electric and/or mag-
netic fields. The most significant contributions
thus far have been determination that the degree
of molecular alinement which can be obtained in
the anisotropic liquid phase using an external
electron field is the same as that which can be ob-
tained using a magnetic field. This comparison
was made with fields of such magnitudes that the
molecular alinement was saturated. A compari-
son of the electric and magnetic fields by produc-
ing molecular alinement shows the presence of
another alining process which is 2 function of the

electric or magnetic field. This process is not asso-
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ciated with the anisotrophy in the electric con-
stant or the permeability. Although this new proc-
ess cannot be justified theoreticaily, the experi-
menial results show that it can be described by an
empirical equation involving the electric and mag-
netic fields. Serious consideration will be given to
the possibility of obtaining molecular alinement
in the solid phase by cooling from the anisotropic
liquid phase in the presence of electric and mag-
netic fields.

At the University of Idaho, E. F. Sieckmann has
heen studying celor centers in single crystals of
alkaline earth oxiues. Single crystals of the alka-
line earth oxides are difficult to produce syrtheti-
cally because of their high melting points and ars
not found in nature due to their chemical reactiv-
ity with water. Sieckmann has been able to produce
single crystals of these substances and has meas-
ured the refractive indices of CaQ and SrO in the
visible spectrum at six different wavelengths (£7).

Attempts to produce coler center in these crys-
tals at room temperature by means of X-rays have
not been successiul, but he will attempt to radiate
the crystals at liquid nitroger temperature in hopes
that color centers can be formed at the lower tem-
perature. Electrolytic coloration of crystals of
CaO has been successful, and an optical absorption
band thus produced centered at about 6,500A° has
been obeerved.

R. Roy at the Pennsylvania State University
Materials Research Lahoratory has investigated
reaction mechanisms a. d kinetics in solid phase
reaction from 1,500-3,000° C. The most novel
single contribution has been the unambignous ex-
perimental establishment of the change >f a va-
cancy model defect solid to an interstitial model
phase shown for Zr(.-CaQ. Another contribution
was that the oecupancy of the interstitial sites in
CaF,-YF, solution has been confirmed by Four-
cies’ map techniques and final lsast squares refine-
ments were run on the IBM 7074 computer. Densi-
ties of natural and synthetic yttrofluorites have
been determined by means of a gradient tube with
Clerici’s solution. The density clearly shows that
charge neutrality is maintained mainly by the in-
troduction of anion vacancies.

The topotactic mechanism in the precipitation
reaction of Ga,0, from a spinel crystalline solu-
tion has been verified and quantitatively deter-
mined. It has been shown that the oxygen coantent
within equivalent transformation volumes in the
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matrix and the precipitate is consiant, supporting
the topotactic nature of the exsolution. This is fur-
ther substantiated by the close similarity of the
oxygen packing in the MgAlLQO, and -Ga.0); struc-
tures (22). The novel approach to topotaxy has
been the study of the reaction of single crystals of
B-Ga,0, (grown to 1 emsige) with MgQ in various
selected orientations to form the spinel MGa.O,.
This is also an example of the preparation of single
crystals of complex oxides by subsolidus solid
state reactions.

AFOSR programs in crystal growth have pro-
vided the scientific community with new knowl-
edge making it possible for researchers to grow
single crystals of known composition to perform
experiments.
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Interactions of Ultrasenic
Waves in Metals

Max SweRDLOW

In: the past decade a considerable effort has been
put forth in the field of solid-state physies to in-
vesigzate the dynamic properties of conduction
electrons in metals at very low temperatures. From
the point of view of fundamental physics, exper-
imental investigations under carefully controlled
environmental conditions are essential to the de-
velopment of a refined understanding of the de-
tailed interactions of these electrons with the host
ionic lattice of the inetal. Apart from this primary
purpose it is not difficult to envision the impact
which such thorough investigation might have on
the successful prediction of macroscopic transport
properties of metals of alloys.

A sotn.ewhat more specific objective has been the
study of superconductivity, an effect known ex-
perimentally for over 50 years, but one where man’s
understanding of the phenomenon has pregressed
rapidly only in the last 10 years. Truly systematic
studies of superconducting properties have been
possible only since the development of the first
adequaie theory of superconductivity by Bardeen,
Ccoper, and Schrieffer (BCS) in 1957 (7). Since
then, theoretical and experimental progress has
been rapid, and as superconductivity has become
better understood there have been advances of 1
applied nature as well, Chief among these has been
the development of extremely high critical field su-
perconducting alloys (type II) from which have
been fabricated wires used in the construction of
high field (100 kilogauss) solencids for laboratory
use (2). Other potential applications include such
things as high-speed switching circuits and memo-
ries for computers, perfect diamagnetic shields. d.c.
transmission of “ory large electronic power, a.c.-
d.c. power converters with superconducting recti-
fiers, very sensititive magnetometers, and f{riction-
less bearing =, gyroscopes, and accelerometers,

An important colorizing role has been played by
AFOSR in stimulating the rapid growth of tech-
niques and utilitization of ultrasonic attenustion
in research on the behav inr and properties of solids.
Shortly afier the first observations of electronic at-
tenuation of u! rusound iu metals by Bommel (3)
and by M.ckinnon {4). R. W. Morse initiated a

program of research on the electronic properties of
metals using ultrasonic techniques (5). AFOSR
sponsored the program at Brown University. Be-
cause of the pioneering nature of this research,
Morse and his colleborators made important prac-
tical contributions toward the development of ex-
perimental procedures and design of the necessary
electronic equipment needed for generating, reg
Iating ultrasonic waves, and detecting their inter-
actions with the electronic structure of metals,
Apart from the activity in the physics department
AFOSR also sponsored a group under the direction
of R. Truell in the Applied Mathematics Division
at Brown University. In 1956, the measurement of
fatigue in metallic structures was begun using the
inethods of ultrasonic attenuation. In the accom-
plishments that followed, Truell and his collabora-
tors developed a scheme for measuring the degree
of fatigue and predicting the fracture and probsable
failuro of aireraft structures,

Before summarizing the scientific contributions
of Morse's group at Brown University, as well as
describing the continuing research in this fiel at
Wayne State University and at the National Mag-
net Laboratory at the Massachusetts Institute of
Technology. both sponsored by AFOSR, a brief
résumé of the people involved will perhaps give
some indication of the manner in which sustained
university research support can influence the
growth of one particular area of scientific investi-
gation. The first Ph. D. from Morse's group at
Brown University was H. V. Bohm, who subse-
quently formed his own research group at Wayne
State University, also with AFOSR sponsorship.
There followed an additional six Ph. D.s froin
Brown University (J. D. Gavenda, M. T. Walker,
L. T. Claiborae, J. R. Leibowitz, M. S, Said, and
R. L. Thomas) and al] but one Las continued re-
search investigations of ultrasonic attenuation in
metals at other laboratories. R. L. Thomas is cur-
rvently associated with the Wayne State group.
There were, in addition, three visiting research
associates (T. Olsen, A. Myers, and R. Peverley)
at Brown University from foreign countries. All
of these scientists are currently working in this
area of research.

The early work of the Morse group stimulated
much activity; many other ultvasonic groups were
estublished and much theoretical and experi-
mental work wus started in this country and
abroad (£). Among the new grouj.s supported by
AFOSER was one at the Polytechnic Institute of
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Bracklyn under the direction of T. Kjeldaas, Jr..
who s concerned with the theory of the interac-
tions of high-frequency sound waves and electrons.
Another group in this country ig at the National
Magnet Laboratory at MIT working under the di-
rection of B. Lax are Y. Shapira (who received
his Ph. D. under B. Lax) and L. J. Neuringer. It
is, perhaps, of interest that the NMI. group and
the Wayne State University group have recently
been collaborating un a study of antiferromagmetic
chrommium (7).

The Wayne State group Las produced four
Ph. D’s (V. J. Eacterling, G. Kamm. and N. H.
Horowitz), Norman Tepley joined this group in
1963 after receiving his Ph. D. from MIT and is
currently coprincipal investigator with H. V.
Bohm. L. Mackinnon of the University of Essex,
England, joined the Wayne State group under
an NSF senior foreign scientist fellowship in
1963-64.

A fundamental aspect in the study of electrons
in metals is the role of the periodic atomic lattice
structure. The interaction between the conduction
electrons and the spectrum of thermal, elastic vib-
ration of this ionic lattice (“phonon spectrum™)
are the keys to an understanding of the basic prop-
erties and behavior of metallic conductors. In any
attempt to study these interactions through macro-
scopic transport phenovmena (e.g. thermal and elec-
trical conductivity), the entire vibrationa] spec-
trum, as well as the entire conduction electron
distribution must be taken into account. The ex-
perimental technique of ultrahigh frequency sound
propagation (or attenuation) and detection pro-
vides the physicist with a nondestructive, power-
ful prebe for studying electron interactions with
moncenergetic lattice vibrations. Under certain
conditions, it is possible to insure that the ultra-
sonic wave interacts with a spatially selective

" grouy of conduction electrons.

The selective electron-phonon interaction can be
studied as a function of several experimental pa-
rameters such as temperature, external magnetic
field strength, lattice impurity, etc. The experi-
ments which will be summarized in this article
utilized frequencies ranging from 10 megacycles
per second (Mc/s) to 10 gigacycles per second
(1 Ge/s=10,000 me/s). In all cases the measured
physical quantity was the uitrasonic attenuation
coeficient. In order that sound scattering be con.
fined primarily to conduction electrons, most ex-
periments were performed at 4.2° K. or below on
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samples of high purity. In metals at very low tem-
peratures, the attenuation of ultrasonic-frequency
sound waves is very large. The interesting feature
is that the attenuatiorn is caused by interaction of
the sound wave and the conduction electrons. Be-
cause of this, the attenuation has a strong depend-
ence on the magnitude of an applied external
magnetic field. Variations of the attenuation as a
function of applied magnetic field and/or tempera-
ture, can he interpreted to give information about
the Fermi surface of a metal und/or about the
superconducting properties of a metal or slloy.

The dynamics of the conduction electron system
are generally visualized in terms of an abstract
constant-energy surface in momentum space called
the Fermi surface. This concept derives from the
fact that electrons obey Fermi-Dirac statistics,
which require that the aliowed energy correspond-
ing to a given momentum vector gives rise to only
two quantum states. If one fills the allowed (quan-
tized) energy states in order of increasing energy
until all of the electrons per unit volume occupy an
energy state, to a first approximation, all the states
up to the Fermi energy Glled, all those above
the Fermi level are empty .. . ~trons. Thermal
excitations smear this clean distribution of elec-
trons demarked by the Fermi surface. In fact, those
electrons which are within the thermal energy
range of the Fermi surface are the only ones which
take part in transport processes, other transitions
within the filled “sphere” being forbidden by the
Pauli exclusion principle. In many real metals the
effect of the periodic atomic lattice structure is to
replace the simple Fermi sphere approximation by
multiply connected surfaces; for metals with moxe
than one valence electron per atom, there exist
several separate pieces of Fermi surface.

When Bragg reflection of X-rays by electrons
takes place in a periodic lattice structure, it is
visualized in momentum space by means of Bril-
ionin zone boundaries. The Brillouin zone is an
abstract concept pictured in the same momentum
spuce as the Fermi surface. It is represented by a
polyhedron which can often be constructed in
“k-space” from considerations of the wave vectors
of the various electronic states characteristic of the
erergy band theory of solids, the crystal lattice and
its symmetry. In the study of complex metals and
alloys, where there may be several overlapping
energy bands, the geometry of the zones plays an
important role. If one considers the set of planes
in momentum space corresponding to the lowest




e e 2

order Bragg reflections, there results a closed
polyhedron characteristic of the particular crystal
structure of the metal. Wherever the Fermi sphere
interacts with the first Brillouin zone, some bound-
ary portions of the Fermi surface lie in higher
order zones and often one attempts to map the
extra segments into the first zone in the so-called
reduced zone scheme. Without going into the intri-
cate details of fermiology here. it may be noted
that even though such a model is helpful, and much
progress has been made in recent years with ma-
chine theoretical calculution of the topulogy of
such surfaces, the true structure of the Fermi sur-
face must still be determined experimentally, The
ultrasonic technique is a powerful, but not the
only means of measuring the Fermi surface, Other
experimental techniques which yield both over-
lapping and complementary information include
the de Haas-van Alphen effect (extremal cross see-
tional areas), cyclotron resonance (surface curva-
vure and eflective mass), magnetoresistance (areas
of contact with Brillouin zone boundaries), anom-
alous skin effect (surface curvature and area),
positron annihilation (number of electron in a
given cross section), and Gantmakher effect (ex-
tremal linear dimensions) (8).

Historically, the first metals which were studied
by ultrasonic techniques were supercondictors,
After Bommels (?) work first demonstrated a
sharp decrease in the attenuation coefficient at the
superconducting "transition temperature, T, in
lead, Morse and Bohm (9) showed that the fall-
off in attenuation below the transition in tin and
indium was in agreement with the behavior pre-
dicted by the BCS theory of superconductivity
(1). According to the BCS theory, it is energeti-
cally favorable for electrons to exist in bound pairs
below T.. The bound electron pairs (in Cooper
pairs, the constituent electrons have opposite mo-
menta and spin and hence are paired in momentum
space rather than in coordinate space) do not take
part in sound scattering, leaving only the unpaired
(*norma'”) electrons to interact with the sound
waves (phonons). For weak interaction between
electrons and phonons, the limiting cuergy gap is
given as 3.5 KT, (where K is Boltzmann's con-
stant and T, the critical temperature) by the BCS
theory for superconductors. The first experimen-
tal evidence obtained by Morse and Bohm (9) was
in good agreement with the energy gap, predicted
by BCS theory «nd thus confirmed a fundamental

physical parameter in the theory of super-
ronductors.

The ultrasonic attenuation in a pure metal at
liquid helium temperature has been shown to vary
periodically as the reciprocal of an applied mag-
netic field. There are three distinct types of such
oscillations which may be related to separate, yet
complementary features of the Fermi surface.
These oscillations, referred to as geometric reso-
nances, quantum oscillations, and ultrasonic cyclo-
tron resonances, yield linear dimersions, cross sec-
tional areas, and eurvatures of the Fermi surface
respectively. In addition, a fourth, nonperiodic
magnetoncoustic effect, the so-called Kjeldaas ef-
fect (10. 11), yields values for the extremal Fermi
velocity in the direction of the magnetic field.
AFOSR currently sponsors a theoretical study of
the interaction of high-frequency sound waves and
electrons at the Polytechnic Institute of Brooklyn
under the direction of Terje Kjeldaas, Jr. In the
summers of 1960 and 1961, Kjeldaas worked with
H. E. Bommel at the Bell Telephone Laboratories.
Prior to that time, while at the Westinghouse Re-
search Laborstories, he collaborated with T. Hol-
stein, and F, Keffer, at the University of Pitts-
burgh where he earned his Ph. D. It was out of this
joint interest in the theory of solids supported by
AFOSR at the University of Pittsburgh that his
theory of ultrasonic cyclotron resonance in metals
(710) and the theory of the oscillatory magneto-
acoustic effect in metals (71), that the Kjeldaas
effect was predicted.

Geometric resonances occur when a magnetic
field is applied in a direction perpendicular to the
direction of ultrasonic propagation. Since the ve-
locity of au electron at the Fermi surface is roughly
500 times that of the sound wave, the electron in its
helical path about the magnetic field “sees” a spa-
tially periodic electric field due to the lattice wave
which is effectively stationary for many orbits of
the electron. Extrema in the ultrasonic attennation
cccur when the electron orbit dimeter just matehes
an integral number of acoustic half wavelengths.
Thus, geometric resonances provide a caliper of the
linear dimensions of the Fermi surface. Applying
this technique, Easterling and Bohm (I2) experi-
mentally confirmed and refined the model of the
Fermi surface of silver which had been suggested
by Pippard (/3) on the basis of anomalous skin
effect measurements, Fermi surface investigations
by acoustic geomet ric resonance have been reported
for a large nuinber of metals.
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The phenomenon of quantum oscillations is
somew hat 8 more difficult concept to visualize than
geometric resonsnce. Because a rather high mag-
netic field is needed generally, this effect has been
studied for only a limited number of metals by
Shapirs, Lax, and Neuringer at the National
Magnet Laboratory (14, 15). Acoustic quantum
oscillations have much in common with the
de Hass-van Alphen effect and as such provide
measurements of extremel cross sectional areas of
the Fermi surface. When the rules of quantum
mechanics are applied to electron orbits on the
Fermi surface in the presence of & magnetic field,
one consequence is that the position of the Fermi
surface coincides with an allowed (quantized)
energy level only for a discrete set of magnetic
field values. As the magnetic field is increased,
successive energy levels pass through the Fermi
surfsce. In the presence of a sound wave, the
laws of conservation of momentum and ene:gy
yield the values of magnetic field for which the
electron-acoustic phonon scattering process can
take place; i.e. where the ultrasonic attenusation
is maximized. Thermal broadening of the energy
levels leads to symmetrical oscillations, but the de-
tailed theory indicates that under certain circum-
stances the oecillations become very large and
spike-like. These are called giant quantum oscil-
lations. The importance of this effect lies in the
fact that it provides information about the non-
extremal as well as the extremal Fermi surface
cross sectional areas, and also about the carrier
cyclotron mass, M., and magnetic g-factor.

For an ultrshigh purity metal, microwave ultra-
sonic frequencies can satisfy the very stringent
requirement for acoustic cyclotron resonance ab-
sorption. When this condition is satisfied, the
sound wave can be made to stay in resonance with
the electron for its entire helical trajectory between
collisions, The relevant physical psrameter ob-
tained from acoustic cyclotron resonance is m.,
the extremal value of the cyclotron mass. So far,
only gallium crystals have been gicowi of sufficient
purity for acoustic cyclotron re:unanee observa-
tions. In pure gallium, usually all three of the
oscillatory magnetoacoustic effects are observed in
a single experiment. Much of the current experi-
mental work of isolating theve effects and relating
them to the gallium Fermi surface is being carried
out. by N. Tepley of the Way:e State group. Giant
quantum oscillations in gallium have been reported
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by the Nationsl Magnet Laboratory group uti-
lizing high magnetic fields. Because of the rela-
tively low driving frequencies employed; theee
oecillations’ were of the type which correspond to
extreml orbits. At 9 Ge/sec it should be possible
to induce transitions which give information about
nonextremal orbits. Through the use of ultrasonic
waves of frequencies from 10 Mc/s to 10 Ge/s (s
range believed wider and higher than that avsil-
able at present in apy other laboratory) the
Wayne State University group hope to observe
interactions of the electrons in nonextremal orbits.
In addition to earlier work on zinc by Bohm nand
Mackinnon and the gallium work by Tepley, quan-
tum oscillations have been seen and are currently
being investigated in chromium and mercary by
the Wayne State group. Wallace, Tepley, Bohm in
collaboration with Shapirs at the National Mag-
net Laboratory have reported preliminary results
on chromium obtained with a 110-kilogauss sole-
noid. Chromium, 2n antiferromssmet, was studied
ultrasonically after being cooled from its Néel
temperature (312° K.) both in the presence of a
large 60-80-kg magnetic field and with zero ex-
ternal magnetic field. Aithough chrorium has
cubic crystal symmetry, after being “field-cooled,”
the periods of quantun oscillation were found to
exhibit tetragonal symmerry of the crystal lattice,
a fuct which can be used to gain further informa-
tion about the spin density wave character of the
electronic ground state of this metal. Such studies
promise to shed Iight on the physical origins of
antiferrimagnetism in metals—a present-day mys-
tery in solid-sta.e physics.

A recent set of experiments by Shapira and
Neuringer on the etfects of high-magmetic fields on
the u'trasonic velocity and attenuations in nio-
bium-zirconium alloys, demonstrate that the ultra-
sonic technique also gives information about very
impure metals and indeed alloys and sheds much
light upon the behavior of high-field supercon.
ductors. These experiments may very well lead to
a coherent theory of impure metals or alloys at low
and high temperatures as well as molten metals.

Only several highlights have been cited of the
great progress that has been made in the last
decade, toward a better understanding of the fun-
damental properties of metals. Ultrasonics is by
no means the only technique that has been used to
obtain present knowledge, but it is a powerful
probe and versatile tool for experimental research,




LD ]

It is noteworthy that a large fraction of the ultoa-
sonic research in metals during this decade has
been accomplished under the sponsorship of the
AFOSR. The applied uses of the fundamental
knowledge obtained are rarely, if ever, clearly
traceable; but it is clear that thers exists a strong
eoupling between the enormous vsriety of new
metallic alloys synthesized in the last decada for
& haost af difapent applications and the increas-
ingly detsiled understanding of the transport
properties of some of the constituent metals com-
prising these alloys. The phenomena of supercon-
ductivity in alloys has already been harnessed for
the generation of very-high magnetic fields; other
possible uses in the area of communications, com-
puter technology, and aerospace applications are
presently beginning to be exploited. Perhaps more
easily discernable are the aerospace adaptations of
various eryogenic iechniques first developed in the
research laboratory, some in connection with the
work described above.
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The National Magnet
Laboratory

Max SwespLow

In 1960, s need existed in physics to fully and
proptly exploit the significant scientific and
important technological potentials of the special
properties and the unique behavior of materials in
very high magnetic fields. Recognizing that tomor-
row’s Air Forve operational and technological cs-
pabilities depend directly upon the new knowledge
and concepts gained from todays reeearch,
AFOSR awarded 2 contract to the Massachusetis
Institute of Technology in Cambridge, Mass., to
construct a high magnetic field fa-ility and to
establish a basic research lsboratory on a scale
much larger than any in existence,

On 1 July 1960 Francis Bitter and Benjamin
Lax, who conceived the original idea, undertook
the unprecedented task of designing and construct-
ing a 10-magawatt facility capsble of generating
magnetic fields of a quarter-million gauss, and
conductirs -, deversified research program to in-
vestigate e propertics of matter in very intense
magnetic {eids On 30 April 1063, the research fa-
cility was formally dedicated by the former As-
sistant Secretary of the Air Force for Research,
Developnient, and Engineering, Dr. Brockway
McMillan. 1t was officially designated as the Na-
tion Magnet Laboratory, to serve as a national
center for the scientific ressarch community and
the permanent stafl at the Laboratory. At present,
the NML is the only research facility of its kind in
the world. It is a vital national and world center
for research in the gencration and utilization of
intense contiruous magnetic fields in excess of a
quarter of a million gauss,

An intense magnetic field is a most powerful tool
for research because it can nondestructively pene-
trate and interact with the electrons and magnetic
nuclei that are key contituents of matter. The need
for more intense magnetic fields to serve as ex-
tremes in environments for research is shared by
almost all the major divisions of physics: solid-
state physics, high-energy physics, plasma physics,
geophysics, and even biophysics, In many ways the
need for more higher magmstic fields is akin to the
need for higher resolving power in microscopes
and telescopes. In its abifity to advince any one of
several fields of physics, as well as other sreas of




science ar.! technology and in terms of operation,
magnitude, inherent capability, flexibility. and as
a research par.meter; the National Magnet Lah-
oratory may be compared to modern high-energy
accelerator, reactor, or large computer installa-
tions. If emulstion is any mark of success, it can
be pointed out that several other countries are
following our lead in establishing their own high-
magnetic field research facilities. The Soviet Union
is building a 16-megawatt laboratory, Great Brit-
ain is planning a 16-megawatt power supply, and
France is planning a 14-megawatt fucility (there
is already & 3.4-megawatt laboratory at Grenoble,
Them is talk of a high-magnetic ficld facility i
Canada and West Germany.

The NML Facility

The facility is housed in & converted bakery
building at 170 Albany Street in Cambridge, Mass.,
adjoining the campus at M1T and adjacent to the
MIT nuclear reactor. It was built on the early ex-
perience gained in the 2-megawatt magnet labora-
tory built by Bitter at MIT in 1936, The power for
the NML magnets is a 10-megawatt continuous d.c.
supply with various overload capacities up to 32
megawatts for 2-second pulses. The power supply
was planned on a block convept so that it could be
conveniently divided and controlled to supply four
simultaneous experiments at the 100-kilogauss
level, two simultaneous experiments at the 150-
175-kg region, or with all four blocks coupled in
parallel to supply the very highest field magnets.
Power from each of the four independent genera-
tors is deliverable to 10 experimental stations.
Eight of these can accommodate two magnets and
two larger stations can accommodate up to four
experiments simultaneously. All routing of power
and water to various experimenta) stations is con-
trolled from a central location to zllow rapid and
effective t:me-sharing of the power generators by
the various operating magnets. Cooling water for
tim megnets is supplied from a closed systern of
clean, de-ionized water which is heat exchanged
with water taken from the nearby Charles River
via a 4-foot diameter conduit, The cooling system
is capable of deiivering water at the rate of 4,000
gallons per minute at a pressure of 200 pounds per
aquare inch. The power supply consists of two
motor generator sets each consisting of a pair of
generators, synchronous motor, and flywheel; a.c.
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power up to 16,000 kva is purchased from the Cam-
bridge Electric Light Co. The pulse power of 32
megawatts for as long as 2 seconds is supplied by
the rotational energy in the pair of 84-ton
fly wheels,

Woter-Cooled Magnets

The 16 high- power water-cooled magnets now in
use in the NML facility represent & wide range of
field characteristics, working volumes, and orien-
tations. Because of the wide variety of experiments
and the ever-changing role that the magnets are
called upon to play, the magnets require both flex-
ible design and mnde of instsllation to serve differ-
ent experiments. Magnets in use fall into t wo broad
categories, straight bore solenoids, varying in di-
mensions and field strengths, and solenoids with
access not only along the field direction but at right
angles to the field direction. The bore sizes range
from 0.01-inch diameter for the 255 kilogause mag-
nitnde requiring 10 megax: i .tts of d.c. power to the
14-inch bore diameter for vhe 50-kg magnet re-
quiring only 2.5 megawatts of electric power, The
quarter-million gauss magnet is particularly
worthy of note here; not only because it achieved
the world’s highest continuous magnetic field, but
because it illustrates several mportant points about
a high field facility. The magnet is designed as a
composite of three nested coils mainly to allow the
current density and the resultant stresses to be
controlled. With a 21;-inch bore it can develop
ficlds of 203 kg using 10 megawatts of power. By
inserting conical iron pole pieces fields of 255 kg
sre generated in a cylindrical space of 0,01 inches
in diameter and 0.010 inches high, When in opera-
tion the magnet monopolizes the entire power sup-
ply and water-cooling system of the facility. No
other magnet may be used simuitaneously. There-
fore it is necessary that only the most important
experiments be done with this magnet and that
preliminary experiments be done in lower field
magnets first. The 250-kg magnet has become s
useful device for pointing the way to even higher
field magnets of the future.

Superconducting Magnets

The 250-kg water-cooled magnet has already
made unique contributiens in permitting, for the
first time, actual measurements on very high field
superconductors. The upper critical field of nio-




bium-tin, niocbium-zirconium, and niobium-tita-
nium have been a matter of thearetical speculation
before magnetic fields above 200 kg were available.
These measurements indicate that a superconduct-
ing magnet of 175 kg is technically feasible, but
still rather expensive in cost of materials ($100,000
for a 1-inch solenoid).

These high field studies have played an impor-
tant part in understanding how superconducting
wire behaves at very low temperatures and at high
critical fields and current densities. The NML is
building a 1-inch bhore 100-kg superconducting
magnet utilizing several unique and promicing in-
novations, Combination water-cooled and super-
conducting magnets for special uses are being de-
signed. Contemplated is & large external copper
magnet surrounding a smaller superconducting
magnet to form a composite magnet of high field
capability (180 kg) but of lower cost than all su-
perconducting magnets of 1-inch bore.

Pulse Magnets

Pulsed magnetic fields up to 750 kilogauss are
available using the NML 100-kilojoule capacitor
bank and a variety of pulsed coils. Recently, fields
up to 500 kilogauss for milliseconds have been pro-
duced in s new type of heryllium-copper solenoid
with 8 34-inch diameter working volume. A new
system for providing repetitive (synchronous)
field pulses of this magnitude in larger volumes
will greatly facilitate the acquisition of data in
types of experiments that require longer pulse
times coupled with higher repetition rates. The
magnets will be driver with a half cycle of 60 cycle
a.c. power and pulse once every second. This half
cycle alternating current can be supplied by allow-
ing the flywheels to drive the synchronous motors
as synchronous generators. The magnet itself will
be constructed as a flux concentrator which is a
specialized single turn transformer type of wind-
ing developed at the NML. It will represent a ver-
satile test facility and experimental sid for inves-
tigating higher field d.c. magnets in the future.

Significence of Research Accomplishments

The generation of high-magnetic fields is an in-
triguing research and development nrea of science
in its own right. However, the motivation for
achieving higher fields is mainly to provide a
means for investigating physical phenomena in

matter. Consequently, the availability of nonde-
structive high continuous magnetic fields of the
order of several hundred thousand gauss and
pulsed fields of one-half million gaus or mors in
workable volumes have teen achieveu. Such fields
have made it possible to perform & large variety of
new experiments in solid-state physics, low-tem-
perature physics, plasma physics, quuntum elec-
tronics, and applications including electron beam
devices. The most extensive and most active re-
search area in the utilization of high-magnetic
fields has been solid-state physics. The tota! num-
ber of solid-state research investigations conducted
at the NML since it began full-time operation 2 too
large to describe in detail in this report. The fol-
lowing, therefore, is only a selected but representa-
tive sample of some of the more recent and current
work.

The areas of solid-state physics that have been
investigated at the NML include transport phe-
nomena, such 88 the galvanomsgnetic and ther-
momagnetic effects, susceptibility of metals and
semiconductors which exhibit oscillatory phe-
nomena, such as the de Haas-van Alphen effect.
Thesa oscillatory transpor: techniques have now
been extended to include ultrasonic propagation,
the use of magnetoplasma waves in the limit, and
the optical de Haas-Shubnikov effect at the mag-
netoplasma edge. The ultrasonic techniques as
well as d.c. conductivity and susceptibility meas-
urements have been the principal techniques for
studying the behavior of high field, type II super-
conductors. These experiments were aimed at
characterizing the critical high-field parameters
as well as exploring the physical phenomena which
limit the high-field properties in the region of
200,000 gauss or more. One of the moet extensively
explored areas has been that of the more recently
discovered magnetooptical phenomensa in semi-
conductors and semimetals. With the availability
of good single crystals for research, low tempers-
tures and high-magnetic fieldz, the quantum phe-
nomena of Bloch electrons in a crystal have shed
considerable light on the behavior of current car-
riers in theee solids. The phenomena can be char.
acterized as infraband in which cyclotron reso-
nance and progagstion of magnetoplasma waves
are txo of the more striking aspects. The phe.
nomena may also be characterized as interband in
which magnetoshsorption and magnetoreflection
in the presence of qusntized levels have provided
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quantitative information on energy band param-
eters, Fermi surface, and exciton levels in solids.
Mont recently the combined use of high-magnetic
fields and lasers in the far and near infrared are
extending these investigations into the submilli-
meter region of the electromagnetic spectrum.
Thece studies have suggested x new area of re-
search which is called nonlinear magnetooptics.

Ihs other areas of high-magnetic field research
which are of increasing importance for the future
sre those involving ultra low teinpersture in which
adiabatic demagnetization techniques can take full
advantage of intense magnetic fields. With su-
perconducting magnets and watercooled mag-
nets providing fields in excess of 100,000 gauss.
Mossbauer messurements to study nuclear Zeeman
effect and as s delicate probe for the study of
hyperfine interact’ons in solids ; quantitive investi-
gstions of the fundsiaental mechanism involved
in magnetism may be undertaken.

Plasma physics, both in solids and in ionized
geoes, may be studied with the aid of high mag-
netic field. Investigations of helicon and Alfvén
waves in multicarrier systems can be undertaken.
Interactions of electrons and ions in both states of
matter in which the coupling of electromagnetic
waves and phonons can be explored. High inten-
sity, coherent, narrow beam scurces from lasers
combined with intense magnetic fields makes pos-
sible a new region for high-resolution spectroscopy
of solids. The behavior of lasers and masers in
high-magnetic ficlds can utilize, advantageously,
fields in excess of 100 kilogauss, This is not re-
stricted to solidstate lasers or gasecus lasers but is
readily extended to electron beam devices as well.

The national character of the NML is well il-
lustratesd by the fact that more than 100 visiting
scientists and a similar number of students have
conducted parts of their research programs at the
facilities of the NML. Many of them from univer-
sities, governmental laboratories, and DOD con-
tractors. Although many of these came from the
Boston area because of the high density of scien-
tists in the region, many others came from distant
parts of this country as well as from abroad. They
have used and zva continuing to use the unique
facilities of the NML to perform experiments that
can be done nowhere else,

The visiting scientists account for about half of
the total “magnet tim=" in the present 16-hour
day, 5-day week operating schedule. The continu-
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ing need of the unique high-magnetic field facili-
ties at the NML is further emphasized by the
steadily increasing number of requests for magnet
time. The waiting list for new experiments is now
3 months and can be expected to lengthen. Many
of the visiting scientists’ programs involve re-
search on the electronic properties of solidstate
materials. Quite irrespective of the investigators’
sffiliation, a considerable smourt of new informa-
don has been obtained and reported on metals,
semimetals, semiconductors, supercenductors, and
maganetic materials. All of which is of consider-
able importance to the AFOSR program of re-
search in the solidstate sciences. In the §-year
period 1 July 1960 to 1 July 1066, the average
number of full-time staff merbers at the NML
has grown to 41. Although full-time operation of
the facility did not actually begin until November
1963, the NML staff have published or submitted
for publication (asof 1 July 1966) approximately
227 papers in scientific journals and books, and
have given approximatelv 285 talks at scientific
meetings.

Potential Applications and Technological
Implications

Although applications and practical devices
which might result from basic research in high-
magnetic fields at the NML are not the principle
mission of the laboratory, potential technological
implications are not overlooked. Basic research
into the special properties of matter in intense
magnetic fields can be expected to discover new
phenomena which can lead to new ideas for em-
bodiment into practical devices. Better under-
standing of the structure and behavior of solids
could lead to new or improved electronic solid
state electronic devices such as transistors, diodes,
computer memory eclements, lasers, masers, etc.
Dindes and masers have already been investigated
in high-magnetic fields and have demonstrated
unique properties which could extend or open new
applications. The tuning of maser frequencies by
variable magnetic fields is an example. The pos-
sibility of developing new maser devices, such as
cyclotron resonance and magnetooptical masers is
dependent upon the use of high-magnetic fields.

The use of high-magnetic fields in nuclear and
magnetic resonance permits greater sensitivtiy of
detection of these phenomena and therefore en-
hances the passibilities of more sensitive inertial




guidance systems which utilize atomic or electron-
nuclear resonance.

High fields can be explaited for the development
of high-intensity millimeter and submillimeter
wave generation. Because of their short wave-
lengths, theze radiations permit the development
of a new radar and communieation technologies in
a part of the electromagnetic spectrum not yet ex-
plored in a practical way by sacientists and
engineers.

The use of ferrites as microwave components is
already widespread. Further studies of the prop-
erties of ferrites and antiferromagnetic materials
in high-magnetic fields may provide new and more
eflicient microwave components.

Another new area of research in which high-
magnetic fields play an important role is that of
ultrasonic propagation and attenuation in solids.
In particular, it has been shcwn theoretically that
high-magnetic fields permit the possibility that :-
vices can be built with semimetals and semiconduc-
tors which will amplify ultrasound and alter the
velocity of sound in these solidstate materials. De-
vices based on these {wo physical phenomena may
be important for delay lines vsed in present radar
and communciation systems,

Basic studies of the properties of superconduc-
tors in high-magnetic fields, available only at the
NML,, have resulted in the development urd fabri-
cation of new superconducting alloys. These new
materials which can be used to produce high-mag-
netic fields in large volumes, show promise for ap-
plications with imporiant technological implica-
tions. For example, the confinement of plasmas in a
thermonuclear reactor and the direct conversion
of heat into electric power by a magnetohydro-
dynamic generutor both require moderntely intense
magnetie fields in large volumes.

Potential space applications of superconducting
magrets include the inductive storage of electric
energy in superconducting coils (to replace stor-
age batteries) and the shielding of space travelers
by the magnetic deflection of high-energy charged
particles (to replace massive shielding walls). In-
ertial-guidance navigation systems may ultimately
make use of magnetically suspended frictionless
gyroscopes employing currents in a superconduc-
tor, The loss-free generation, transformation (d.c.-
a.c.) and transmission of electric power by super-
cohductors may someday revolutionize the entire
power industry.

Structural Materials for High
Temperatures and Reactive
Environments

Du. J. TrHoMas Rarcurorp

When <olid objects move in and through the
atmosphere at high speeds, a serious problem may
ar'se from the high temperatures engendered by
the frictional losses involved. Thix is a boundary
condition which must be faced by the designer of
the spuce reentry vehicle, since serivus trouble
may be caused by frictional heating in supersonic
and subsonic aireraft as well. For both cases it is
fairly obvious that there is a wide selection of
methods available for protecting men and equip-
ment against the high temperatures resulting
from large heat influxes encountered.

For subsonic and supersonic aircraft and lifting
bodies, careful aerodynamic design can reduce
frictional losses. Not only is this desirable to re-
duce the heat influx. but it i desirable for other
reasons such as weight and range considerations,
With reentry vehicles. the problems are vastly
more formidable and their solution may require
many of the techniques which are available. The
use of ablative coatings ix well known, where the
Ietent heat of evaporation (or sublimation) is
used to dissipate the unwanted heat., Here one re-
quires an ablative material which goes through the
proper change of phase at a suitable temperature
under operational conditions,

The heat capacity of the vehicle itself may be
increased, thus reducing the temperature rise for
a given heat input. The obvious wey to do this is
to thicken the outer skin, but the penalty resulting
from the increased weight of the outer skin, insu-
Iation, and eooling equipment is high.

Internal coolants which regulate the internal
temperature can be useful. For exzmple, a sub-
stance can be made to undergo a change of phase
while constrained between the inner and outer
walls. A serious limitation is the rate at which heat
can be transferred to the coolant from: the outer
skin,

Perhaps the most attractive alternative for most
applications is insulation of the outer skin sur-
face, I the high-temperature material used for
this is also suitable for structural members the ad-
vantages become even more pronounced. Such a
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material increases the efficiency of radiative trans-
fer immensely, since radiative energy losses vary
as the fourth power of the absolute temperature.
At the same time the influx of heat to the inner
wall is greatly reduced, making the internal coal-
ing problem much simpler.

It isappropriate to mention a concomitant prob-
lem which must be faced in practical situations.
This is the fact that in an oxidizing environment
metals rapidly corrode. Thus it would be advan-
tageous if a material that is already an oxide could
be used for high-temperature structural applica-
tions,

AFOSR has recognized the importanee of pro-
tocting men and equipment from high tempera-
tures, and has actively supported a basic research
program in this area from the very beginning of
its existance as an organization. The complex na-
ture of the problem was evident from a perusal of
the engineering dats avsilable. Various options in
solving the problem were available, and the solu-
tion has been sought from basic studies which
might be described as interdisciplinary in nature.
The following discussion will emphasize two ap-
proaches in finding high-temperature structural
materials, First we consider ways of protecting
currently used materials from the deleterious ef-
fects of high temperatures. Then the possibilities
of developing completely new structural materials
are discussed in regard to basic research which
holds high promise.

The biggest problem one faces with most struc-
tural materials at high temperature is oxidation.
This is basically a chemical reaction. However, the
current status of knowledge concerning the chem-
istry of materials at very high temperaturesisina
very crude state. Scientifically we lack basic datain
the form of equilibrium diagraris, crystallo-
graphic data, and mechanisms f reactions.
Without such basic information on cannot even
properly and quantitatively describe the problem
of high-temperature oxidation; thirefore pre-
scribing a solution is very difficult. A problem of
such magnitude does not lend itself easily to
empirical solution as other more simple ones have
done in the past.

Rustum Roy of the Pennsylvania State Univer-
sity has been studying basic reaction mechanisms
and kinetics in solid phase reactions at very high
temperatures with AFOSR support since 1961.
Since a metal with an oxide protective coating isan
example of two solid phases in equilibrium,

this study is attacking the basic scientific problems
involved. Furthermore, eflorts to obtain strong
materials for such applications as jet engine rotors
are leading to carbides, borides, and oxides. The
interreaction of solids is frequently used to pre-
pare these materials, rather than reactions using
a meit or liquid.

Reactions between solids are determined to a
large extent by the nature and concentration «f
point defects in the system, because diffusivn of
ions is dependent upon point defects, The influ-
ence of the crystal structure on solid-state reactions
is also very important, and must be understood in
order to be able to predict reaction properties. Roy
has made significant contributions in explaining
these high-temperature solid phase reactions, and
use of his results by those involved in design and
producton of useful high-temperature materials
should be extensive.

The basic research on diffusion in crystals by
C. E. Birchenall exemplifies another approach to
the same fundamental problem of high-tempers-
ture materials.

Oxidation of metals and alloys not only offers
protection against structural degradation in high
temperatures and more reactive environments, but
is also a logical outgrowth of research on the na-
ture of atomic and ionic transport processes in
crystals. AFOSR has supported this research since
1953, during Birchenall's tenures first at Princeton
and later at the University of Delaware.

This research includes detailed investigations of
some of the component parts of the oxidation
process. At elevated temperatures metals and al-
loys form solid oxides at rates controlled by the
diffusion of ions in the oxides as noted above.
In order for this diffusion to occur, point defects
must exist. However these defects and their be-
havior are not the same in all types of crystals. To
understand their differences and derive general
methods for describing their behavior, many ex-
amples with different kinds of binding forces must
be studied, such as metals, oxides, and covalent
semiconductors, Of particular importance is sur-
face diffusion on metals. A mechanism for self dif-
fusion (diffusion by atoms of the same kind chemi-
cally as the crystal itself) on iron erystals was de-
veloped in some detail, and has been valuable in the
explanation of diffusion on certain metallic crystal
surfaces. This “vacancy model” uses the properties
of missing atoms (vacancies) on the surface to
show how diffusion occurs. The weight of expori-




mental evidence supports this madel, and it has
been a necessary step in the progressive under-
standing of the phenomenon,

This investigation of diffusion is still underway,
with more and more complex questions asked. For
instance, the effect of <atiration magnetic fields on
volume self-diffusion in ferromagnetic iron is
being checked. and chemical interdiffusion is being
examined in eertain allays. Answers to these prob-
Tems will fill in still further the matrix of informa-
tion necessary to produce optimum materials with
surfaces exhibiting the necessary properties,

Surprisingly or not, an explanation of the na-
ture of scaling processes would help in design of
high-temperature components as well as in the
more commonly thought of marine applications. It
is a very vomplex kinetic reaction of great tech-
nological importance, and the research resuits of
both Roy and Birchenall have made and are mak-
ing contribntions to its ultimate solution.

Perhaps the most attractive avenue open for
developing high-temperature structural materials
is to find ways to strengthen the well-known ce-
ramics, which already have many of the desired
high-temperature characteristics. As we know
from their uses in industrial furnaces (firebrick).
bathroom fixtures and floors and ancient art mas-
terpieces, ceramics have attractive physical prop-
erties. Contrast the results in dropping ceramic
and metal flower vases however, and one realizes
some of their seemingly inherent disadvantages.
Effective methods for strengthening cernmics are
needed in order for their use to flourish as a strue-
turalmaterial :n the space age.

Since 1955, AFOSR has sponsored one of the
pioneering efforts in this field at Northwestern
University, Here, Morris E Fine has translated
his extensive k owledge of strengthening mechan-
isms in metals to this unexpleited area of ceramics.
It is now known that hardened fine steels, some
known since the days of antiquity, depend for
their strength on the fact that very fine particles
are dispersed in a matrix of iron. This is known as
*‘precipitation hardening,” since the tiny particles
are precipitated during the manufacture of the
material. This basic phenomenon has quite wide
application, since we find that bones in vertebrate
animals, including man, also are hardened by a dis-
persion of tiny precipitates, Clearly more knowl-
edpe is needed concerning the phenomenon and its
application to ceramie systems.

Fine has undertaken to understand better the

important factors involved in precipitation hard-
ening in metals, and their application to ceramics.
His first work in this slmost completely unex-
ploited field was with sodium chloride crystals,
ordinnry table sait. Hardening by precipitation
of potassium chloride increased its strength hy a
factor of 10. It was shown that instead of the usual
smooth cleavage faces found in sodium chloride.
the material with precipitates cleaved with very
rough faces. The precipitates had interfered with
the cleavage process and increased the strength of
the material propottionately. Although table salt
probably will not have extensive technologicsl uses
as a structural material, these experiments did es-
tablish a basic principle and yield useful quantita-
tive data.

Experiments with magnesium oxide and iron
precipitates yielded much basic and useful infor-
mation. The iron was diffused into the samples a.
high temperatures and variation in oxygen pres-
sure was found to vary the proportion of trivalent
to divalent iron. This turns out te be quite impor-
tant, since wustite { FeQ) is completely soluble in
magnesinm oxide but hematite (Fe.0,) is not.
Thus with proper treatment one finds the trivalent
iron precipitating, as magnesioferrite ( MgFe.Q,),
resulting in significant strengthening. Divalent
iron on the other hand does not strengthen, indicat-
ing the reason behind the importance of the oxygen
pressure during the manufacturing process.

One knows that metals are strengthened by dis-
solving one metal in another. An example is zine
dissolved in copper to produce brass, which is
stronger than either component, In ionic crystals
the alloying element must have a different valence
from the ion in order to incr 1sethe strength of the
crystal. One can see in the accompanying graph
that trivalent iron (here maintained in solution by
very rapid cooling) increases the strength of the
magnesium oxide sixfold. Thus we find there are
two ways to strengthen ceramics: alloying and pre-
cipitation. In precipitation strengthening there is
another variable to consider, the number and size of
the particles. In a typical sample in Fine's studies,
there are a hundred thousand trillion particles per
cubie inch, and the number and size may be con-
trolled by processing conditions. These precipitates
alse impart another interesting property to the
magmesium oxide. The magnesioferrite precipitate
is ferrimagmetic, with many potential uses such as
high-frequency transformers and memory cores
for computers. This technological “fallout™ in the
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form of inter-sting magnetic properties is b’ ~
considered as u broad-band radar absorber for po-
teutial application to Air Force systems.

These important basic research studies are con-
tinuing with other oxide systems, such as alumi-
num oxide with titanium precipitates. Here pre-
liminary resul's show a significant increase in
strength for the aluminum oxide containing pre-
cipitates. The overall results to date show that
Fine’s fertile research on the strength of ceramics
has been and will continue fo be productive and of
great importance to the Air Force in the years
ahead,

A broad snectrum of basic knowledge is needed
to meet requirements for structural materials use-
ful in high temperature, reactive environments.
As these basic scientific questions are answered, the
engineer and design specialist will have a greater
choice of materials to aid him in overcoming the

increasingly complex demands of aerospace tech-
nology.
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Application of Emittance
Meisurements in Ablation Test
I4. Col. Ranpar A. Houiponsr

The emergence of hypersonic aircraft and space
flight has created a need for materials which are
suited to extreme environments, One important
environmental factor is high temperature. Since
the temperatures encountered in these environ-
ments occesionally exceed the melting points of
conventional materials and in most ipstances are
in regions where material strength becomes very
low, it has become necessary either to reduce
temperature or to find new materials which are
capable of withstanding these temperatures, A
development which grew out of this necessity was
applicaiion of the ablation principle. In general,
this principle is considered to be that by which
material is sacrificed for protecticn of some under-
lying structure. In other words, mass is traded
for heat.

For a typical organic ablator, during the initial
phase of heating the body acts as a heat sink (i.e.
the heat transferred to the hody simply increases
the surface temperature). Then, at the material
decomposition temperature gasesare evolved and a
char layer forms. As the process continues the
boundary between the char and the virgin mate-
rial moves invard and decomposition gases flow
outward through the porous char. These gases act
as a transpirution coolant for tha surface. As the
char thickens, the rate at which heat reaches the
interface decreases; the rate of inward movement
of the char boundary decreases; and the trans-
piration cooling effect decreases. Thus, the surface
temperature rises and, in a stable system, a steady-
state char thickness is maintained.

For charring ablator systems operated at high
temperatures and for purely radiative thermal pro-
tection systems, the radiation controlled processes
are of major importance. Thus, » thorough knowl-
edge of emittance of materials is a necessity. The
surface temperatures of such systems will
approach, and in some instances, may exceed
2,000° C.

In recogrition of the need for high-temperature
cmittance data, the Air Foree Office of Scientific
Research supported the investigations of Tabor S.
Laszlo at the research and advanced development

division of Avco Corp. from Juno 1962 through
October 1964. This support materially assisted
laszlo's group in obtaining high-tempersture
emittance data.

Priar to Laszlo’s work (7), emittarice data for
materials at temperatures above 2,000° C, were
very scarce and there were no really satisfactory
methods for obtaining such data. The methods for
obtaining emittanca data in general usage relied
on the comparison of the emittance of the sample
with that of a blackbody at the same temperature.
These methods become increasingly difficult to
apply as the temperature approaches 2,000° C. As
the temperature is increased problems connected
with furnace material strength and reaction be-
tween the sample and its holder become very diffi-
cult. Conventional furnaces are limited to an op-
erating temperature of abount 1,800° C. Induction
furnaces are capable of producing very high tem-
peratures in the sample, but there are problems
in connection with the use of thess furnaces. These
problems are mainly connected with contamination
of the sample. Usually, a susceptor or a crucible
must be in contact with the semple. In such cases
reaction between the sample and the material of
the crucible and/or susceptor are almost impos-
sible to avoid.

In 1957, Laszlo (2) proposed an approach for

measuring the emittance of materials above
2,000° C., through the use of a solar furnace.
Later, Blau (3) and Comstock (4) attempted to
use solar and carbon arc-image furnaces for emit-
tance measurements based on this approach, but
until Laszlo’s work, success of this method was
rather limited. The AFOSR sponsored investiga-
tion was concerned with the development of the
necessary mathentatical equations, instrumenta-
tion, and techniques for high-temperature emit-
tance measurements with a calibrated solar fur-
nace.
The basic approaches generslly used in the
measurement of emittance may be classified as
direct and indirect methods. In the direct method,
the radiant energy emitted by the sample is com-
pared with that emitted by a blackbody at the
same temperature as the sample. Whereas, in the
indirect method, the reflectance of the sample ’s
measured and the emittance is calculated from
Kirchoff's law. This method is applicable only to
opaque bodies or bodies of known transmittance.

Both of these methods present considerable ex-
perimental difficulties, Measurement of surface




temperature is one of the greatest problems. Above
the operating range of themocouples, optical or
radiation pyrometers are generally used. However,
use of theee instruments requires a prior knowl-
edge of the surfsce emittance.

There also exist problems connected with refer-
ence blackbodies. Since reference blackbody radia-
tors are available only for temperatures below
1,500° C., an even lowe: temperature limit is set.
The use of a reference blackbody cavity in the
specimen also presents difficulties. The most seri-
ous of which is the requirement of maintaining the
same temperature on the specimen surface as in the
cavity. Thy is particularly true when the specimen
is heated by radiation.

Further difficulties are encountered in connection
with the controlled heating of a sample to high
temperatures. Beyond the range of electric resist-
ance furnaces, induction heating can be used if the
specimen is a susceptor. If it is not, an auxiliary
susceptor can be used. However, reactions between
the sample and the susceptor may occur and dis-
tort the data.

In an image furnace, any sample, regardless of
its magnetic susceptibility, can be heated to high
temperatures without contamination from its sur-
roundings. In a solar furnace, heat fluxes corre-
sponding to a blackbody temperature of approxi-
mately 4,500° C. can be reached (5). The special
characteristics of a calibrated solar furnace also
make it possible to measure the surface tempera-
ture with an aptical pyrometer without previous
knowledge of the emissivity.

The use of an image furnace does, however, im-
pose some difficulties. There are such thing as: The
need to separate the radiation emitted by the sur-
face from that reflected by the surface, the small
size of the radiating area, and the nonuniformity
of the heat flux impinging on the specimen. These
difficuities have been overcome by Laszlo and his
group and emittance measurements have been per-
formed in the solar furnace.

Emittance data for a number of different mate-
rials including heat shield materials were obtained.

{ specific interest were the unexpected data ob-
tained during the high-temperature emittance
measurement of oxides (¢). Rods of alumina, mag-
nesia and zirconia were heated in the solar furnace.
The incident flux was known from calibration
data; the temperature of the samples and the
emitted flux were measured for each incident flux
leve!. The temperature of the zirconia rose steeply,
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continuously with the flux increase. In contrast to
this behavior the magnesia and alumina behaved in
an unexpected and interesting mannc+. At the be-
ginning of the heating process, the temperature of
these materialo rose very slowly or not at all with
a large incrense of the incident flux. Suddenly, it
rose very rapidly with only a slight increase in
flux.

From the large temperature increase it appears
that a much larger fraction of the incident flux was
absorbed by the magnesia and alumina slightly
above their melting points than slightly below it.
Emittance data supply confirmation of this state-
ment. The emittance of alumina increased from
0.6 to 1.0. However, the emittance of zirconia, al-
though it rose from 0.52 to 0.92 before melting,
dropped to 0.82 after melting.

The flux emitted by the samples showed the same
sudden increase when the melting point of the alu-
mina and magnesia was reached, but no such phe-
nomenon was observed with zirconia. The flux
emitted by ne zirconia samples varied in the ex-
pected manner.

These observations indicate a simultaneous in-
crease in emittance and temperature. An explana-
tion for these sudden changes in temperature and
emittance at the melting point is not readily ap-
parent. However, Laszlo (6) proposes the follow-
ing mechanism :

The abrupt changes in the magnitude of ob-
served temperature can be explained by the low
solar absorptance of the white alumina and
magnesia samples. Since only a very small fraction,
approximately 10 percent of the concentrated solar
radiation is absorbed, a large increase in the
incident flux causes only a small increase in ab-
sorbed energy and thus, a small increase in temper-
ature increase is not easily detected by this method
since, in such a case, the magnitude cf the reflected
energy component is much larger than the emitted
component. Thus, the specimen temperature meas-
urement is insensitive to small changes in emitted
radiation. When melting occurs, these conditions
are suddenly reversed if the solar absorptance of
the sample increases considerably. Thus, not only
will the increase of incident fiux cause a large tem-
perature increase, but the method becomes very
sensitive to small increases in the incident con-
centrated solar rediation since the emiited and
reflected flux are of the same order of magnitude.

He also proposes several passible causes for the
sudden increase in apparent solar absorptance are




given. These include: The formation of a liquid
lens; emission from both the surface and the
volume; the failure of the assvption that trans-
mittance is zero; and & difference in thermal con-
ductivity.

Emittance measurements on alumina, magnesia,
and zirconia are of particular importance in view
of possible use of these ceramics as heat shields.
Investigation of the characteristics of porous
sluming and zirconis impregnated with resins has
been performed (7} and these materials have been
found valuable because they combine the low
+hermal conductivity, high specific heat and mass
transfer effects of the plastics with the heat
resistance and th..mal stability of the ceramics.

The results of emittance measur>ments on spe-
cific ceramics constitute only one exampls of the
utility of this emittance measurement method. The
immediate application of this method to develop-
mental problems is in the area of heat shield abla-
tion measurements,

The importance of emittance measurements was
pointed out in the introduction to a paper (8)
presented at the symposium on thermal radiation
of solids in March of 1964,

The design and performance of future space
systems will depend to a great extent upon
radiant heat transfer characteristics of sur-
faces exposed to high-energy and high-tem-
perature environment. Reentry systems
following a wide range of trajectories will
encounter high heat flux environments and
when operating at high temperatures will
dissipate large amounts of energy through
radiation transport. In addition, heat transfer
from leading edges and rocket nozzles will be
a function of the radiation characteristics of
their surfaces. In these and other cases the
overall system temperature may often be
established by surface emittance values. For
example, space radiator size and weight is
generally universally related to surface
emittance.

In many cases, reported emittance data is
contradictory or, as with many new coating
systems of interest to the Air Force, this data
is entirely unavailable. Currently, data ob-
tained by different investigators on the same
material have varied by more than 50 percent
in some instances. These differences may have
been due to poor experimental techniques,
improper preparation of samples, inadequate
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definition of experimental conditions, ot poor
instrumentation.

Knowledge of the high-temperature emittance
characteristics of materials will play an important
role in the selection of materials for hypersonic
aircraft surfaces which will be exposed to high
temperstures. There are indications that the “hot
structure” concept (i.e., the structure is not cooled,
insulated or ablated) must be used for hypersonic
aircraft (9). If such a concept is used surface tem-
peratures on some areas of the aircraft will be
above 1,700° C. For these ares: tantalum and
tungsten alloys are being considered. The emit-
tance of these alloys can be determined by the
Laszlo approach.

Much of the testing of ablative and other heat-
shield materials has been performed in plasma-arc
facilities, (70, 11). In these facilities convective
and radiative effects occur simultanecusly and
independent regulstion of the magnitude of the
components is difficult. This is particularly true
for test conditions which require a high-radiant
component (i.e., high surface temperatures). In
view of this difficulty, Laszlo and his coworkers
decided to determine the effects of each process
separately. They then proceeded to study the
radiant heating effects by use of solar image
furnace (72). In this study the methods previously
developed (/) for emittance measurements were
used. Ablation testing was performed with a 60-
inch solar furnace as a radiant energy source. The
concentrated flux was adjustable to any value in
the range from 59 to 1000 =!/cm?sec.

The experimental arrangement is shown. The
solar radiation, concentrated by the paraboloidal
mirror [17] is adjusted to the desired level by the
flux control screen [1]. The ssmple [4] is mounted
on an arm controlled by a rotary solenoid [3]. In
the normal position the sample is out of the focal
plane. When the solencid is energized, the arm is
rotated and the front surface of the sample is
brought into the focal plane. At the end of the
exposure, the solenoid is deenergized and the sam-
ple is removed. The exposure tims is controlled by
an electrical timer in the solenoid energizing cir-
cuit. A single-frame movie camera [24] iz used to
make photographs during the test. A 12-foot flexi-
ble fiber-optics light pipe [11] is used to transfer
the image of the sample profile, as reflected by the
45° plane mirror [23], through the proper lens
systems [13, 12] into the camera. The emitted and
reflected radiation is separated by use of rotating
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1, FLUX CONTROL SCREEN
2. SAMPLE HOLDER
3. ROTARY SOLENOID
4, SAMPLE

5. DRIVE MOTOR
6. MONOCHROMATIC RADIATION SENSOR (; AND 1;')
7. TWO-POSITION MIRROR

B. POS1

9. AMPLIFIER

10. RECORDER

11. 12* LIGHT PIRE

12. LENS SYSTEM FROM LIGHT PIPE INTO CAMERA
13, LENS SYSTEM INTO LIGHT PIPE

14. OPTICAL PATH

15. ROTATING RADIATION SHIELD

16. FIXED COLLIMATOR TUBE

17, SOLAR FURNACE MIRROR

18. ROTATING DISC

19. SPRING LOADED DISC

20. POS 2

21. TOTAL RADIATION SENSOR Wyp)

22, AMPUIFIER

23. RECORDER

24. SINGLE FRAME MOVIE CAMERA

25. PLANE MIRROR

FicUrE 5.---Ezperimental setup for ablation tests.

radiation shield [15]. When the shield is in front o
the sample, no sular radiation impinges. Thus, only
the radiation emitted by the sample passes through
the fixed collimator tube [16]. Thus, both emitted
and reflected radiation pass through the fixed
collimator tube towards the radiation sensors.
The samples were 14-inch diameter rods, 1.5
inches long. These were mounted in au graphite
cylinder which was attached to the rotary solenoid.
After the entire assembly was precisely aligned,
the furance was focused on the sun and the guid-
ance system started. The desired flux level was
eatablished by adjusting the flux control screen [1]
and the solenoid was activated for a specific time.
Because of the high rate of ablation, each of
the three measurements (i.e the emitted radiation.
the sum of emitted and reflected radition, and the
total emitted rediation) were performed on new,
but identical samples. For the first measurement
the two-position mirror [7] was placed in posi-
tion 1, thus reflecting the radiation emitted by the
sample into monochromatic radiation sensor [6].
The generated signal was amplified by amplifier
{9] was was displayed on recorder [10], In the
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second stage, the instrumentation was the sarae
except that the spring loaded disc [19] wss re-
tarded and a fresh sample was used. Thus, the
sum of emitted and reflected radiation was
recorded on [10]. In the third stage, the
two-position mirror [7] was moved into position
2. The radiation emitted by the sample was then
received by total radiation sensor [21], amplified
by amplifier [22] and recorded on a high-speed
Sanborn recorder [23]. This value represented the
total radiation emitted by the sample. During
these exposures, the radiant flux was held con-
stant. The shape of the ablating surface, the
length of the sample and the thickness of the hot
front layer versus time were determined from
the photographic record. An alumina radiation
shield was used to protect the stainless-steel sam-
ple holder [2] and the front surface of this shield
was used as the reference in the measurement of
the change in length of the sample,

Various ablating materials were tested by this
mathod. Among these materisis were heat-shield
materizls and prospective heat-shield materials,
The data obtained from these tests were material
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thickness decreases, surface temperatures and radi-
ated fluxes for specific incident fluxes. From these
data the dependence of recession rates, surface
temperatures and emitted fluxes upon incident flux
was ohtained,

These results of ablation tests indicate that the
radiative properties of the ablator are very in-
portant parameters in the evaluation of its per-
formance. Since these properties can be altered
within certain limits to change the reflected and
emitted radiant flux, a thorough knowledge of
them is a necessary step in the design of highly
effective heat shields.

Design requirements for heat shields under hy-
personic flight and reentry conditions stimulated
interest in the high-temperature thermal charac-
teristics of materials, Results of early investiga-
tions indicated that some of the fundamental
radiant properties were not known at the requisite
temperatures and fluxes. Thus, methods for the
determination of :hese parameters were sought.
One of the most important of these parameters,
the emittance, was almost completely unknown
ahove temperatures of approximately 1,500°C.
Fmittance data in this remperature region had
not been obtained becaus: v reliable measurement
technique was not develoysd,

With the impetus of nexi for high-temperature
data, Laszlo and his coworkers developed tech-
niques applicable to solar furpic: measurements.
These techniques produced relisble emittance data

which, in turn, facilitated the development of test-
ing methods for heat-shield materials. Thus, in-
vestigations of a fundamental nature in the deter-
mination of high-temperature emittance charac-
teristics have led to techniques and metheds which
meterially assist the engineer who is assigned the
task of heat-shield design.
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Chemical Sclences

Liquid Structure
Dentox W. ELvLior

Air Force Office of Scientific Research support
of research in liquid structure is a long-standing
program stemming from an Air Force interest in
such processes as welding, casting, wetting, and in
liquid flow and other related phenomena.

A lack of good wriking theory for the behavior
of liquids has its frustrating and expensive con-
sequences at tho practical level. The modern-day
engineers and scientists, for all of their knowledge
of atoms and molecules, cannot make a straight-
forward prediction of the elementary properties
of even the simplest liquids. Such things as den-
sities, viscosities, and boiling points, needed for
the design and intelligent operstion of chemicul
plants. oil refineries, and liquid-fueled rockets,
cannot be reliably estimated from theory and must
be measured in the laboratory and pilot plant.

It is apparent that contirued lzck of full under-
standing of the behavior of liquids in general ard
solutions in particular will stand as u barrer to
full insight of many cther basic problems. Chemi-
cal kinetics in the liquid phase is currently at a
standstill, in contrast to the significant gains in
gas-phase kinetics in the past 10 years.

Among the participants in the early part of the
AFOSR program were Dr. Howard Ritier of
Miami University of Ohio and Dr. Donald An-
drews of Johns Hopkins University, Dr. Ritter
succeeded in assembling a special X-cay diffraction
apparatus for studying special iiquids (barium
iodide in water) and developed a computer pro-
gram to fit his liquid structure problems.

At that time there were no mathematical equa-
tions to express the theoretical relations compara-
ble to what we had for crystals and gases. For this
reason there existed a real need to obtain more data
on pure liquids and binary and ternary problems.
In order to develop a theory for the liquid state
there is a need to know about the spatial order of
molecules, their thermal motions, and the forces
acting between them, both in pure liquids and in
solutions. The importance of this type of infor-
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mation to the Air Force for understanding and
perfecting heat transfer liquids, hydrealic fluids,
fluid flow, and lubricants cannot be overstressed.
With this in mind 2 project was supported with
Dr. Andrews in which he constructed a new type
of calorimeter that em:bodied an sutomatic record-
ing and computing system which made measure-
ments of the high accuracy required for theoretical
calculatior.s. It has been used for the study of heat
capacities and heats of fusion of a number of
compounds and maulticomponent systems. New
concepts were developed which aided ia setting up
more suitable generalized coordinates for liquid
systems and permitted the simplification of the
calculations,

At Caltech, Cornelius J. Pings, associate profes-
sor of chemical engineering, has been studying the
fundamental behavior of liguids for the past 8
years with support by the Air Force Office of
Seientific Research.

Pings and his group are attempting to leamn
more about how atoms and molecules behave in
the liquid state at various temperatures and pres-
sures and how microscopic forces lace them to-
gether in the informal, shifting way characteristic
of liquids.

“Although the molecules of solids are arranged
in arderly rows ana those in gases in perfect dis-
order, the molecules in liquids comprise a moving
interlocked mess, a sort of ordered chaos,” Dr.
Pings explains. *In liquids, each atom is affected
by thousands of surrounding atoms whose posi-
tions in relation to each other are constantly
changing.™

This is an example of a many-body problem, a
name given to a number of problems involving the
simuitaneous interaction of a large number of
particles, atoms, or molecules. The biggest digitsl
computers are not powerful enough to solve these
problems by brute-foree arithmetic. Although
they are currently the focus of much activity by
theoretical physicists and chemists, progress is
slow, and a general solution 1o these many-body
problems is not vet in sight. Pings and his co-
workers are interested in determining the behavior
of very simple liquids at a wide variety of tem-
peratures and pressures, The group hopes to obtain




enough data to provide a sound framework for a
comprehensive, overall theory. The team is making
observations of molecules and their forces in
liquids with several techniques.

The first such technique is X-ray diffraction,
which enables investigators to measure the average
number of neighboring atoms and the distance
they sit from each other. A beam of X-rays is di-
rected at the liquid being studied and the atoms in
the fluid diffract the X-rays. The diffracted radia-
tion is detected by scintillation counters. Mathe-
matical analysis of the diffraciion data yields di-
rect information about the average configurations
in the system of moving liquid molecules.

One set of completed experiments on liquid
nitrogen has revealed that each nitrogen molecule
on the average is surrounded by a “shell” of 15
neighboring molecules at a distance about 5 per-
cent greater than the shell of nearest neighbors in
the crystal lattice.

The second experimental technique is a study
of the refractive index of the fluids. This is the
measurement of how much a beam of light is bent
as it goes through a liquid. The amount of bend-
ing is indicative of the electrical environment in
the immediate vicinity of a molecule in the liquid.

These measurements have been made on methane,
carbon tetrafluoride, and argon. Argon measure-
ments have been mainly of the liquid up to 100
atmospheres, but have also included some studies
of both gaseous and solid argon. Of particular in-
terest in this study is the Lorentz-Lorenz theory,
which postulates a quite simple relationship be-
tween the dielectric constant (or refractive index)
and the density of a substance. The experimental
work has indicated that the theory seems to be
quite good for nonpolar gases, liquids, and solids.
This may be of some significance, since very few
properties can be predicted for all three states of
matter by a single theory or model.

The third experimental technique is ultrasonic
absorption. Ultrasound pulses disturb the liquid
slightly, causing its structure to change. The rate
at which the liquid’s forees pull its molecules back
to their original position could provide informa-
tion that may lead to a theory of predicting vis-
cosity and other transport properties.

Much of the investigation is concentrated at the
critical region of a liquid, the borderline region
between liquid and gas. Theoreticians still have
no satisfactory explanation for the very strange
behavior of a fluid at its critical state. It is known

that very large clumps form in liquids in this re-
gion. The clumps often are so large that they cause
light to scatter. In some instances an otherwise
colorless liquid looks brown from the scattering.

There is considerable theoretical and practical
interest in this region. Practically, there is much
interest in the fact that heat capacity and thermal
conductivity increase as much as ten times. The
thermal conductivity properties suggest that lig-
uids in the critical state may provide a very effec-
tive heat transfer medium for boilers and chemical
processing eqquipment, and the heat capacity prop-
erties may be useful for heat control, as a sort of
heat buffer.

On the theoretical side, the critical region seems
to be sort of a promised land for the theoretician
interested in many-body problems. A key to the
critical region might very well also turn the lock
of the whole liquid-state problem.

The use of advanced mathematical theories in
explaining the properties of matter is a valuable
supplement to the traditional chemical approaches.
Interesting work in this field has been accom-
plished by Bernard D. Coleman at the Mellon
Institute under an AFOSR contract.

Coleman used mathematical treatments of the
mechanical behavior fluids, including such compli-
cations as sheer-dependent viscosity and gradual
stress relaxation. His general theory of “simple
fluids with fading memory,” developed in collabo-
ration with Dr. Walter Noll, is based on mathe-
matical definitions of these concepts.

Translated into ordinary language, a simple
fluid is one which has no intrinsic preference for
a particular configuration out of a class of con-
figurations of equal volume: that is, it takes the
shape of the confining vessel. Similarly, the prin-
ciple of fading memory states that deformations
which occurred in the distant past should have
less effect on the present value of the stress than
deformations which occurred in the recent past.

The theory obtained by mathematical reasoning
from these concepts was found to be broadly ap-
plicable to fluids. Even complex systems such as
molten polymers or polymers in solution were
found by the theory to show ideal or “Newtonian™
behavior in the limit of very slow flow, and linear
viscoelastic behavior in the limit of infinitesimal
deformations.

In developing the theoretical aspects of liquid
structure none has been more productive under
AFOSR support than Stuart A. Rice at the Uni-
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versity of Chicago. From his studies of the sta-
tistical theory of transport phenomens, he has
published “Statistical Mechanies of Simple
Liquids" (John Wiley & Sons, Inc, N.Y. 1965).
In this book he summarizes his approach to the
theory of transpert in liquids with an extensive
comparison of theory and experiment.

Rice has publirhed several papers on the kinetic
theory of dense fluids, One paper deals with the
shear viscosity of liquid argon. The theory of Rice
and Alinat feads to predivtions of the temperature
dependence of the shear viscasity under conditions
of constant volume. These predictions are in good
agreement with experimental results.

In another paper a formula for.the bulk vis-
cosity of a simple liquid has been obtained from
the solutions of the kinetic equations proposed by
Rice and Allnat. The theory unambiguously pre-
dirts that the ratio of bulk to sheer viscosity for
liquid argon, at a density of 1,12 g/cm® and tem-
peratures between 125° and 185° K, should be
approximately 1.3.

Dr. Rice's experimental and theoretical studies
of the electronic structures of disorganized systems
were published as *Electron Mobslities in Liquid
Argon and Krypton™. Measurements were re-
ported on the drift velocity of electrons in liquid
arpon and krypton as a function of temperature,
pressure, and electric-field strength. It was dem-
onstrated that an eclementary scattering thenry
provides a reasonable zeroth order description of
the mobility in the low-field region. The ticory
incorporates the effects of coherence in the electron
seattering from nearby atoms into the cross section
of a moditied Boltzmann equation. The magnitude
of the mobility and the pressure and tempesuture
dependence of the mobility are all reproduced o
better than a factor of two. 1t is found that the
electron velacity distribution is not thermal and
that the mean electron encrgy may be as large as
0.5 eiectron volt even when the electric-field
strength 15 as low as 100 volts/em. Under these
conditions, a dilemma for zero field calculation
is posed by the fact that the nonthermalized elec-
tron distribution leads to nonlinearity of the drift
velocity with respect to the eleciric-field strength.

In “Theoretical Studies of Solvared Electrons”™,
published in “Advances in Chemistry Series™,
Rice and Jortner considered the metastable excess
electron states in polar and nonpolar liquids.
They discussed the general questions: (1) What
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is the form of the genersl dispersion curve describ-
ing the momentum-energy relationship for s
quasi-free electron in & liquid? (2) What are the
conditions which lead to the localization of an
excess eleciron in a liquid 7 (3) What is the nature
of the trunsitich to the metallic state in s liquid
containing high density of excess electrons? (4)
What information can be extracted from studies
of the behavior of excess electrons in liquids about
the dynamical and statistical geometry of the
liguid state?

A neglected area of research, but one which
could play a major role in the liquid structure pic-
ture, is that of liquid crystals. Theee form a curi-
ously neglected state of matter, intermediate
between crystalline solids and “normal” isotropic
liquids, They are formed by certain compounds
with elongated, relatively polar molecules whooe
mutual attraction tends to orient them with their
long axes parallel. Such materials first melt to
an anisotiopic liquid in which the molecules are
free to move about only so long as they remain
parallel to one another. At a higher temperature
the melt undergoes a sharp trapsition to a normal
liquid. Certain substances exist in not one but two
distinet liquid crystalline phases. These on fusion
give first a smectic phase in which the molecules
are hoi only constrained to be parallel, but are
also arranged in layers; at a higher temperature
they undergo transition to the nematic phase when
this extra constraint is lost; and then at a still
higher temperature the nematic phase changes to
a normal liquid. Certain substances are even
claimed to exist in two or wore distinct smeetic
phases.

Liquid crystals therefore behave mechanically
as liquids, but they preserve some of the order of
crystalline solids. If a material whose molecules
are rod-shaped is dissolved in a liquid crystal, we
may expect the solute molecules to be oriented par-
allel to the molecules of the solvent. The resulting
geometrical constraint should have obvious and
interesting physical and chenical consequences,
and so liquid crystals should show very unusual
solvent properties.

A geners! type of liquid crystal is composed of
certain cholestervl ester derivitives with eccentric
molecular structure. This substance flows like
water but has the opticsl properties of rigid crys-
tals. Through their chameleon-like color changes,
liquid crystals portray gradation of mechanical
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stress, electromagnetic radiatior, and chemical
composition, as well as temperature, For this res-
son they have found a variety of industrial uses,
particularly in the testing of delicate space
instruments.

In the aren of medicine, liquid crystals are also
offering unexpected, exciting, and imaginative ap-
plication. Bizarre substances are being testedd
experimentally and clinically for cancer detec:
tion and analysis, for monitoring the status of
newborn infants, wnd for checking on the patency
of vascular grafis,

As a research tool. the prospects of liquid crystals
are even more sweeping. They may yield important
information on the diseases that cause peripheral
vasamotor disabilities. They could greatly mag-
nify the eficiency of entire diagnostic procedures.
Ultimately, they may shed light on the basic
mechanics of sight and other senses.

As liquid crystals are sensitive to response of
external electrical magnetic fields, in addition to
having unique thermal and optical properties, they
have direct relevance to Air Forve problems in the
area of detection devices. For this reason, AFOSR
supported the first International Liquid Crystal
Conference, held at Kent State University,
Kent, Nhio, 15-20 August 1965. This conference
was attended by more than a hundred scientists
with varied backgrounds from the United States
and a dozen foreign countries to exchange views
on the present knowledge of the liquid crystalline
state.

Another structure problem that is intertwined
with the liquid structure dilemma is that of glassy
materials. This subject has created as much
controversy as that of ordinary liquids. This
i3 no doubt due to the unique character of a mate-
rial in the glassy state, in that it possesses many of
the mechanical properties of erystalline solids
and yet structurally resembles a liquid in its ran-
dom distribution of molecules.

Since the liquid and glassy structure behaviors
appear to have the potential of throwing light on
each other and because any information on these
important materials may be of Air Forve signifi-
eance, AFOSR has included in its overnll program
some investigations on the fundamental prop-
erties of the glassy or vitreous state.

Jd. . Mackenzie of Rensselser Polytechnic is
studying the relationship bet ween flow properties

and structure of glass-forming oxide melts. He is
measuring the viscosity and compressibility of
B,0, and binary metal oxide-boron oxide melts,
s well a3 the solid glasses st high preswures and
temperutures. These measurements permit one
to evaluate viscosity values at constant volume.
These data are extremely valuable, since the con-
tribution of therma} expansion to the flow process
can then be separated.

John Mackey and his group at Mellon Institute
are doing a ftudy of localized defect states in oxide
glasses. They are concentrating on the relationship
of glass structure to the structure of crystalline
compounds in the same region of the phase dia-
gram, using defect studies as a tool. In addition.
they are studying the role of structural changes
in defect behavior due to annealing and thermal
and chemical factors and the existence of phase
or compasition boundaries in glass svstems and
their effect upsan eiectronic properties,

Chemical reactions, whetl 'r adding to knowl-
edge in the laboratory, to protit in the chemical
industries, or tolife and growth :n the human body,
most often take place in solution. Most of these
solutions contain water as their prime =olvent.
Water occupies a unique place as a solvent, because
it is cheap, available, dissolves zo many substances,
and exists as a liguid over our usual temperature
range.

In spite of being the most familiar and the most
abundant, liquid water is an atypical liquil and
its structure has presented a challenge to theoreti-
cians for decades. There is a pressing need for a
structure model of liquid water adequate for quan-
titative interpretation of its anomalous properties,
such as maximum density at 4° (.. the high-
dielectric constant, heat capacity. visco=ity, ther-
mal conductivity, critical temperature, and the
differences from deuterium oxide.

Archimedes in his day was aware that there are
only four strictly recular polyhedra, the tetra.
hedron, cube, octahedron and icosahedron. All
other polyhedra, such as the IZsided dodecs-
hedron, are not strictly regular. At an interna-
tional conference held appropriately enough at
Athens, Greece, (5. A, Jeffvey of the University
of Pittsburgh reporied on the importance of this
ancient observation to a perennial problem of great
military and civilian importance: an adequate
supply of drinkable water.
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Fioure 8.—A representation of clathrate hydrate
obtained by X-ray diffraction.

Water forms & very interesting series of molec-
ular compounds called clathrate hydrates, in
which a cage structure made of water molecules is
found to trap or enclose a different species of mol-
ecule. The association between host and guest
molecules coes not require primary chemical bind-
ing, so that the two types can be separated at little
cost in energy. In research supported by AFOSR.
Dr. Jeffrey has demonstrated that the basie strue-
tural unit for some 30 quartenary alkyl ammonium
and phosphonium salt hydrates is the H,,0;, regu-
lar dodecahedron, made up of 20 water molecules
linked together by hydrogen bonds. These results
tie in with current work on the structural theory
of liquids by J. D. Bernal of the University of
London, who has suggested tha? structures of five-
fold symmetry are quite important in nonperiodic
arrays, and dodecahedra with axes of fivefold sym-
metry may be significant units in liquids,

The (H.0),, dodecahedron also occurs in the
natural gas hydrates, clathrate compounds con-
taining lower hydrocarbons as guest compounds.
Because it is a noncrystallographic solid with reg-
ular pentagon faces on the unit structure, it does
not form a close-packed crystalline array. Struc-
tures with this basic unit must therefore contain
noaregular “holes” which are themselves poly-
hedrs with hexagonal as well a3 pentagonal faces.

Dozens of clathrate hydrates are known. Some
invelve the inert gases such as 6 Ar 46 H,O;
other examples are:

8§ C,H, 138 H,O and 86 Cl,-46 H,0.

Such compounds are generally crystalline, can be
easily recrystallized, and have possible application
in purification processes. In fact, the propane hy-
drate is the basis of a water desalination procedure.
Consequently, this project was transferred to the
Office of Saline Waters,

In conclusion it can be said that the scientific
understanding of liquid structure is trailing far
behind the knowledge of the gaseous and solid
states. The apparent reason for this lag is found
in the fact that liquids do not have either the
geometrical regularity of solids or the complete
randomness of gases, Thecretical and experimental
developments have recvntly shown encouraging
progress toward some understanding of the prob-
lem. But it is only through persistent, continuous
effort on the part of the investigators and those
who are supporting the research, that there will
be any positive far-reaching progress made on
understanding the complexities of liquid structure.
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Energy-Matter Interactions

Dr. Avrrev WrIssLER

Research on the problems of energy-matter in-
teractions isthe key to solving a whole host of vital
Air Foree problems. They include atmospheric
reentry of aerospace vehicles, navigation by lasers,
malfunction of systems and personnel due to in-
tense sound and vibration, deterioration of struc-
tural and circuitry materials under unscreened
solar radiation in the upper atmosphere, the hope
of squeezing some precious extra thrust out of the
hot exhaust gases of a jet engine, and many others.

Partly for this reason, many of the chemists in
the world devote their lives to this pivotal chemi-
cal research problem. Sometimes the aim is to con-
tro! undesirable breskdown processes. Other times,
it is to create a new plastic or rocket fuel or cause
another desirable process to occur.

In the past, thermal energy was just about the
only type available for changing one form of mat-
ter into another: The chemist would mix his start-
ing materials, apply heat for a period of time,
and fish the wondrous new stuff out of the brew.
But recently chemists have diversified their arma-
mentarium, and now can bring about specific
chemical transformations by injecting into mole-
cules other forms of energy such as ultraviolet,
gammarays, and ultrasonic waves.

A large fraction of the AFOSR chemistry pro-
gram is devoted to the rapidly growing field of
energy-matter interactions. A few examples are
discussed below, using the researcher’s own lan-
guage in some places. The purpose is not only to
show the military relevance, but also to convey the
excitement of life on the scientific frontier.

Exposure in the Uliraviolet

Fortunately for us, the most destructive com-
ponent of the sun's rays (the far ultraviolet) is
screened out by the protective layers of the atmos-
phere. In the aerospace environment, however,
materials are subjected to merciless bombardment
by high-energy short-wave ultraviolet. Many of
them-—especially the organic substances—undergo
deterioration.

Onme important effect of far ultraviolet irradia-
tion hus been discovered by G. Oster of the Poly-
technic Institute of Brooklyn: Plastics such as
mylar and saran jose their insulating properties

and become photoconductors. Inasmuch as mylar
is used as a dielectric, control systems in aer.space
vehicles may thereby be compromisel. During rhis
work, Oster found that the ultraviolet rays also
cause discoloration of saran, due to a molecular
change of spliiting out chlorine.

A related study by P. DeMayo of the University
of Western Ontario has shown that exposure to
ultraviolet causes deep-seated changes in the mol-
ecules of many orgunic materials. In some cases &
ring structure is broken as in the elegant synthesis
of maleimide from pyrrole. In other cases, such as
a mixture of cyclohexene and acetylacetone, a new
precursor is formed photochemically.

Photochemistry vs. Radiation chemistry

T'wenty years ago there was a flurry of activity
in which both radiation chemists and photo-
chemists sought correlations among the chemical
results of the two kinds of excitation. The initial
observations led to such confusion that the at-
tempts at correlation were abandoned in most lab-
oratories. During the past year G. S. Hammond
at Caltech and coworkers have obtained results
that seers to provide the basis for a much more
optimistic outlook. Essentially simultaneously,
similar reports have come from a number of other
laboratories although, at least momentarily, the
Caltech team seems to have the most extensive
results.

Their approach has been the use of energy
transfer as a monitor of the kind of electronic
excitation appearing in a sample exposed to
gamma-irradiation. They have gamma-irradiated
solutions of various photochemically reactive sub-
strates in aromatic solvents such as benzene and
toluene. The choice of solvent is important, be-
cause efficient cascade ro nondissociative excited
states must occur if the excitation delivered is to
reac.. the same state as is obtained by absorption
of ultraviolet light. When the reactive sub-
strates are isomerizable olefins such as stilbenes,
a-methylstilbenes, o, 8-diraethylstiibenes, or piper-
¥lenes, the same pattern of response is observed
as is seen in photosensitized cis-trans isomeriza-
tion. This similarity in behavior suggests that
excited solvent molecules decay to their lowest
triplet states and then transfer triplet excitation
to solute molecules,

The use of radiation-induced jsoterization as a
neans of counting triplet excitations immediately
comes to mind. In fact, others huve used this
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method, with the 2-butenes as triplet counters.
However Hammond finds that the G values (yield
of molecules per 100 electron volts of energy ab-
sorbed) for isomerization are much higher
(around 13) than previously reporied. The high
values occur at high-solute concentrations. The
upturn in G values for isomerization at high-
substrate concentrations resembles closely the rise
in G values of scavengeable radicals at high-
scavenger concentrations in the radiolysis of
aqueous solutions. The results are probub]y due to
bimoleular destruction of triplets in the region
of high-excitation density within radiation spurs.

The radiation-induced dimerization of 1,3-cyclo-
hexadiene shows an additional startling feature.
Dimeric products are formed with high G values.
However, two sets of Jimers are produced, those
formed in photosensitized reactions and those pro-
duced by thermal dimerization at high tempera-
tures. The Caltech workers have demonstrated that
the two sets have different precursors. Addition of
isopropy! alcohol selectively inhibits formation of
the “thermal™ dimers and addition of azulene (a
good triplet scavenger) reduces the yields of both
sets but represses the formation of the “photo”
dimers most strongly. Clearly, one type of excita-
tion that is conveyed to the solute molecules is
triplet in character. Cross-comparison with experi-
ments in which cyclohexadiene is irradiated di-
rectly indicates that the thermal dimers are not
formed from singlet excitations. The only other
attractive alternatives are positive ions and nega-
tive ions. Since carbon tetrachloride, a good elec-
tron scavenger, has only a mild repressive effect on
dimerization, they infer that the active inter-
mediates are not anion radicals derived from the
substrate, and by elimination are led to prefer a
mechanism in which cation radicals are inter-
mediates. This is consistent with the inhibitory
effect of isopropy1 alcohol.

Increasing the concentration of cyclohexadiene
increases the yield of photo dimers much more
than the yield of thermal dimers; this suggests
that the precursors to the thermal dimers are not
destroyed by diffusien-controlled bimolecular re-
actions within spurs. Because the G values for
dimerization are rather high, it seems that the
thermal products must he produced by a chain re-
action. Tentatively, the following overall mecha-
nism has been formulated.

These studies and their interpretation lead to
the hypothesis that the steps in excitation degrada-
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tion, following production of Compton electrons,
do not occur in a definite sequence. In the region
of high-excitation density, bimolecular reactions
between excitations may lead to production of
high-energy excitations from those of lower
energy.

Hammond is enthusiastic about the prospect of
using chemical monitoring as a means of dissect-
ing the mechanism of excitation decay in radiation
chemistry. The work may have a number of at-
tractive applications, including development of
new and effective methods for the protection of
materials against radiation damage. It is also en-
tirely possible that chemical menns of characteri-
sation of different kinds of radiation can be based
upon linear energy transfer effects, which may
have major influences on the course of induced
chemical reacticns.

Sound Chemistry

Sound chemistry or “sonochemistry™ is the
name given to the study of molecular disintegra-
tions caused by exposure to interse sound or ultra-
sound waves. AFOSR is supporting the research
of one of the leaders in this esoteric field, Michael
Anbar at the Weizmann Institute of Science in
Rehovoth, Fseawl.
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For over 30 years, it has heen known that when
water is exposed to intense mechanical vibrations
it breaks down to give hydrogen, hydrogen
peroxide, and eventually oxvgen. Volatile com-
pounds dissolved in water may be broken down,
too, under these conditions: and nonvolatile sub-
stances, although not broken down, may react
with the decomposition products of water, namely
hydrogen atoms and bydroxyl (OH) radieals.
Decomposition of water in this way was known to
depend on two things—the presence of a perma-
nent. gus or some other highly volatile component
dissolved in the system, and the oceurrence of
cavitation.

Cavitation is the formation and collapse of
microscopic bubbles in a liquid when it is sub-
jected to transient tensile stresses. These bubbles,
or cavities, can be seen in daily life around the
propellers of speed boats or ocean liners, as well
as in hydroelectric turbines and pumps. Very in-
tense caviiation can be generated in liquids by
ultrasonic generators, of the kind used in ultra-
sonic cleaners and cell disintegrators, at frequen-
cies up into the megacycle range. Caviration, as
we shall see, 13 a characteristic feature of any
sonochemiral reaction.

Recently it was shown by a team consisting of
Anbar, Israel Pecht, and Alfred Weissler of
AFOSR that the phenomenon of sonolysis can
be demonstrated in a variety of liquids other than
water. In nonaqueons systems, sound waves not

only decompose the solvent itself but bring about

chemical reactions with dissolved gas, as well as
secondary reactions with nonvolatile substances
in solution.

What, then is the mechanism of sonochemical
reaction? How, in other words, is the mechanical
energy of sound waves converted into chemical
energy !

Energy may be transferred to a molecule by
three pathways. First, mechanical energy may be
acquired by collision with another, fast-moving
molecule. If energetic enough, this process may
eventually transfer enough kinetic energy into the
molecule to produce vibrational excitation, leading
to cleavage of chemical bonds. As the available
mechanical energy of molecules depends on tem-
perature, this is the classical, thermal method of
inducing chemical roactions.

Secondly. electromagnetic energy (in the form
of photons of an energy that is characteristically
absorbed by a given melecule) can serve to excite

the molecule and. in certain cases, to disrupt it,
in which case we speak of the reaction as photoly-
sis and the molecules as photosensitive,

In a third process, the energy of fast-moving
charged particles, such as electrons or protons,
may be transferred by electrical interaction with
the electruns of molecules, causing excitation and
ionization. Tonization, which implies the release
of an electron, is itself a chemical reaction: in a
suitable solvent the electron itself will dissolve as
a hydrated or solvated electron. The electronic
excitation may then be transformed into vibra-
tional excitation, leading to the breaking of
chemical bonds. This third process, then, is the
mechanism of radiolysis of molecules by fast elec-
trons or other charged particles.

Anbar has shown that in the sonolysis of aque-
ous solutions there is an absence of hydrated
clectrons, while photosensitive materials in solu-
tion show no particular instability. These results
seem to exclude both the phatolytic and the radio-
Iytic pathways in the sonochemical process, leaving
us with the first. the classical thermal pathway,
to explain the reactions caused by sound.

It still remains to explain how the mechanical
energy of an ultrasonic wave (which, when ex-
pressed in terms of pressure. amounts merely to
a few atmospheres) cun accelerate individual
moiecules to velocities so high that a collision will
break a strong chemical bond like the O-H bond
in water. Kinetic energy of this order corresponds
to temperatures of several thousand degrees, or
pressures of many thousands of atmospheres.

The clue can be found in cavitation—in the
microscopie cavities formed thronghout a liquid
by the action of sound waves. As noted eavlier. ne
sonolysis is observed unless cavitation is also pres-
ent. If a bubble containing some gas or vapor is
formed in the Jiquid and is then compressed very
rapidly, the gus within it will be heated to an
instantaneous tempeiture of thousands of de-
grees. The hot gus, which will also contain any
volatile components in the system, may now
undergo rapid chemical reactions, Thus we can
see why volatile substances in solution undergo
extensive sonolytic decomposition, while nonvola-
tile ones (which will not be present in the cavities)
are involved only in secondary reactions with some
of the reactive products formed within the cavities.

We may now describe the sonochemical behav-
iour of water in greater detail. Water is chosen
as an example because it is the liquid which has

163

by e e P e st £ i et



© s v o e et e o A

been studied most thoroughly, but analogous be-
haviour i8 to be expected from any other liquid
undergoing sonolysis. Let us first consider pure
water containing argon, a chemically inert gas, in
solution. Once cavitation has been initiated by
mechanical vibrations, bubbles begin to form and
collapse. The lifetime of each bubble is equal to
the duration of a single cycle—10 microseconds in
the case of an ultrasonic wave of 100 kilocycle/sec.
frequency.

If we follow the life cycle of one of these bub-
bles, we find that it grows from an initial diameter
of a fraction of & micron to a final size a hundred
times larger. During this period argon. together
with some water vapor, diffuses into the bubble,
which initially was a vacuum. By the time the
expansion half-cycle is over, the bubble has grown
to its maximum size while building up sume in-
ternal pressure of gas.

During the second half-cycle compression takes
place, and as the time interval is so short the
buildup of pressure. which may amount to
thousands of atmospheres, is accompanied by a
precipitous rise in temperature, The time of com-
pression is much too brief to allow dissipation of
the excess heat,

At such high temperatures the water vapor in-
side the bubble heats up to such an extent that it
partially decomposes to hydrogen and oxygen
atoms, as well as to OH radieals. Most of these
fragments recombine rapidly to give water, molec-
ular hydrogen, hydrogen peroxide and molecular
oxygen. Somu of the hydrogen and OH fragments
do not manage to recombine before the eavity
reaches the point of collapse and are therefore
released inta the bulk of the liguid,

These fragments are extremely reactive, and
they will react rapidly with any substance in solu-
tion, organic or inorganic, that is capable of
oxidation. Thus one may oxidize formate ions
(HCGO-) to earbon dioxide, ferrous to ferric iron.
or ecuprous to cupric copper: or one may disrupt
amino acids or hydroxylate aromatic compaunds.

If now the water is first saturated with a reac-
tive gas or volatile compound, before sonolysis,
this will participate in the high-temperature reac-
tions taking place with the cavities. Thus oxygen
will nroduce HO: radicals and ozone molecules:
nitrogen will yield NO, NO: and NOH radicals,
which lead in turn to nitrogen fixation in the form
of nitrites and nitrates; carbon dioxide will yield
formate ions: and so on. Volatile organic com-
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pounds undergo complete fragmentation under
the same conditions: thus methanol may yield hy-
drogen, carbon monoxide and carbon dioxide, as
well as methane and ethane.

We may thus picture a sonolysed liquid as a
heterngenenus system wherein small centers of
very high temperature exist in transient gus bub-
bles dispersed in a liquid medium. Ordinarily, the
primary chemical processes take place only in the
gas, and are therefore of a transient nature;
whereas slower secondary reactions may eventa-
ally follow in the liquid.

There is, however, u specific case where sono-
chemical processes take place directly in the bulk
of the liquid. It is in the degradation of high
polymers, which are split up into polymers of
lower molecular weight by ultrasonic action—
most probably by the direct mechanical stresses
of the violent implesions that occur when the
cavities eventually collapse.

When sonolysis is carried out on a small labor-
atory scale, with an ultrasonic power input in the
runge of 100 watts into a volume of roughly 100
m}., the chemical yield of the various products is
rather small, of the order of millimoles per liter
per minute, Thus, the efficiency of conversion from
mechanical to chemical energy is quite low, Al-
though this poor efficiency may be discouraging
from a practical standpoint as a means of synthe-
sis, sonochemistry nevertheless has far-reaching
implications.

The outstanding feature of sonochemical proc-
esses is the occurrence of chemical reactions at
extremely high temperature in a gas phase that
remains within a liquid environment at ordinary
temperatures. The combination of high-tempera-
ture chock waves with free radical chemistry in
solution—each a method of synthesis in its own
right—has no equivalent in the world of chemistry.
Moreover, the extremely short interval between
the sharp rise i temperature inside the cavity and
its total collapse provides a remarkably eflective
means of trapping or “freezing™ a substantial part
of the transient products of the hot gas in the much
colder liquid.

These conditions, which are not available to the
chemist in ordinary eircumstances, lead to un-
usual results. The oxidation of molecular nitrogen
by water is an outstanding example of a reaction
which is a feasible sonochemical process but which
has never been demonstrated under ordinary
thermal or even radialytic process conditions. This
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is, in fact, a case of a reaction that is thermody-
namically impossible at room temperature, but is
made possible by the rapid freezing of a system
that is at equilibrium at a temperature around
6,000° . Sonochemistry is by no means just a
chemical process in a system heated by a trans-
ducer instead of a bunsen burner.

What, then, is the importance of the current re-
search on sonochemistry? It might well be said
that an understanding of sonochemistry is the
key to the understanding of numerous chemical
changes which take place around us in everyday
life. Sonochemistry is indced a common phenom-
enon, not a laboratory curiosity. The conversion
of mechanical into chemical energy, although
rather inefficient, is much more commonplace than
are, say, radiolytic processes.

There are many instances where mechanical agi-
tation of a medium induces cavitation. Qutstand-
ing examples are provided by sea waves and
waterfalls which, it has recently been suggested,
are responsible for nitrogen fixation—a matter of
great significance for life in the oceans and rivers.
It appears that a substantial fraction of atmos-
pheric nitrogen undergoes fixation by sonochemi-
cal processes in addition to the classical methods
of bacterial fixation. A significant portion of the
hydrogen peroxide found in natural waters may
also be of sonochemical origin.

Another commonplace example of sonochemis-
try at work can be found in the intense corrosion
and erosion caused by cavitation on the propellers
of ships. Furthermore, the sonolysis of pure or-
ganic liquids indicates that hydraulic and lubri-
cating fluids which are subjected to intense me-
chanical vibration, may be broken down. Indeed,
sometimes sonolysis may be the major factor in
the deterioration of these fluids, a subject of con-
siderable importance to the Air Force. Although
the mechanochemical conversion efficiency is Jow,
enormous amounts of mechanical encergy are in-
volved over the long period of service of such
fluids.

In the ¢ase of Auids which are inherently highly
unstable, such as liquid explosives, sonolysis in-
duced by mechanical agitation may contribute sub-
stantial amounts of free radicals, which in turn
may act as chain initistors and thus lead to ex-
plosion. The invention of dynamite by Alfred
Nobe! was a way of avoiding the disastrous con-
sequences of sonolysis in nitroglycerin, by absorb-
ing it in a solid mediam.

Most of the examples given above tend to show
sonolysis in destructive roles. But it has interesting
possibilities as a means of synthesis. For example,
sonolytically induced polymerization may, in cer-
tain cases, compele with chemically induced
processes. A second exmmple is the production of
halogen atoms from pure halocarbons and their use
in inorganic synthesis of special anhydrous halides.
It seems very likely, too, that sonochemistry will
provide us with means of making hitherto un-
known inorganic compounds,

We have seen that mechanically induced chem-
ical reactions may take place in liquids under con-
ditions which have never been suspected. Who
would expect nitric acid to be formed in air-
saturated tap water when flowing rapidly through
a pipe system? Although the concentrations of
nitric acid formed in such a continuously flowing
system are generally far below the sensitivity of
existing analytical methods, we can be confident
that nitric acid and hydrogen peroxide will indeed
be produced whenever cavitation takes place in air-
saturated water. Sonochemistry is in fact as old as
the waves of the ocean and it is hard to understand
why so little attention has been paid to this extra-
ordinary chemical effect.

Organometallic Chemistry

Dr. Axtuony J. MaTUrszeo

The upsurge of interest in organometallic chem-
istry in the past 10 to 15 years has attracted many
of the leading young research chemists in this
country and abroad. The discovery of the highly
stable ferrocene system (an iron atom “sand-
wiched™ between two cyclopentadiene rings) in
1951 initiated intense research activity in transi-
tion metal organic chemistry. Extensive worldwide
efforts In the area of catalytic applications of
organonetallic compounds followed the discov-
eries by Kurl Ziegler in Germany and Giulio Natta
in Italy that olefins could be polymerized in a
stereospecific manner using organometallic cata-
lysts. These developments together with the con-
tinued interest in the versatility of organosilicon
compounds stimulated much of the inquiry by
research scientists into the chemical character,
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structure and reactivity of the organometsllic
system of compounds.

The Air Force has a stake in this increased re-
search into organometallic chemistry, Compounds
with meta) to carben bonds are important not only
as reaction intermediates in the synthesis of new
polymeric materials, which will withstand the
extremes of temperature, pressure and radiation
of the aerospace environment, but also as laser
materials, lubricants, semiconductors, and high-
energy propellant ingredients. Improved theories
of carbon to metal bonding are vital to the selection
of stronger adhesives for metal-to-metal bonding
in the building of supersonie aircraft and missiles,
There are many other perhaps less obvious, but
still significantly important Air Force applications
to which basic research in orgznometallic chem-
istry is highly pertinent. Recognizing the need for
and significance of research in this area, AFOSR
has encouraged and supported research by a num-
ber of organic, inorganic and physical chemists
who have sought to uncover the mysteries of this
rapidily emerging field of chemistry.

Historically speaking. compounds with metal.to-
carbon bonds have been known for more than a
cenivry. In 1849, Edward Frankland set out to
prepare the free ethyl radical, (,H_, using zinc to
remove iodine from ethy! iodide, hut obiained in-
stead diethylzine in the first recorded synthesis of
an organometallic compound. A few vears later, in
1863, Friedel and Crafts reported the preparation
of tetraethylsilane, the first organosilicon com-
pound. By the turn of the century a few more
organometzallics were synthesized. In 1938, in his
first volume of “Organic Chemistry. An Advanced
Treatise,” Henry Gilman summarized the then
exisiing knowledge about organometallic chem-
istry in less than 90 pages. In contrast, it took 300
pages to cover some of the highlights of research
published in 1984, i volume I of “Annual Surveys
of Organometallic Chemistry™ written by Dietmar
Seyferth of MIT and R. Bruce King of Mellon
Institute (both are currently AFOSR research
inveatigators). Seyferth is also editor of “The
Journal of Organometallic Chemistry,” a monthly
publieation of current research resuits. Twao other
AFOSR investigators, F. G. A. Stone of Bristoi
University and Robert West of University of
Wiscansin, are coeditors of “Advances in Organo-
metallic Chemistry™ of which the first two volumes
were published in 1964. These emerging publica-
tions, together with the severai international sym-
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posin during the past year devoted 10 this area of
chemistry, are un indication of the research inter-
est in organometallic chemistry.

A great deal of effort has gone into the chemistry
of organcsilicon compounds. Although silicon
is a metalloid (intermediate between a metal
and nonmetal), organcsilicon  compotnds  are
usually included in discussions of organometal-
lic chemistry, Silicon substunces have achieved
commercial importance as  polysiloxane fluids,
lubricants, rubbers and resins, During the past
few years, with AFOSR support, Robert West
at the Umiversity of Wisconsin has made note-
worthy contributions to this area of chemistry.
Ore of hig research accomplishments was the
synthesis and characterization of the remark-
ably stable azidotriphenylsilane, (C.H,),SiN,.
Although azide compounds, particularly those
nsed as initiators and explosives, are generally
sensitive to heat and shock, thix azide derivative
only partially decomposed when heated to over
216° C. West attributes this stability to a particu-
lar type of bonding (dative pi bonding)} between
the nitrogen and silicon atoms, made possible by
contributions of electrons in the  orbitals of
silicon. Subsequently, West, as well as another
AFOSR investigator, Grant Urry at Purdue
University, prepa.ed the azidotrimethylsilane
(CH,),8iN., and other researchers have since
reported the svnthesis of pelvazidosilanes. Azide
compoutds, which contain high percentages of
nitrogen and can be handled safely, are of interest
as gas generators since they produce nitrogen gas
on decomposition.

West and his coworkers at the University of
Wisconsin  have prepured and characterized
€*,Li,. the first organic perlithium comr.und which
they have named “perlithiopropyne™. The comi-
pound, a red-brown solid, is prepared from methyl-
acetylene and n-butvliithium. C,Li, Las potential
application us a cutalyst for polvmerization of
diolefins to make synthetic vubbers and as an
intermediate in the synthesis of a varietyof organic
componids throngh substitution of the lithiwm
atoms on the molecule, One reaetion which has
been successfully carried out is the following:

(CHYS
il 4 (OREDUCT ——— \c=1‘..—=c’
ccupai’ Bi(CR
It is hoped that C,Li, is the first of a family of
completely lithiated hydrocarbons. Further work
in this area of research i= actively being pursucd,

SHCH),
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In atill another phase of the AFOSR-spons-red
research at the University of Wisconsin, the first
pentacoordinate species of silicon {five groups
of atoms bonded to each silicon atom) bonded to
three organic groups was prepared. The triphenyl
{bipyridy))siliconium ion formed (see fig. 8)
might be considered as being analogous to the
important carbonium, R.(" in aorganic chemistry.
This pentacoordinate siliconium species should be
useful in the synthesis of rovel organosilicon
vompounds.

In anocher AFOSR-sponsored project on organ-
osilicon chemistry, Malcolm Kenney at Case
Institute of Technology discovered a new series
of phthalocyaninosiloxane polymers in which
there are six chemical bonds to the silicon atom.
These hexacoordinate compounds have silicon
bonded to four planar ring nitrogens in the center
of a phtalocyanino ring, and two oxygens, one on
either side and perpendicular to the ring.

The Si-0-Si backbone is baried in the center of
the phthalocyanino ring and is well protected from
attack thus accounting for the high stability of

this unique polvmeric material, It is not attacked .

when treated with concentrated sulfuric acid and
it doesn’t decompose at 520° (. in a vacuum. Dr.
Kenney has prepared similar compounds in which
aluminnum as well as silicon rre both incorporated
into the same polymeric structure. Use is now heing
made of this research by the Aerospace Group of
General Precision, Inc., in an effort directed toward
the development of practical high-temperature
polymers for the Bureau of Ships under a U8,
Navy contract.

Organometallic chemical research by Dietmar
Seyferth at Massachusetts Institute of Tech-

Fioore 8.—Friphenyl (bipyridyl) siliconium iom.

L Jx

Ficure 9.-—U'nit of phthalocyanincsilorane
polymer.

nology has resulted in the generation of difluro-
carbene, CF,, under the mildest conditions reperted
thus far. The generated C'F. reacts in the presence
of olefins to form gem-difluorocyclopropanes in
very good yield. (The gem-difluoro refers to the at-
tachment of beth fluorines to the same carbon
atom), MIT researchers are studying the chemistry
of the “extrusion reaction™ which involves the de-
composition of organometallic compounds contain-
ing halogenated organic substituents in which the
organic portion separating a metal atom and a
halogen is extruded either rhermally or photo-
chemically. For example, in the formation of CF,,
trimethyl(trifluoromethyl) tin (I) decomposes at
80° (", and CF: reacts wiii the olefin in the reaction
mixture to form a gem-diftuorocyclopropane.
(‘/+ NaF

N
ch

A 7 N
(CH)8nCFy + Nal + C=C_ —— CHofnl +C
s N v

Sodium iodide serves to release CF, in the reaction.
The yields of product exceeded 70 percent with the
olefins tried. Similar reactions tried with organo-
mercurials, such as C;H;Hg("Cl., and olefins at 30°
C. gave dichlorocyclopropane derivatives in yields
of more than 90 percent.

The reactions carried out by the MIT group
were done in 2 nonhasic medium. This is particu-
larly significant since basic conditions (or higher
temperatures) are generally used in the generation
of halocarbenes. However, many organic and in-
organic reactants and reaction products are not
stable to basie conditions. Hence the organo-
metallic decomposition leading to these reactive
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species have important advantages and should
prove valuable in the synthesis of new materials,
especially in the preparation of gem-difluoro
derivatives. The mild conditions for reaction
could find useful Air Force application in the
dihalomethylation of residual olefinic bonds in
polymers to increase their thermal stability.

At Pennsylvania State University Philip Skell
and his coworkers have devised methods of selec-
tively producing monoatomic and triatomic car-
bon, C, and C;, in il ground and excited states
and reacted these various forms of carbon with
organic molecules such as olefins and aleohols,
This research has suggested to Skell that other
molecular and atomic metastable states could be
produced by low-energy electron bombardment
and that the chemical properties of these sub-
stances could be studied by the technigues em-
ployed for carbon. In the carbon research the
carbon was vaporized into an arc plasma in high
vacuum and the labile species of carhon were
trapped on the walls of the reaction vessel at
liquid nitrogen temperatures. The C, or C, gener-
ated in this manner was then reacted with an
olefin (or aleohol), and the stereochemical char-
acter of the products indicated the triplet or sing-
let state of the reactant carbon. Experiments with
nickel and silicon indicate the feasibility of ex-
tending to other atomic species the experimental
techniques which were successful in studying car-
bon vapor. Atomic silicon has been treated with
trimethylsilane to give a preliminary indication
that the expected hexamethyltrisilane, (CH,),Si-
SiH.-8i(CH.),, is one of the reaction products.
The reactions with atomic nickel appear equally
encouraging. The research is continuing and Skell
hopes to study the chemical character and reac-
tivity of the atomic species of several other metal-
lic elements.

At the University of Pennsylvania Alan Mac-
Diarmid is applying high pressures to the sya-
thesis of new organometallic and inorganic
compounds. Among his recent developments h.s
heen 2 new noncatalytic method for the prepa-
ration of HSiF,, a useful intermediate for the
synthesis of organometallics, Using pressures in
the 45 atmosphere range, a purer and stabler
HSiF; can now be prepared, since the product is
no longer contaminated by Sb(l, catalyst, which
was used in a previous synthesis. The HSiF, has
been used by MacDiarmid to synthesize the first
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example of a hydrofluorosilicate which is surpris-
ingly stable thermally.

These are only a few examples of the many
accomplishments under the organometallic re-
search program sponsored by the directorate of
chemical sciences, In a broader coverage of the
subjeet one would include the research and accom-
plishments of Bruce King, formerly at the Mellon
Institute and now at the University of Georgia,
who has developed an international reputation as
a researcher who can synthesize novel complex
organometaliic systems when others have tried and
failed. Larry Dahl at the University of Wiscon-
sin has done extensive work on structure identifica-
tion of organometallic systems. Glenn Crosby's
researches at the University of New Mexico on
rare earth and transition metal chelates have been
referenced on numerous occasions by scientists
working on lasers: scientists st the Air Force
Rome Air Development Center are interested in
Crosby's work and have contribuied to AFQSR's
support of his research program. Alsn, the Air
Force Avionics Laboratory has worked out an
agreement with Crosby to test some of his laser
materials which are of interest to the Avionics
Laboratory. Norman Greenwood at the University
of Newcastle and F. G. A. Stone at the University
of Bristol are contributing significantly in their
synthesis and mechanism studies of organometallic
compounds, Several others, too numerous to men-
tion in this report, are doing important and useful
organometallic research in solution coordination
chemistry, organoboroun chemistry, ete. Concur-
rently with the AFOSR-supported research
program in organometallic chemistry, it seems ap-
propriate to mention that significant research on
metal chelates and organosilicon chemistry is being
carried on at the QAR Aerospace Research Labor-
atories at Wright-Patterson AFB,

The Air Force with its encouragement of highly
knowledgeable research investigators has played
an important role in the rapidly increasing store
of knowledge about the chemistry of organometal-
lic compounds. The benefits to the Air Force are
many. Some of the research is already playing its
proper role in technological developments. But
even more important the AFOSR-supported re-
search will have an important bearing on the solu-
tion of Air Force problems of the future. Fer it is
from the systematic basic approach te the under-
standing of chemical systems, such as the organo-
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metallics, that important technological break-
throughs evolve.

Rapid Scan Infrared Specrroscopy

Dr. Wittiay L. Rrien

AFGSR has from its inception supported work
in the area of chemical spectroscopy, one of the
most powerful tools available to elucidate the
structure of molecules, Very soon after the forma-
tion of the directorate of chemical sciences, sup-
port was given to such investigators as Kasha and
Crosby at the University of Florida: Simpson,
Cross, and Eggers at the University of Washing-
ton; Hexter at the Mellon Institute; Dows at
UCLA, and Pimentel of the University of Cali-
fornia at Berkeley. Pimentel wished to study the
spectra of molecules, particularly those which
could be dissociated by ultraviolet flash photolysis
to give ionized or excited atoms. Pimentel was one
of the first investigators to use the technique of
“matrix isolation.” In this technique the active
molecules were frozen out in a matrix of intensely
cold, solid, rare gas such as x~non.

Even using the technique of matrix isolation
many reactive species decayed before an infrared
spectrum could be obtained. The “free radicals”
isolated on the matrix were of interest to the Air
Force which at that time was supporting a large
“free radical” project hoping to get more active
species for propulsion.

To study hetter the infrared spectra of these
species, Pimentel began to investigate the pos-
sibility of a “rapid scan™ infrared spectroscope.
After several years he achieved a breakthrough in
this area by ultilizing the principal of a rotating
Littrow mirror. This enabled Pimentel to study
not only the comparatively slow reactions in the
matrix but also the infrared spectra of explosive
reactions,

Pimentel, studying the flash photoysis of methyl
iodide, noticed “spikes™ in the infrared spectra.
These he reasoned were due to the formation of a
population of active iodine atoms from the dis-
sociation of methyl iodide, Thus in an article on
“Atomic Photo-Dissociation Laser,” by Kasper
and Pimentel, “Applied Physics Letters,” 5, 231
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(1964), they explin the lasing effect by showing
that the energy from the reaction came from an
intense high-energy xenon flash, The excited
methyl-iodide molecules dissociated with bond
rupture, and the resulting excited atomic jodine
atoms in the 3P, .. state were produced in sufficient
excess over those in the ?P, . ground state to per-
mit stimulated emission or actual coherent laser
light when reacted in a suitable laser cavity.

Pimentel and his associates have uncovered
evidence of laser emission in the photolysis of six
other alkyl iodides. The priciple of a “photodis-
sociation laser” is that stimulated emission occurs
as the result of bond rupture, although the initial
energy from the photoflash is utilized to supply
the energy for the excited inverted population and
the resulting burst of coherent stimulated emis-
sion. In other words, the excited molecule of
methyl iodide acts as a temporary reservoir for the
flash energy, and the dynamics of bond rupture
determine the population inversion.

The methyl iodide photolysis was then made to
actually lase in a conventional laser cavity.

The explosive reaction of hydrogen and chlorine
to form HCl was also found capable of lasing. In
the case of the hydrogen-chlorine reaction, the
energy is essentially derived from the heat of the
chemical reaction itself and not the flash,

The two chemical lasers discovered by Pimentel
resulted from the use of a new iool or instrument
he and his colleague, K. C. Herr, developed. This
instrument is the rapid-scenning infrared spectro-
photometer constructed by Pimentel with AFNSR
funds. The heart of the instrument is an extremely
sensitive, ultrafast-response. zinc-doped, germa-
nium detector and a highspeed (10,000 r.p.m.)
rotating Littrow mirror, These elements. combined
with a conventional Perkin-Elmer spectrograph
and an oscilloscope display tube have achieved scan
rates of 1,000 em™! per 10 microseconds through
the region 5.000-650 cm-'.

The spectrophotometer makes possible for the
first time infrared studies of extremely fast reac-
tions occurring after flash photolysis. hitherto
studied only in the ultraviolet, visible, and near-
infrared due to limitations of the photographic
plate, The fastest previously described infrared
spectrometers either scanned an equivalent region
at a rate 100 times slower, of & narrow region of
30 to 40 em'* in u comparable time.

This instrument has successfully demonstrated
its applicability to rapid-scan infrared speetros-
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copy in studies of transient phenomena. Both the
identification of short-lived chemical intermedi-
ates, produced photolytically, and the kinetic study
of systems reacting on a microsecond time scale
have been studied. Preliminary emission spectra
give promise of chemiluminescence scans prior to
equilibratiun of vibrational degrees of freedom.
A variety of other possibilities suggest themselves,
such as the investigation of transient species pro-
duced by the fast mixing of reactants, by shock
waves, aud by flash heating techniques. Currently,
important problems of intermolecular energy
and intramolecular energy transfer can also be
attacked by this new technique,

The most spectacular effort to which the rapid-
scanning infrared spectrophotometer has been ap-
plied is the discovery of the chemical lasers already
discussed. The use of this tool in surveying chemi-
cal reactions for their laser potentialities depends
upon suddenly developing s peak under certain
conditions where coherent light emission occurs.

7o

After stimulated emission is indicated. the reac-
tion can be made to take place in a suitable laser
cavity, and true coherent laser emission obtained.

The advantage of an efficient chemical lager to
the Air Force is obvicus. It frees the airborne or
spaceborne from the tremendous weight penalty
necessary to utilize ordinary flash-activated lasers.
Electrica! flash-operated lasers need ponderous
banks of condensers and heavy electrical generat-
ing systems necessary to supply the flash energy.
Now that the chemical Iaser is a reality, it remains
for further applied research to find either more
powerful laser-producing reactions, or to discover
chemical reactions which ean give multiple flashes
for other practical applications of Air Force
interest.

1) Kasper and Pimentel, Appl. Phya. Letters 3, 1, p. 281
(1964).
12) Pimentel. 8ci. Am. (6 Apr. 1085).
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Simulation as a Soctal Science

Research Tool

T Herwmaw J. Saxprk

Simulation as a social srience research tool for
studying complex organizations in a luboratory
setting has come into its own since the lute 1950,
A simulation is 2 medel, and may be thought of
as a socinl science activity seeking (o create rep-
resentations of complex systems, as for example,
an international or social system.

A model miay represent a system or process pic-
torally, as by a diagram. flow, sr organizational
chart: verbally, through a system of interrelated
propositions: mathematically, through a symbolic
set of relationships: and through simulation (7).
The simulation model differs in that it is an oper-
ating model. Once the variables have been selected
for representation, and the relations hetween them
are specified, the model i« put into operation, It
may operate by having people play roles and inter-
art with each other, by means of a computer, or a
combination of hath,

Some of the better known subjects are electoral
systems, simulation of small groups or units in
training or action, simulation of organizations or
suborganizations under stress or crisis manage-
ment, and simulation of international systems.
Simulation is more than an instructional method:
it is proving useful in helping build a body of
knowledge of social and international systems and
processes. It is helping social scientists to formu-
late theories that explain and prediet group be-
havior, and te permit study of an operating
system whose concepts cannot be tested experi-
mentally, as for example, nationsl orgmnization.

Two types of highly useful simnlation have heen
piencered with AFOSR support. These are the
Inter-Nation Simulation (INS) at Northwestern
University under the direction of Harold Guetz-
kow and his associates, and now ealled Simulated
International Processes: the other is work under
Eugene Haas at Ohio State for laboratory study
of organizations under ¢risis stress,

Although the surly pilot run of the INB in 1658
was priiately supported, AFOSR guve hasie sup-
port from 1959 to 1963 (2}, INS was an operating,
tive made! of prople and computer programs de-
sighed to represent the interactions between a
world of five or more fictitious nations. In the
simulation, a “nation” is created by setting up
programed characteristios and resources plus a
number of defined rolex and people to fill them.
Three <uch roles are central decisionmaker (chief
of state), external decisionmaker (foreign minis-
ter). and internal decisionmaker {rongressional
leader). The CDM ix the leader of the nation, but
he may be replaced if his policies and practices do
not satisfy a validating index supplied by a com-
puter program. Other computer programs provide
economic constraints and levels of technological
development for each nation. In each run of a
simulation, the people wha occupy the roles of the
various decisionmakers are allowed to operate with
ronsiderable freedom and carry out plans and
stentegries over a wide range of alternatives, They
may form allianees, found international organi-
zations, become nggressive or concilintory as they
wish, They are able, within reslitic constraints,
to determine their own fate and that of their
nation in the international arena.

A simulation run operates on compressed time
in which days may represent years. There are es-
tablished rules set up by the experimenter in each
nation for the relationship between the satisfac-
tion of its population and the possibility for the
decisionmakers to stay in office, but there are no
fixed rules as to when international suspicion and
tension will lead to war. The relations between
nations are thus heavily influenced by the internal
Aates of the nations, Nome decixionmakers may try
to increase the wealth of their nation by trade.
(thers may emphasize national power and pres-
tige through military technologieal build-up and
aid. By exchanging notes and holding confervnces,
the states develop allianecex and treaties. Through a
~world newspaper” the heads of state make pro-
nouncements, favorable or denuneiatory, about the
actions of other nations,

The sense of reatisn provided by this type of
simulation has been affirmed by many types of
participants, Over the yesrs of its operation and
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development under AFOSR support, and more re-
cently under ARPA support, INS has conducted
experimental runs in which college students, for-
eign service trainees, foreign graduate students,
military academy students, journalists, military
staff officers, and foreign and UK. diplomats were
used as decisionmakers. From the reports of the
investigators, these participants have generally
become intensely involved and concerned with the
outcome of each run.

During the development and improvement of
this simulation method, various efforts have been
made to use it and validate its use in a predictive
way. This has been done by controlling certain
inputs such as nuclear capability, or by replaying
the events with actual historical inputs which
resulted in a crisis,

Richard Brody adapted INS to simulate the
effects of the spread of & nuclear weapons capa-
bility (.7). He diflerentiated between nuclear and
conventional weapons, whereas the standard runs
had not done so. The number of participating na-
tions wis increased to seven, divided into twe
alliances, each dominated by a major nuclear
power. During the course of the simulation the
spread of nuclear capability was given to the
smaller nations in each alliance by experimental
intervention. His study found that after the spread
of nuclear weapons the cohesicn of the alliances
was markedly reduced. Natiors formerly partners
in one alliance increased their transactions with
nations in the opposing alliance, and the influence
of the leading nation in the alliance was reduced.
The paraliels between these and what transpired
between France and the United Stares anil hetween
China and the Soviet Union after the ditfu=ion of
nuclear capability inte France and China are
striking. The parallels are even more impressive
when account is taken of the relative simplicity
of the experimental zitnation, the nature of the
participants, and the fact that those experiments
were conducted in 1960,

Another variant of INS was used by Charles F.
and Murgaret G. Hermann to check the nindel's
output amd correspondence to the real world by
using massex of historical data on the period prior
to World War 1, and simulating the events prior
to the outbreak of the War (§). A related study
was performed by Dina A. Zinnes of Indiana Uni-
versity from the historical data assembled by
Robert North and his associates at Stanford Uni-
versity. Zinnes compared the results of 13 hy-
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potheses generated by INS runs at Northwestern
University with similar hypotheses utilizing the
Stanford World War I data. Correspondence was
found for nine of the 13 hypotheses compared,
using the two data sources (3).

Under AFOSR cupport Dorathy Meier, Wash-
ington University, St. Louis, is currently using
the '.uter-Nation Simulation in a contemporary
w.oits project to test the predictive power of the
model. The general strateyy of the study involves
~setting” the model of INN to correspond to the
real world situation at a concurrent point in time,
and then running the simulated svstem ahead on
a telescoped time dimension.

Nince late 1964, Guetzkow and his associates at
Northwestern have been conducting a further de-
velopment of simulation research under ARPA
support.

These studies are attempting to relate and com-
pare the effectiveness of the INS model with other,
more computerized simulations and with verbal
foreign policy theories. This will include further
efforts toward validation of simulation methods
with the use of historical data and such techniques
as have been developed by Olaf Helmer at the
Rand Corp. on the use of experts for the prediction
of future events.

As (Guetzkov and Jensen have indicated in a
recent article: “Whether or not we go to a new
generation of simulation models, our understand-
ing of the coherence and validity of existing
models must be much improved. The Simulated
International Processes project at Northwestern
hopes that it can contribute at least in some small
measure. to the unending need of tying together
‘islands of theory” generated by verbal and simu-
lation research.”™ (%)

INS is receiving increasing attention as an
effective truining technique for those who par-
ticipate as decisionmukers for the interacting na-
tions, both inside and outside the federal
government, In major educational institutions, the
stimulation method ix being used in the teaching
of international relations and the gmduate in-
striaetion of foreign service trainees. SNome mili-
tary service academies and war colleges are
experinenting with adaptations of it for the train-
ing of seuior eadets und staff officers. A special kit
has recently been published which was designed
for high »chool and rollege undergraduate instruc-
tion in international relations (7).




Thus the early AFOSR sustained support of the
program ai Northwestern University has made
possible the development of a man-computer socjal
science research technique which will have wide
application in education and research as it is
further adapted an . developed in the vears to
cone,

Initial support was given in 1964 to Eugene
Haas and his azsociates (T, E. Drabek and E. L.
Quarantelli) at Ohio State University for =tudy
of organizations under crisis stress, Traditionally,
1 Ul <tudies had been the major research device
u-ed by social scientists for analyzing complex
organizations, whether these were operating under
noriaal conditions or under the demand of a dis-
aster situation. Xuch field studies (supported by
OCD-Army j are also condueted by the Ohio State
Disaster Research Center. Emergency research
teams were assembled and trained in 1963, These
have moved into disaster areas as soon after the
event as possible to interview organizational
leaders.

The early postdisaster field studies indicated
that the stress on organizations in a community
immediately after a disaster is due to the fact that
increasing demands upon certain organizations
such as the fire, police, or public works depart-
ments, will exceed their capability to meet the
demands. As organizations attempted to cope with
sudden change in demands and capability brought
about by disaster, it was noted that there were cer-
tain changes in performance structure. For exam-
ple, following the Alaskan earthquake in 1964 the
decisionmaking patteru in the Anchorage Public
Works Department wus significantly modified.
Many decisions were made at much lower levels
than they would normally have been. Lines of
wuthority were “breached” as upper echelon off-
cials went directly to specialists or foremen for
current information and advice.

In order to test experimentally how certain
organizations respond to various levels of demand
mm & crisis situation, and how their performance
pattern changes, Haas and his associates con-
trived an instrumental laboratory setting for the
simulation of & crisis situation in which all factors
could be under control, observed, and recorded.
The communication system of a mectropolitan
police department was selected as the system to be
simulated. All three shifts of personnel from the
police radio room participated in three normal
laboratory sessions, in which demands on the sys-

tem were markedly changed through a simulated
report of the “erash of a large uircraft into an
spartment house complex.” The experimenters
trained a special group of assistauts to take posi-
tions of cruiser operators and telephone callers
using language identical to that vo which police
officers in u headquarters were accustomed. Exact
replication of the rharacteristics of input calls,
skill in the use of polire radio jargon. and the
physical layout of the laboratory, created a simu-
late which behaved exuctly as ity real counterpart,
The principal investigator reported personally to
the writer that the police group found the stress
situation so real that they coald think of nothing
else for several hours after the simulation session.

Although this was the first attempt at this type
of simulation by the Ohio State University DRC
or, for that matter, hv any cother research orga-
nization, the results are considered quite encour-
aging. The laboratory simulation method used was
found to be feasible and the experimental setting
wis surprisingly realistic, Substantively, the
major hypothesis was supported : If there is orga-
nizational stress, then there will be change in orga-
nizational performance structure. Furthermore,
the four types of change in: rate of task perform-
suee, priority order of task selection, rate of
decisionmaking and frequeney of interpersonal
contact, were found to correspond roughly to
the predictions made from postdisaster field
observations.

Theoretical refinement of this type of simula-
tion and analysis of organizational wresponse to
erisis stress will continue under AFOSR support.
It is anticipated that by continual testing of the
results of future experiments against the real
world: further revising, refining, and retesting, a
theoretizal model will emerge that mayv permit an
inereasingly berter prediction of organizational
responses to various forms of stressful situations,
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Visual Perception
Dr. Grex Fincu

When walking, man is provided with infor-
mation through a number of sensors about how
fast he is moving, whether he is speeding up, slow-
ing down, going uphi!l or downhiii, how rapidly
he s approaching an ohject, or how fast he is
zlosing with a moving objert, estimation of rela-
tive size and distance of objects, appreciating
which direction is up and which direction i3 down,
as well as identifying many other features of his
environment. With mechanical transport, some of
the sensory inputs previously available are ren-
dered ineffectual. He can no longer make effective
use of the sensory organs of the muscles, joints,
and skin. UTnder conditions of weightlessness, the
utility of the vestibular input is greatly lessened.
In an automobile, airplane, or spaceship, man
must depend largely upon vision, audition, or upon
electronic or mechanical seasors for kuowledge
about his movement through space and about his
relaticnship to objects.

Until recently very ‘ttlo work had been done
on studying percep’ion in moving observers. One
reason for this is that apparatus required to do
controlied studies und to obtain objective data is
quite elaboraie and complex, Basic knowledge
about man’s capabilities of perceiving objects
while moving, ccmpensating for distortions, mak-
ing judgments about size, speed, time, velocity,
and acceleration is most important in designing
equipment for efficient humn operation. High-
speed aviation and nerospace travel impose on the
human operator perceptual ivquirements of a dif-
ferent order than those encountered when man
moves at siower spesds. A man-machine transpor-
tation system should be designed so that man’s
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perceptual inadequacies can be compensated for
with mechsnicel-electrcnic devives and optimsl
usa made of his perceptual-moter capabilities. It
is only by study ..f perceptual functions in dy-
namic situation nd with reduced or distorted
perceptual cues . at important human capabili-
ties and limitations can be identified. Engineers,
if supplied with specific information about man’s
capabilities and limitations, can develop devices
that can enable mun to function effectively under
extrema conditions. One danger that has to be
avoided is the providing of the operator with
unneeded information, information that the opera-
tor cannut process, and to which he cannot react.

The behavioral sciences division of AFQOSR
has supported a number of related research proj-
ects in the ares of perception. Six of these will
be described :

(1) Ricnard Gregory, Cambridge University,
is doing research on the perceptual efficiency of
man under movement conditions.

{2) Sanford J. Freedman, Tuft= Univ : 0
doing research on the effects of prolonged and un-
usual stimulus conditions oa human performance.

(3) Jdoseph M. Notterman, Princeioa Univer-
sity, is studving the effects of spatial and temporal
cues on the detection of differences in velocity and
rates of accelt

(4) Gosta k. wan of the University of Stock-
holm. is attemptii:g to derive the relations between
subjective estimates of space, time, and velocity,

(3) Franz Thurner, University of Innsbruck.
is study ing artificially disturbed sensory coordina-
tion in man.

(6) Edward Taub, Isaac Albert Research Insti-
tute, is studying the effects of surgically eliminat-
ing body, muscle, and joint sensitivity in Rhesas
monkeys.

Gregory has constructed an electrically driven
carriage running on rails in a dark tunnel. Sub-
jects can be moved on this carriage at a constant
speed. He also uses a large parallelogram swing
which can introduce horizontzl acceleration forces
(1.

The research so far has involved the measure-
ment of visnal size constancy during movement
(2). A simple shupe, such as a circle, which can
be continuously adjusted in size, is presented to
the subject. Its size is varied as the observer is
carried on the swing or railway away or toward
it, and it is changed so as to appear to him constant
in size. If there were no size constancy operating,



the display would have to be increased in size,
with inereasing observer distance, so that the
retinal image would remein constant in size. This
vould require a reciprocal function. If the size
constancy were perfect, no change in ithe display
size would be required for it to appear constant.
Any kind of added information about his move-
ment increuses the subject’s constancy index and
reduces variability of the measures. In the case of
complete darkness and no acreleration, there is
no evidence of any constancy and the variability
is high. Under these conditions, observers are un-
reliable—and these are essentially the conditions
prevailing for the astronaut. Very slight increase
in information (proprioceptive or visual) of ob-
server movement improves constancy dramatically.

Size constancy is greater for forward than for
backward movement. Constancy is affected by the
subject’s perception of what is moving—the viewed
objects or the observer. Largest objects are usually
perceived as stationary. In space conditions, the
apparently largest objects may be surrounding
equipment or other astronauts, If they ave per-
ceived as stationary, it may be anticipated that
considerable errors in judgment of size and dis-
tanca may oceur,

A person’s perception may be misleading if the
cues are contradictory. Under such conditions, im-
possible geometric figures may appear as real
objects. As an example, s cube made of wire,
painted with luminous paint, suspended on a cord,
and viewed in total darkness, will be perceived in
various ways that do not correspond to the true
physical stimulus. The front and back faces of the
cube will seem to alternate in position; sometimes
the vearer face will seem to be farther away and the
farther one will seem nearer. The same sort of
spatial distortion is likely to happen to astronauts
viewing the structural elements of their space
station. They would receive no more cues to the
distance of different parts than one receives from
the luminous wire cubes.

Depth perception can become reversed when cues
are limited. When this occurs, objects become dis-
torted. For example, a cube might be perceived
as a truncated pyramid. Conditions of limited
stimuli may lead to the perceiving of optical
illusions and impossible geometrical figures.

Freedman has conducted studies that show that
adaptive compensation for misleading information
transmitted through one sense modality may lead
to temporarily maladaptive behavior mediated by

another (8). This suggests that spatial orientation
is a function of the central nervous systam. Ma-
nipulation of one channel of information may so
disrupt the orientation function that effects occur
in behavior control led by another sensory channel.
Loadiug the visual inputs with rearranged infor-
mation, and forcing compensation, may produce &
visual-motor shift by disturbing the orientation
function as a whole; therefore, cflects appear in
auditory direction finding as well.

Notterman has worked for the last 8 years on
a program of research on the perception of dy-
namic stimuli. The major objectives of this research
have been to provide some understanding of the
capability of organisms to perceive stimulus mag-
nitudes that vary as a function of time. The basic
datum is the precision of discrimination of time-
derivative changes in stimulus magnitudes. Of
primary concern is whether any geperalizations
may be made regarding these processes across
various stimulus modalities and dimensions.

The «pecific objectives of Notterman's research
revolve around several basic questions, The first is
concerned with a comparison of the levels of pre-
cision in the perception of time variant changes
for two major classes of stimuli: Topographic and
kinetic.

Second, the research is not restricted to examina-
tion of discriminative acuity for first **me-deriva-
tive stimulus changes (velocity). Invormation is
also being collected on how difference thresholds
are affected at higher time-derivatives of stimulus
magnitudes (acceleration), Rate discrimination
deperds upon rate of change, duration, and total
stimulus change. Information is also being collect-
ed on the influence of cultural variables.

Ekman’s research focases on psychophysical
relations in adaptation processes (5). His research
has resulted in nuraerous published research re-
ports which are widely recognized as important
contributions to the body of scientific material in
the fields of perception. His work has dealt with
dark adaption (6), olfactory adaptation (7), per-
ceptual dimensionality (8), subjective distance and
emotionality (9),subjective scales of number (10),
discrimination of roughness and smoothness (/7),
psychophysical scaling (/2), and discrimination
and preferences of saltiness and sweetness (13).

Thurner, a young psychalogist working in the
Institute for Experimental Psychology at the Uni-
versity of Innsbruck, Austria, received his Ph. D.
at Innsbruck but is also American trained (A.M.,
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University of Georgia). The Innsbruck Institute
13 recognized as ons of the most productive Euro-
pean psychological research institutes. Its director
is the distinguished psychologist, Ivo Kohler.
Thurner is collecting data on difference-thresholds
for visual-motor coincidences, - orientation learn-
ing of displaced perceptual systems, and ability as
related to adjustments to disturbances of the visual
systems.

Taub (14), experimenting with monkeys as sub-
jects, has collected data that call into question
many of the theories about the significance of
bodily sensory input (from skin, muscles, joints,
and internal body). Dr. Taub has demonstrated
that monkeys can be retrained, after being
deprived of these sensory channels, to walk, climb,
pick up small pellets, and even to compensate in
reaching for food when his hands are masked and
when the visual image of the food is displaced by
his looking through prisms.

Taub's rese.. . may lead to important applica-
tions in the retraining of persons who have under-
gone spinal and other nerve injury, and in the
development of new physical therapy techniques.
Perhaps more important, this research is leading to
a better understanding of the way in which the
components of the total sensory system interact.

The nrogram of research on perception that is
sponsored by AFOSR is leading to the discovery
of many principles and new data that are impor-
tant to the design of Air Force weapon systems in
which the operators’ perceptual capabilities and
limitations must be correctly assessed in order to
achieve an optimal integration of man and
machine.

(1) R. L. Gregory, Nature 207, p. 16 (1965).

(2) R. I. Gregory and H. E. Ross, “Perceptual and
Motor 8kills” 18, p. 3 (1964).

(3) R Hela and S. J. Freedman, Sciemce 142, p. 455
(1963).

(4) F. J. Mandriota, D. E. Mintz, J. M. Notterman.
8cience 1938, p. 437 (1962).

(5) G. Ekman, Vision Rescarchk (to be published, 1968).

(6) G. Fkman. J. Hoeman, B. Berglund, Rep. Psychol.
Lad., U. Stockholm tin press, 1966).

(1) G. Ekman, B. Berglund, U. Berglund, T. Lindvall,
Rep. Psyohol. Lad., U. Stockholm (in preparation.
1966).

(8) G. Ekman, AFEOQOAR 62-76 Final Report (1965).

(3) G. Ekman and O. Bratfisch, Acta Paychologica 24,
p. 430 (19685),

(10) G. Ekman. J. Paychol, 45, p. 287 (1958).
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(11) G. Ekmsan, J. Hosman, B. Lindsrom. .JJ. Exrper.
Paychol. (in press).

(12) G, Ekman (in W. A. Rosenblith, Ed., Semaory Com-
munication, p. 35, New York : Wiley (1965) ).

(13) G. Ekman and C. AKesson, Scand. J. Paychol. (in
press).

(1§) E. Taub, 8. J. Ellman, A. J. Berman, Scicace 151,
p. 583 (1968).

Instructional Technology

Mus. Lavrence G. GoEeBEL

In the indoctrination and training of military
personnel a continuing search has been mude over
the years for better and more efficient techniques
of instruction. Unquestionably, our existing
methnds and .t rial Luve been effective in pro-
ducing well-trained airmen and officers: however,
we have always been aware that through research
we might be able to exploit a great deal more of the
military man’s potential performance capability,
while at the same time reducing the amount of time
required to bring him to peak performance. In the
Air Force, where more than 500,000 people are
being trained in about 2,000 courses annuaily, re-
duction of training time by as little as a week
could provide a tremendous additional pooi of
available, contributing manpower without increase
in personnel strength. (7).

The foundations of Air Force research on im-
proved instructional technology were laid during
World War II in the Army aviation psychology
research program when the critical needs for
trained officers and airmen stimulated rapid devel-
opment of instructional devices such as training
films, film strips, simulators, mock-ups, models,
and abbreviated training inanuals. Although cer-
tainly significant, much of this development was
more opportunistic than scientific—designed to
meet the needs of the moment and, essentially,
based only on modifications of the existing known
technology. Following Warld War I1, opportunity
was provided to initiate and apply a more sys-
tematic research approach to military education
and training problems. An extensive basic iesearch
program in learning, together with a well-planned
applied research effort on  training  devices
gradually evolved.




During the period 1950 to 1857 the Training
Research Laboratory of the Air Force Personnel
and Training Research Center was a fountainhead
of creative research and technical development in
the areas of learning and instructional technology.
Scientists such as A. A. Lumsdaine, R. Gagne,
N. Crowder, L. Briggs, R. French, and others
developed a whole series of nstructionsl devices,
including the “subject-matter trainer,” which is
often cited as one of the first teaching machines
{2). During this perind, while studying the prob-
lems of training for electronic troubleshooting,
N. Crowder developed Lis system of instructional
programing called “intrinsic programing,” one of
the two fundamental techniques now used in pro-
gramed instruction materials. The productivity of
this training research laboratory is attested to by
the professional reports which were issued. Of the
224 papers listed by Lumsdaine and Glaser in their
1960 compilation of reports on teaching machines
and programed instruction, 28 percent were prod-
ucts of the Air Force laboratory (3).

When the Air Force Personnel and Training
Research Center was discontinued in 1957, respon-
sibility for applied research in training was as-
signed to Wright-Patterson AFB. The Air Force
Office of Scientific Research, Directorate of Life
Sciences, asumed responsibility for supporting the
more fundamental studies of learning and related
processes in human performance.

AFOSR developed a discriminating approach
to its selection of contract and grant proposals
which would insure that the studies supported
would not only contribute significantly to a scien-
tific development of military education and
training techniques, but would also promise early
payoffs. One of the most outstanding actions was
AFOSR sponsorship of a symposium on the art
and science of teaching verbal and symbolic skills
which was held at the University of Peansylvam -
in December 1958.

Prior to the University of Pennsylvania sym-
posium very little attention had been given outside
of the applied research and development on mili-
tary training devices to an instructional technol-
ogy approach in education and training research.
A majority of the research being conducted was
oriented to studies within the framework of exist-
ing learning theory. Until 1958 only about 15
articles had appeared in professional journals dis-
cussing the possibility of restructuring the instrue-
tional situation throngh technological innovation

to exploit known principles of learning. Most of
these articles had been written by S. Pressey and
his students at Ohio State, and two of them were
discussions by B. F. Skinner of Harvard.

At the September 1958 meeting of the American
Psychological Association in Washington, D.C,,
a conference was held on research on teaching
machines. Papers were read by Pressey, Skinner,
Crowder. Lumsdaine, and others. These papers
and the discussions which followed provoked the
idea that this instructionai technology approach
in research might prove to be a most fruitful
avenue to mon efficient education and training.
The AFOSR decided to sponsor a symposium
which might serve as a soundingboard for these
new ideas,

Funded by AFOSR, the symposium was held
on 8 and 9 December 1958 at the University of
Pennsylvania, with Eugene Galanter acting as
chairman. Among the participants were S. L.
Pressey of Ohio State; B. F. Skinner, J. G. Hol-
land, D. Porter, and S. R. Meyer of Harvard;
R. M. Gagne of Princeton; I. Homme and R.
Glaser of the University of Pittshurgh; A. A.
Lumsdaine of the American Institute for Re-
search, and many others. Galanter edited the
papers which issued from this symposium and
published them in book form.

Galanter's book, “Automatic Teaching: The
State of the Art,” (4) was the first major publica-
tion dealing with research on teaching machines
and programed instruction. It proved to be a best-
seller, stimulating a tremendous activity among
educators and research workers. The pupers in-
cluded served as a catalyst to new thinking on the
problems of improving educai.on and training.
Interest was generated in all the military services,
Federsal agencies, industry, and academic institu-
tions. Research studies increased from a handful
to hundreds of individual projects throughout the
country.

Following the success of this symposium
AFOSR continued to support selected research
efforts which showed promise of contributing to
advances in military training. Among these was
a contract with the American Institute for Re-
search for studies on cueing and prompting
techniques. This contract alone produced 14 pro-
fessional papers and reporis by Angell, Lums-
daine, and Guthrie. Gagne and Bolles, under
another AFOSR contract. made an intensive study
of the factors influencing the efficiency of learning
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and developed three major reports which have been
extensively referenced in the professional litera.
ture. Knowledge of resmlts, which is a primary
feature of the concepts underlying teaching ma-
chines and programed learning, was studied by
W. 1. Smith and J. W. Moore under an AFOSR
grent. The results of this research formed the
basis of a chapter in their book, “Programed
Learning”, (6) in addition to being reparted in
the professional literature.

(1) C. W. Cead, in Vational Bocicty for Progrmmmed In-
struction Journal. 5, 7 (1008).

(2) A. A. Lumsduine and R. Glaser, Teerhing Nachines
and Programmod Loarming (N.E.A., Washington,
D.C.. 1980),

{8) 8. V. Martorana, The Air Foroe-OAR Contribution
$0 Progrommed Ingtruction (OAR. 1964).

{4) B. Galanter, Axtomatic Teaching: in Thc Siate of
the Art (Johin Wiley & Sons, Inc., New York, 1850).

(5) W. 1. Smith and J. W. Moore, Programmed Learning
(Van Nosirand, Princeton, 1963).

Bird-Aircraft Collisions

Dan Tarior

The conflict between man and his environment
can be a lethal affeir for an Air Force pilot.

On 13 October 1966 2 T-37B aircraft operating
from Reese Air Force Base, Tex., performed a
local weather check en route to an auxiliary field.
Flying at 1,200 feet and 220 knots, the aircraft
struck a large bird, which penetrated the wind-
screen and struck one of the pilots in the head,
killing him instantly.

In March last year a fully loaded (C-130
en route to Vietnam lifted off at McClellan Air
Force Base, Calif. A cccond later it passed through
a flock of starlings crossing the runway. Two of
the prop-jet engines ingested birds, lost power, and
shut down although the pilot managed t¢ land
safely.

These incidents highlight the growing menace
of bird-aireraft collisions, which are costing the
Air Force well in excess of $10 million each year,
injuries and loss of lives, interruptions of opera-
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tions, and vast numbers of man-hours devoted to
repair.

Bird Strike Characteristics

Air Force collisions with birds must Le reported
to the directorate of acrospace safety when damage
is snfficient to classify the ocrurrence as an aircraft
accident. The number was 53 in 1962, 70 in 1963,
and 145 in 1964. In 1965, and for that year only,
al! bird strikes were made reportable re; ‘rdless of
whether Adamage resulted. The ofal was 8398,
nearly siz times the number for the previous year.
ThLe rhange in the reporting procedure was made
to provide & more representative history, and to
obtain statistical information of value in current
research programs directed at reducing the
hazard. (1).

The preliminary total for 1966 is 291 bird
strikes classified as accidents, following the up-
ward irend and bearing out the grim fact that
bird-aircraft collisions are increasing in frequency
and cost. While separate cost accounting is not
presently being performed, there are ample indi-
cations to support the $10 million estimate.
Seventy-five engines were replaced in 1965 be-
cause of bird ingestion. Damage reports cite a
constant toll of windscreens, canopies, air intakes,
radomes, wing and fuselage panels, flaps and land-
ing gear, and particularly jet engines. The number
of man-hours required to repair a duck impact on
a B-52 wing leading edge, for example, can run as
high as 100, indicating severe damage to electrical
and other systems. A single bird can reduce & jet
engine, costing several hundred thousand dollars,
to a pile of scrap in an instant, if compressor
blades are broken off and further ingested.

Using data for 1965, these patterns in bird-strike
incidents are observed: (1) The birds were in-
frequently observed prior to impact and in almost
half the incidents the kind of bird involved was not
known. Small birds such as blackbirds, starlings,
sparrows, and doves were most frequently en-
countered near airfields. Seagulls, starlings, and
blackbirds were the most frequently identified
species, (2) more strikes involved transports than
any other type aircraft, with trainers second, (3)
most encounters occurred below 1,000 feot, with a
quarter of these being on the airfield itself, (4)
of 839 strike incidents, 138 were on the airfield,
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and 243 were w'thin 1 mile. Of the remainder,
149 were during low-level training missions, in-
cluding radar-evasion, gunnery, and navigation
practice runs, (5) 109 engine ingestions were re-
ported, requiring 26 shutdowns and 75 replace-
ments; windscreens and canopies were involved in
178 incidents, with eight penetrations and four
rases of minor injuries, (6) 694 incidents occurred
within the continental United States, with 70 per-
cent in the southern half of the country. The high-
est 2-month period was September-October, with
March-April next highest. These periods coincide
with bird migratory activity, (7) increasing
numbers of windscreen penetrations in the espe-
cially vulnerable T-37 and T-38 aircraft reflect
increased pilot training schedules and are receiv-
ing special attention.

While the Air Force has a. mandatory reporting
system, commercial and private gireraft operators
may, but are not compelled, to report bird strikes.
During 1966, the Federal Aviation Agency was
notified of about 650 such hits. In recent years,
an airliner was downed with the loss of 17 persons
when it hit & swan causing & stabilizer to fail.
Another airliner's engines ingested starlings on
takeoff and crashed, killing 62. U".8, airlines in
past years have reported an average of about 300
bird collisions & year. In 1965, as & result of FAA
stress on these reports, about 65¢ were filed by
U.S. airlines. One Canadian airline has reported
that virtually every jet engine in its fleet has
ingested birds (2).

Bird-sircraft collisions are definitely increasing
as aircraft get larger and faster, and fly more miles
each year. The problem portends even graver con-
sequences with extremely large aircraft such as the
C-5A transport entering the inventory. Supersonic
aircrafi add another dimension to the question,
particularly the F-111, which will fly considerable
portions of its mission “on the deck”.

Counlermeasures

There are many approaches to the problem. The
brute force method provides birdproof wind-
shields for aireraft ranging from the C-47 to the
C-141. These will protect the pilot from hits of 4-
pound birds at 500 knots. The supersonic strike is
still largely un unresolved question, but there is no
question about wha. happens when s large bird
hits a small aircraft, and as yet no way has been

found to birdproof a jet engine without paying
& stiff penalty in serodynamic efficiency.

Another approach is “If you don’t see them
they aren’t there.” This may take several forms.
There exists a puzzling reluctance on the part of
many who fly to admit the magnitude and some-
times existence of the bird-aircraft collision prob-
lem. Pilots dislike having to make detailed bird-
strike reports. Airlines dislike alarming the public.
Base commanders dislike having to curtail flying
schedules. Traffic controllers dislike having their
screens obscured by clouds of migrating birds.
More than one airpert control radar has been re-
engineersd to reduce the return from birds when
these unwanted “angels” were found to interfere
with aircraft control. And in an age when a bare-
footed rifleman can bring down a maltimillion-
dollar aircraft with a single shot, it is sometimes
difficult to be concerned about seemingly non-
urgent, problems,

At one training base, T-37's regularly flew
through flacks of blackbirds. These birds occupy a
winter roost with a population estimated at 5 mil-
lion, a few hundred yards from the main runways.
In view of extremely tight training schedules, the
toll of engines, windscreens, landing lights, and
wing and tail surfaces was accepted for a time, but
flying at that base has since been curtailed during
the birds’ travel to and from the roost at dawn and
dusk. However, n more important lesson to be
learned from this example is that the base was
built adjoining the roost, which has existed as long
as the oldest residents of the area can remember.
In the New York City area, one of the sites being
evaluated for a possible new jetport is located in
a major waterfowl refuge,

Since most incidents occur on or near airfields,
an effective approach is habitat manipulation to
make airfields less attractive for birds, Standard
measures, advocated by the FAA and the Air
Force, include harassment from liquid propane-
fueled noisemakers, shotgun shell explosive crack-
ors, and recorded distress calls of birds; draining
marshes, using herbicides and insecticides, cutting
trees and grass: trapping crows and owls; and
eliminating dumps and other refuse. But these are
all only partially effective in view of the fact that
most airfields are located in areas naturally attrac-
tive to birds, such as filled areas near water, agri-
cultural land, and woods and forest.
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Consequently, the best hope of workable, effec-
tive solutions lies in acquiring hetter knowledge
of the hirdz themselves. Bird-aircraft collisions
can never be prevented entirely as long as aireraft
and birds are in the air together, but the proba-
bility of such collisions can be reduced markedly.
As with most conflicts arising from man’s rela-
tionship with his environment, answers can come
oniy from better understanding of the nature of
the problem, and from new knowledge provided
by scientific research.

The life sciences program of the Air Force
Office of Scientific Research has included many
studies of bird metabolism znd such activities as
breeding and nesting, feeding, migratory and
other movements, and navigation. Other research
has been sponscred on species interactions and
distributions. This long-standing program pro-
vides an interesting example of the relevance of
basic research to Air Force operations, and par-
ticularly of the rvle of scientific research in support
of a technology-dependent and oriented crganiza-
tion such as the Air Force. While bird research
has been at relatively modest program levels, the
scope has been broad, and has established the ir
Force as a pivotal point of support in scientific
research related to the collision problem. This
support also has provided AFOSR, through its
researchers and membership in interagency com-
mittees, with access to the best of curvent research
being carried on-by other Federal and-State agen-
cies, universities, and private groups. Clese co-
ordination is effected with other elements of the
Air Force through the Special Assistant for Nat-
ural Resources Conservation, Deputy, The Inspec-
tor General, who provides scientific liaison for Air
Force wildlife management problems.

The Air Force Office of Scientific Research
supports research by Dr. William J. Hamilton 111
at the University of California at Davis. Dr.
Hamilton generally is studying the basic biology
of the starling, and specifically the highly organ-
ized social and group activity of its flocking,
travel, roosting. feeding, and other activities. Un-
derstanding the entire ecosystem of a given species
makes it possible to learn how to manipulate it
and other species more successfully. It may be
said that the problem of bird-aireraft collisions
is ultimately one of bird ecolagy.

‘The starling’s particular refuging and dis-
persal activity offers insights into some of the
basic mechanisms determiuing the movements of
birds in generul. The daily radiative dispersal
from the roost is a pattern observed in many ani-
mals in which the population occupies a concen-
trated core area from which they emerge and
radiste to nenrby feeding arens. Because starlings
flock to mutunl advantage, they do not aggressive-
ly defend space, but concentrate un feeding. The
same individual does not go to the same pince
each day, but varies the location on the basis of
past successes and dietary need.

Starling populations were traced by Dr. Ham-
ilton and his graduate students to a giant roost
in the Sacramento River, fromn which the birds
radiated each day as far as 50 miles, uffecting
Travis Air Force Base as well as MeClellan, near
Sacramento. This 50-acre roost sheltered 2 million
starlings and about the same number of black-
birds. Checkpoints at 10-mile intervals revealed
that concentrations of passing starlings declined
gradually to 50 miles and then tailed off sharply.
The starlings were found te adopt deployment
strategies designed to use and gain energy eoffi-
ciently. Birds which go 5) miles, taking an hour
and 40 minutes each way, must obtain more energy
in the form of food than those which go only 5
miles. However, the further the bird disperses,
the less the competition from other stailing< and
it is nble to gain available food at a greater rate.
This balances the extra energy cost of the greater
distance traveled, At a certain disrance, competi-
tion ceases, and there is no reason for birds to go
further. Basic understanding of the core as a very
stable, radiative system is a major step in being
able to predict the biosystem problems that may
arise in connection with bird dispersal, and may
make it possible to vope with problems such as
bird-aircraft collision in a more effective fashion,
or to avoid problems before they arise. (3)

Coloration is the major «lifference in the heat
absorption ability of all animals. Recent research
by Dr. Hamilton and Frank Heppner indicates
that an animal’s black color may function pri-
marily to promote the ahsorption of solar energy.
reducing the energy “cost™ of maintaining body
temperature, and thus be an important advantage
to an animal such as the starling which must work
hard by day, but ean seek shelter by night.

In an experiment to test this view, white zebrn
finches' energy expenditure was measured with and
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without artificial sunlight. Then the same birds
ware dyed black and again compared. The dyed
birds under light were found to use an average of
20 percent less energy, by measurement of their
oxygen consumption. than when they were white,
or when they were either color and lacked arti-
ficial sunlight. The same evidence is applicable to
man. Dark skin coloration may increase the absorp-
tion of solar radiation in situations where energy
niust be expended, as at dawn and dusk in ather-
wise hot climates. {4)

Dr. Hamilion’s work also indicates that certain
aspects of hird population drnamics may he ap-
proached by computer snuulation. Thess anslyses
rould be based on available extensive banding and
recavery data. Such investigations may lead to
mathematical models that can deal with the com-
plexity of ecological systems and suggest the rela-
tive wisdom of various control strategies. By this
techniqae control programs can be evaluated in
advance and their possible effect upnn the eco-
system as a whole can be predicted. Better under-
standing has been obtained of factors that con-
tribute to explos:ve population growth of a single
species, particclarly among animels that have
Leen introduced into slready estublished ecosys-
tems, a3 was the starling in 1890. The research
program also indicates that therc are other intro-
duced species that could create greater probluns
for aviation and agriculture than the starling, and
better knowledge is needed to evaluate these species
and determine factors that could triggor -thair
populiation growth.

The first working conference held by ecologists
on reseiirch related to the bird-zireraft collision
problem was sponsored by AFOSR. and con-
ducted by Dr. Hamilton at Davis 31 May to 3 June
1866. Aitendees included administrators and re-
search scientists viewing the question from the
standpoint of the interlocking web of phenomena
and processes common to most animals. They
agreed that bevand the immediate scope of tactical
slterations of environment and birds must come &
vigorous and sistained effort 1nvolving long-range
analyses of complete ecological systems. Systems
analysis, including the interpretation of the role
and trends of enviromental manipelition by man,
should be considered, with: special einphasis un the
trends of bird populations that may interact with
potential air-travel operations,

The conference also advised that a forecast capa-
bility be developed based on studies of the timing

and characteristics of bird migration. Radar
studies can provide one basis for analysis of bird
movements. Modern data acquisition and reduc-
tion systems are required to permit monitoring
Lird movements on a continental basis. By chal-
lenging the problem with weather data, perhaps
from satellites, by radar data, and information
from hirds that can be monitored directly. it
shauld be possible to interpret and predict periods
of maximal aircraft hagard and the location and
altitude where they are most likely to occur. (5)

Work also has been supported by AFOSR on
the efferts of sound on hird flocks. This investiga-
tion Las been carried out by G. W. Boudreau of
Santa Rita Technology, Inec., using blackbird
flocks, Birds have been noticed to become severely
disoriented by the sounds of jet eugines. Tests
were performed using both jet engines and sounds
rreated in the laboratory from satistical analysis
of recorded jet engine sounds. These were ohserved
to divert flacks of blackbirds, causing string-like
flocks to break and swirl in a characteristic whirl-
pool action. Some birds are known to be sensitive
to radar emissions as well, and both these tach-
niques offer bird control potential,

To stimulate scientific interest in the bird-air-
craft collision problem, ae well as public under-
standing, AFO=R held an extensive display on the
topic at the annual meeting of the American As-
sociation for the Advancement of Science, held
2G-30 December 1966, in Washington, D.C. The
exhibit was seen by a major share of the 8,000 uni-
versity, government, and industrial scientists and
engineers sttending. =nd considerable press, radio,
and TY coverage resulted. Included :n the exhibit
ware a number of aireraft parts damaged by biids,
together with numerous photographs. Subse-
yuently, this display was shown to Air Force Sys-
tems Command (RTD) iab directers at a special
briefing held for them on the AFOSR research
programs, and the University of California at
Davis has requested it for use during its annual
open house.

A brochure, “Bird/Aireraft Collisions™ (), has
been provided both with the exhibit and on request
to & number of organizations. These include the
Air Training (‘ommand, which is distributing
them to each of its bases: the Assisiant Surgeon
General for Veterinary Servives, which is sending
them to each base medical and public heaith unit
throughout the Air Force: the AFSC F-111 Sys-
tems Office; the National Reseaich Council of
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Canada, and a number of foreign nation sir
attaches.

There is no complete solution to the bird-aircraft
collision problem. All that can be uchieved is a
statistical solution, a reduced probability that such
~ollisions will occur. In all approaches to this com-
plex question we have in fact reached the limits of
our knowledge. Before further progress can be
achieved, detailed studies must be made of the
biology of species which have become pests and
hazards, and of the economics of controls suggested
by biological research. What most research thus
far has shown is that man can learn to live with
the problem if he can minimize it as far as
practicable.

The big question mark is the birds themselves,
and much more data is required, particularly of
bird migration. For example, the 1980 Maryland
nirliner crash was caused by a whistling swan. Yet,
according to one researcher, virtually nothing was
known before the crash of this bird's migration to
the Chesapeake Bay area, and very little has been
learned since. Formerly, it was believed that bipis
follow rather well-defined migratory pathways.
Now there is increasing evidence that birds in
general, like aireraft, fly the weather, taking ad-
vantage of *rinds and pressure fronts, and shifting

182

courses to avoid disturbances and unfavorable
winds. Thus migratory bird flight patterns niay
well be open to prediction with sufficient biological
and weather information.

These are the various facets of a serious and
growing Air Force and general aviation operating
difficulty that today is only beginning to yield to
scientific investigmtion, and te receive the public
concern it deserves,

(1) “USAF Aiveraft Collisions with Birds”, Study Nos.
14-08, 14-85, 20-64. 21-63. Directorate of Aerospace
Safety. Deputy The Inspector General. USAF.

(2) Bird, W. H., "Bird 8trike Hazards Can Be Reduced’”.
Engineering Research and Development Dept.. Air
Canada.

(3) Hamilton, W. J.. F. H. Heppoer, W. M. Gilbert. and
R J. Planck, “'Strategien of Starlings Dispersing
From s Winter Roost.” in press,

(4) Hamliton, W. J. and Frank Heppner, “Radiant
Solar Energy and the Function of Rlack Homen-
therm Pigmentation: An Hypothesis™ Seirnce,
13 January 1087.

(§) “Proceedings of the AFOSR (onference on Ecologl-
cal Studies in Support of the Bird-Aircraft Colli-
sion Problem,” 31 May to 3 June 1988, Davis, Calif.

(6) “Bird/Alrcraft Collirions,” AFOSR (SRGC)Y, Decemn-
ber 1968.
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A Whistler Study of the
Magnetosphere

Mas. Fraxk . Zanpir

Whistlers result from the dispersive propags.
tion over very long paths of very-low frequency
electromagnetic waves radiated by lightning im-
pulses. The signals follow approximately the
horseshoe-shaped paths of the earth’s magnetic
field lines. Whistlers echo from one hem:sphere
to the other via the outer ionosphere extending
from about 100 kilometers to roughly 1) earth
radii in the geomagnetic equatorial plane.

When detected, amplified, and monitored au-
rally, a whistler is heard as a gliding tone, usually
descending in frequency and lasting about a sec-
ond. The peculiar frequency versus time behavior
of whistlers is the result of dispersion produced
along the whistler path by the effect of free elec-
trons acting in the presence of the earth’s magnetic
field.

The originating flash that produces a whistler
also radiates an impulsive signal that travels with-
out dispersion between the earth and the lower
boundary of the ionosphere. Since this signal, the
causstive atmospheric, propagates at the speed of
light and appears on the spectrographic records
along with the resultant whistler, it serves as an
indication, accurate to within seversl millissconds,
of the time of origin of the whistler. Whistlers are
detected and recorded both in the hemisphere of
the originating flash and in the opposite hemi-
aphere. In the latter case the causative atmospheric
gignal travels thousands of miles and appears
weakly defined but still indicates the time of
whistler origin accurately.

Several aspects of whistler spectrographs are
extremely important to geophysicists. The time
delay, that time between the causative atmospheric
signal and the leading edge of the whistler signal,
is & measure of both the magnetospheric path
electron density and the strength of the earth’s
magnetic field encountered. The leading edge of
the whistler, that tone initially recorded, serves as
an indicator of the geomagnetic latitudes at which

the whistler entered and exited the magneto-
sphere, s the magnetosphere is inaccessible by
conventional sounding techniques, the whistler
has become a powerful tool for investigating vari-
ous aspects of this chormous region of space. It
is suspected that the magnetosphere plays a vital
role in the development of magnetic storms and
auroras, the details of which still remain among
the outstanding mysteries of the atmosphere,

Whistlers were first reported in 1919 by Bark-
hausen who observed them while eavesdropping on
Allied telephone conversations during World War
1. They may actually have been observed as early
as 1888 by J. Fuchs of the Sonnblick High Alti-
tude Observatory in Austria. The association of
whistlers with various atmospheric phenomena
and a positive correlation between their rate of
occurrence ang solar activity were reported by
Eckersley of the Marconi Co. in 1928. Eckersley
also reported an observation by Tremellen indi-
cating an assmiation of whistlers with visible
lightning. The first quantitative measurement of
the frequency-time relationship in a whistler was
made and reported in 1933 by Burton and
Boardman from a whistler recorded in Ireland.
Eckersley, in 1935, derived a dispersion law which
explnined the variation of whistler frequency with
time and demonstrated that Burton and Board-
man's published analysis agreed closely with the
new theory.

Interest in whistlers then lagged for about 15
years until Storey began his doctoral studies at
Cambridge in 1951, He made a detailed experi-
mental study of whistlers and related atmospheric
signals, and identified short whistlers which were
not associated with loud clicks (causative atmos-
pherics) and long whistlers which were always
preceded by a loud click. From spectrum analysis,
Storey showed the difference between multifiash
whistlers, each of which resulted from separate
causative atmospherics, and multiple-path whis-
tlers which resuiied resulted from a single causa-
tive atinospheric but traversed separate paths of
propagation, From a theoretical study of ray
paths, Storey discovered that whistler energy
should be pguided approximately by the lines of
force of the earth’'s magnetic field, This led him
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to postulate that these were indeed the paths of
propagation.

The simultaneous observations of whistlers at
spaced stations was begun by R. A. Helliwell in
1951 at Stanford and Seattle. About 25 percent of
the whistlers observed were coincident at the two
stations, whose separation of 1120 kilometers cor-
responded to the area coverage predicted hy
Stovey. 1lis pradicted relationship bet ween causa-
tive atmospherics in the Southern Hemisphere and
short whistlers in the Northern Hemisphere was
confirmed by Helliwell in 1954. Simultaneous ob-
servations of whistler echo trains at Unalaska and
at Wellington and Dunedin, New Zealand, near
its geomagmetic conjugate point, were made in 1955
by Morgan and Allcock. Their results fully con-
firm the predicted behavior. The predicted absence
of whistlers on the geomagnetic equator was con-
firmed by Koster and Storey in 1955.

AFOSR began support of Helliwell at Stanford
in 1956. The numerous results are of continuing
importance to both the scientific and military
communities. With a theory of propagation de-
veloped by J. J. Brandstatter and a set of calcu-
lations of whistler ray paths formulated by Irving
Yabroff (both of the Stanford Research Institute).
a basis was provided for explaining the absence
{nondetection) of whistlers which propagate inte
the ionosphere along paths which are not alined
with the earth’s magnetic field. The new theory
predicted that such signals may deviate appre-
ciably from preferred directions and be un-
favorably oriented for repenetration of the
subionospheric region. Such whistlers would not
be expected to be observed at ground stations. This
theory is well supported by ohservations of arti-
ficially triggered whistler signals.

A study of whistler sources was based on the
impulses produced by nuclear explosions. From
1953 to 1962 Stanford made broadband very low
frequency recordings during detonations of a large
wmber of nuclear devices. In five cases a bomb-
excited whistler was recorded at one or more re-
ceiving stations. It was found that nuclear sources
produce whistlers similar in all measurable re-
spects to those produced by natural lightning and
that a whistler can be excited by a nuclear explo-
sion located in the hemisphere opposite to that of
the entrance to the whistler path. It was also dis-
covered that nuclear explosions which take place
abave the lower edge of the ionosphere produce
signals similar to thuse arising from subiono-
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spheric explosions, This meant that the source of
the electromagnetic impulse was in fact between
the earth and the ionosphere and not at the Jocation
of the bomb iteelf,

In 1959 a theory wys developed by R. L. Smith,
Helliwell, and 1. Yabroff regarding the trappirg
of whistlers, This important work postulated that
a slight (5 to 10 percent) increase in the density
of electrons in columns alined with the earth's
magnetic field was suffictent to trap completely the
waves entering the ionosphere from the middle
geomagnetic latitudes, hence under certain condi-
tions whistlers would travel in preferred or dis-
crete paths. The concept of the discrete path led
to a reexamination of data recorded during the
IGY. A search was conducted for “hybrid” whis-
tlers, those which had been excited from both ends
of one of the postulated paths. Several examples
of hybrid whistlers were found. The theory was
further confirmed by the relatively precise data
obtained from twe of the nuclear explosions,

The analysis of whistler spectra themselves pre-
sented many problems. The most difficult was the
identification of the atmospheric source. Methods
based on the use of multiple records and multiple
stutions were developed whereupon it became pos-
sible to achieve n relatively high degree of reli-
ability in the identification of the source. Further,
this correlation of data led to the remarkable dis-
covery that each whistler trace provided sufficient
information to define the latitude of the magneto-
spheric path and one parameter describing the dis-
tribution of ions and electrons along the path.
Many such measurements vaken at different lati-
tudes provided a basis for constructing a model of
the magnetospheric electron density distribution.

A major accomplishment by Angerami and
Carpenter, under AFOSR support, was the first
description of the detailed variation of electron
density and total tube (fleld alined column)
electron content near the “knee™, a region where
the electron density drops from relatively high to
extremely low values. For the first time it was
realized that the knee involves an extremely abrupt
decrease in electron density and that this decrease
is essentially field alined at ahout. four earth radii.
This implies the existence of a three-dimensional
boundary or “plasmapause” in the magnetosphere,
& doughnut-like shell extending around the earth
and separating a dense inner region from a tenu-
ous outer region. The presence of such an abrupt
three-dimensional boundary came as a total sur-




prise to scientists since no previous theory had
predicted its existence. Recently there has been
confirmation of the plasmapause from satellite ex-
periments. Measurements show that on the night-
side of the equatorial plane the plasmapause
electron density changes by a factor of 20 to 100
within the relatively short distance of 0.15 earth
radii. Further analysis shows that this abrupt
profile is normally unchanged for about 18 hours
per day, there being a 6-hour period of rapid radial
variation and less precise definition.

The more precise description of the plasma-
pause now makes it possible to identify major
regions of geophysical activity in the magneto-
sphere, i.e., the plasmapause is also a boundary
defining certain regions of noise generation both
in the ionosphers and the magnetosphere. Passage
through the plasmapause involves drastic varia-
tion in the noise detected by certain types of space-
craft antennas recording at very low frequencies
and also affects the interpretation of certain on-
board sensors. The improved knowledge of the
plasmapause provides a new viewpoint on the
coupling bhetween the ionosphere and the region
above,

Of no less significance is the discovery that
whistlers ean be used to detect magnetospheric
motions. There exists no experimental method
other than whistlers to map magnet2spheric mo-
tions on a large scale, The whistler technique has
provided the first direct experimental evidence
that the inner magnetosphere approximately ro-
rotates with the earth. Recent studies have zlso
shown that, as predicted by theory, there are radial
motions in the outer magnetosphere, driven by
large-scale electric fields. A number of measure-
ments have been made of these motions, revealing
inward motion of plasma on the nightside of the
eartk and outward motion on the dayside. A con-
tinuation of these studies should make it possible
to establish an important link between the solar
wind, the corpuscular flow from the sun, and the
inner magnetosphere,

One of the most spectacular areas of growth in
whistler research concerns the general theory of
electromagnetic signal propagation in a medium
such as the ionosphere, containing electrons, pro-
tons, and other species of charged particles. From
a beginning in 1964 on a number of individual
tapics, Helliwell has developed an overall theoreti-
cal understanding that makes it possible for him
to explain a wide range of phenomena, including
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proton whistlers, the low frequency cutoff of com-
mon whistlers, and some anemalous behaviors of
whistlers. The suceess of the overall theory in ex-
plaining new phenomena has led to active pro-
grams of study at the Defence Research Telecom-
munications Establishment in Ottawa, Carlcton
University (als) Ottawa), and the State Univer-
sity of lowa.

An important extension of previous ground-
based observations was the recent experiment of
Stanford University on the OGO-1 satellite which
provided measurements of whistler mode signals
in the outer ionosphere at altitudes greater than
1,000 kilometers. These new data yield information
on total path attenuation rates. Tt is believed that
this research will be of value in determining the
usefulness of whistler mode propagation as a
means of communication.

As man seeks to fly higher and communicate
further, the scientist strives to guin a better under-
standing of the magnetospheric medium-its physi-
cal composition, its predictable time variations,
and its anomalous behaviors. The whistler pro-
vides a means for attaining this goal.
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A New Dimension in Hypersonic
Laboratory Simulation—The
Wave Superbeater Hypersonic
Tunnel

MutoN Rocers

As children we learn that shooting stars are
actually small meteorites burning and evaporating
as they fall at hypersonic velocities into the earth’s
dense atmosphere. Today, the problems of hyper-
sonic flight through the atmosphere present great
challenges to man’s ingenuity.

A~ intercontinental ballistic missile, for ex-
ample, enters the atmosphere at the end of its flight
path with sufficient kinetic energy to vaporize 10
times its weight in water. If such a body is to sur-
vive atmospheric reentry, most of its energy must
be tranferred to the surrounding air. Successful
reentry depends upon a delicate balance between
heat absorption and dissipation ().

The history of applied science and engineering
is really a history of simulation—searching for
methods of observing a priori the behavior of en-
gineering systems and of varying the parameters
of such systems in order to seek optimum results.
The approach of the pure scientist seeking to ex-
plain observable phenomena likewise leans heavily
on simulation and analogs (2). Thus from the days
of Kitty Hawk to the mid-1950's man’s explora-
tions and conquests in flight were normally
preceded by extensive ground test evaluation of
the flight vehicle. Aerodynamic stability, perform-
ance, structural and material strength were among
the many factors realistically simulated on the
ground (3). Fowever, when jet propulsion,
through its ability to provide great power in a
small package, exploded the power barrier to high
velocities it was found that the available ground
test farilities proved inadequate to realisitically
<"inulate the hyperthermal environment character-
istic of very high speed passage of a body through
the atmosphere (4).

It is obvious that the most direct way of testing
a machine, particularly a missile or an aircraft, is
to build a prototype, fly it and ohserve its behavior
by techniques involving telemetry and recovery
after each test. This is, however, a tedious, costly
and frequently frustrating procedure, and al-
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though this direct approach, circumventing the
need for simulation, is costly in time and money,
much flight research and development was suc-
cessfully accc mplished.

With increased velocities of atmospheric flight
testing came a host of concommitant problems:
telemetry blackout from the ionized plasma
sheathing the vehicle, heating of structural ma-
terials, degration of stability and control by
ablation, and loss of visual contact with vehicles
because of the radiance of the boundry layer and
wake. Moreover, mistakes of procedure usually
destroyed the effectiveness of the test or the vehicle
itself, If the conditions of hypersonic flight could
be brought into the laboratory, scientists and engi-
neers would have instruments to study the prob-
lems directly.

Hypersonic Simulation

The chief tool of the aeronautical engineer for
the study of flight is the wind tunnel. By use of
the converging-diverging nozzle, expansion of a
test gas to supersonic velocities in the laboratory
can be readily achieved. However, great cooling
occurs in expanding gases to the very high
velocities required for simulation of hypersonic
flight. Cooling is so severe that actual condensa-
tion of the air to a fog of liquid air may occur. To
delay this condensation, the air must be heated
before it is expanded. However, the amount of
heating for the expansion necessary to reach these
extreme velocities without liquifaction produces
as temperatures higher in the plenum than the
melting point of practical materials.

Further, temperatures required to simulate true
free flight approach those of the sun surface. At
mach 16 at 60,000 feet, temperatures of about
6,000° K. exist at the nose of a missile. A com-
pletely new concept of wind tunnel was required
to study hypersonic flight.

The question might be asked why such high
temperatures must be simulated. Dces the tempera-
ture of tha gas itself affect the proposed design?
The answer is yes: at the temperatures en-
countered, near the body of a missile, air is no
longer an ideal gas. It breaks down from a rela-
tively simple mixture of nitrogen and oxygen
molecules to nitrogen and oxygen atoms and mole-
cules, oxides of nitrogen, ions, and electrons. These
constituents directly affect the nerodynamics and
raise many new problems in the proposed design.



Ninee true hypersonic flighi is to he studied, it has
been necessury to find technigues to simulate these
conditions in the lahoratory. In recent years the
researcher has been offered a relatively simple tool
which creates these conditions in the laboratory
for a brief instant. This device is the shock tube.

Like many things which we regard as the latest
imovation, it is actually quite an old discovery
dating Lack to 1899, However, its potentialities
for heating gases to extremely high temperatures
linve been exploited only recently. It has been es-
tabiished by several scientific research groups that
temperatures even higher than three times that of
the surface of the sun may be uchieved in the
shock tube.

Essentially the shock tube consists of a rela-
tively long pipe divided inte twe parts, the low-
pressure and high-pressure chamber. When the
experiment is ready to proceed, a thin diaphragm
which separates the high-pressure and low-pres-
sure regions is destroyed. Driver gas’ in the
Ligh-pressure chamber then explosively rushes
into the low-pressure chamber forcing the gas in
the low-pressure chamber to compress suddenly,
and i shock wave develops in this gas.

Thix shock wave speeds down the tube ahead of
the onrushing driver gas, compressing and ac-
celerating the gas In the low-pressure tube. If
high enough pressure is nsed in the driver gas,
an extremely streng shock wave can Le generuied.
If the tube car be made long enough (in some
practical applications tubes of over 50 feet in
fength have been employed), a “pocket™ of gas
which increases in size with the length of the snock
tube develops ahead of the rushing driver gas,

Temperatures far in excess of those needed for
hypersonic flight testing may be generated in this
pocket. The temperature, pressure and velocity of
the gases in tha shock tube may be known to con-
sidersble acenracy. This point is important in pre-
cisa physical measurement. However, the gas is
still not useful for hypersonic testing, for while
it is very lot its mach nuniber is low, usually be-
tween two and three, since the speed of sound
increases with increasing teriperature,

An expandirg nozzle at the end of the shock
tube allows th» gas to expand {o the proper mac’.
number. Fxpansion cools the test section to the
desired level as the gas necelerates. Thus the gas
in the test section may simulate the conditions of
free hypersonic flight in the upper atmosphere.
‘This device is culled a shock tunnel.

Temperature, hecause of the aerophysics in-
v ced, is by no means the only important sinula-
{ 1 parameters in hypersonic research. In most
im-anees, pressure and density simulation are
eanully important. In these respects too the shock
tunnel is outstanding, since after expansion of the
shock-heated. shock-rompressed gas through a
livpersonic nozzle to a test section, it has sufficient
pressure atd density to simulate correctly many
hypersonic flight conditions,

The chief drawback to the shock tunnel, as with
“hot-shot™ tunnels, is the brief testing time avail-
able (of the order of milliseconds).

Hypersonic Test Facilities

Not only is the hypersonic regime more difficult
to simulate than the subsonic and supersoric
regimes, but there is also an essential differe..ce
in the application of test results to the actual
vehicle, In the subsonic and supersonic flight
regimes, extrapolation of the results of scale-model
wind tunnel testing to an actual vehicle has been
accomplished very successfully by means of
aerodynamic sealing laws, In the hypersonic
regime, however, the aerodynamic scaling laws ure
more complex and often secondary to other aero-
physical effects.

To complicate matters, these effects cannot be
scaled in the same manner. Thus the theorists must
learn how to evaluate correctly the aerophysical
effects in which they are interested, using one o1
several test facilities. Then they must predict
composiie effects on » vehicle under actual trajec-
tory conditions,

Uintil the development of the wave-superheater
facitity at Cornell Aeronautical Laboratory
(CAL} the aerodynamic and aerostructural prob-
lems of very high speed vehicles had been investi-
gated in bits and picces, No single test facility had
been uble to simulate completely a hypersonic air-
stream so that & relatively large-scale model could
be studied in detail at close range for relutively
longr times under precisely controlled conditions,
Researchers had to laboriously piece together bits
of isolated data to form a “grossly correct™ picture
of hypersonic flight. The wave superheater now
provides & means of yeting much more detailed
information,

Hypersonic test facilities currently in operation
fall into four general classes (4).
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“Cold” hypersonic shock tunnels, in which a
high-pressure gas drives a shock wave through a
monatomic gas such as helium, create a hypersonie
flow condition over a model for a fow thousandths
of a second. Mach numbers of 20 to 25 can be
achieved in these tunnels. They are valuable in
fundamental studies involving phenomena such as
the interactions between the boundary layer and
the shock waves on 2 vehicle. Their great limitation
is that they do not produce the proper “real gas”
effects, because their atmosphere is monatomic,
with only one atom per molecule. Air, the gas in
which we are practically interested, is diatomic,
with its molecule shaped like 2 dumbell, When it
is heated, the air molecule not only moves about
rapidly, but also absorbs considerable energy by
spinning. At some point enough energy is absorbed
to break up the molecule into separate atoms.
Finally the atoms become ionized when an electron
is broken away. These “real gas” effects, which
alter the heat transfer characteristics of the airflosw
and cause chemical reactions (erosion) between the
air and a vehicle's surface, are the primary differ-
ence betwesn h,personic and the slower-speed
flows.

Heated nitrogen tunnels, simulate the flow of
air more ¢losely than does the helium tunnel. These
facilities operate with a stagnation gus tempera-
ture of around 4,000° F.

“Hot” hypersonic shock tunnels use air as the
working atmosphere and “real gas™ effects are
produced. The maximum test mach number of most
of these facilities is 10 to 12, but some reach mach
17 or so. Testing time in this type of tunnel is
measured in thousandths of a second, as it is in the
“cold” tunnels, but this is long enough to record
very accurate force and moment data, dynamic
stability information, and heat-transfer measure-
ments. Fast response pressure transducers, ther-
mocouples, and other sophisticated instrumenta-
tion have been in operation long enough to build up
an unassailable performance record. The larger
“hot” shock tunnels have test sections around 6 feet
in diameter, and they will accommodate fairly
large models. The stagnation temperature of the
air in these tunnels is 9,000° F. or more. The great
limitation of these facilities is their short test time,
which dues not allow a study of air chemistry,
structun | aublation, and the effect these have on
thickenit g the boundary layer, altering the heat-

transfer characteristics, or otherwise disturbing
the flow around a vehicle.

Arc-jet. tunnels produce a very high energy,
high-temperature flow for inany seconds at a time.
They are widely used to study structura} ablation,
heating effects in large segments of actual struc-
ture, and the properties of materials in high-tem-
perature air streams. These fucilities will accom-
modate Iarge models and will reproduce the
temperature and heat transfer conditions which
will he encountered by many types of reentry
vehicles over a large portion of their reentry flight
paths. The limitation of the arc-jet tunnels is that
their gas streams are contaminated when their
electrodes burn away. The exact chemistry of their
flow is not known at any given point at any given
time, Therefore, there is always a question as to
whether the “real gas" chemistry is being simu-
lated accurately,

Each of these devices has a serious test inade-
quacy in either time, pressure, or medium when
compared to hypersonic ground simulation re-
quirements.

Wave Superhscter Development

The idea of using the wave engine, the zo-called
COMPREX (6. 7) originally proposed by the
Brown-Bovari (lo., as the hot gas source of a wind
tunnel (8) wus Lorn at the Cornell Aeronautical
Laboratory in the late 1950%. The potential capa-
bility of this device for producing large flow rates
of high energy, high pressure, pure air en a con-
tinuous basis was realized from the beginning and
was the intent of the program.

The carly caleulations, performed as an internal
research effort at CAL, showed such promise that
the AFOSR sponsored a program (Fcibruary
1956-October 1958) to build and evaluate a small
prototype device. A pilot wave superheater, dubbed
Little Rollo and designed to heat air to 3,000° R.
{or argon to 5,500° R.), was built and tested (9).
It is interesting to note that the first run with
Little Rollo yielded more shock tube flow time
than had been obtained with all the shock tubes in
the world up to that time.

The success of Little Rollo prompted the Air
Force Office of Scientific Research to initinte a
full-sized wave superheater program (November
1956-May i958). The wave superheater was de-




signed to heat air to 9,000° R. using supply air
and driver helium preheaters. The AFOSR con-
tract funded the cycle design, the rotor design and
the design and purchase of the pebble bed sapply
gas preheaters. These programs validated the basic
prirciples and resulted in the decision in 19549 by
the Advanced Research Projects Agency to spon-
sor {using AEDC as the responsible agency)
design and construction of the full-scale wave
superheater hypersonic tunmel at the Cornel
Aeronautical Laboratory (70, 17). This facility
was operational in 1962 and at present is operated
by Cornell Aeronautical Laboratory on a use-
charge basis.

Today, the wave superheater delivers a 270
megawattsecond stream of pure air at pressures
up to 100 atmospheres for test periods of 15 seconds
three times a day, to a hypersonic tunnels system.
Tests in the tunnels can be conducted with wind
speeds up to 7,500 miles per hour (11,000 ft./sec.)
over a density altitude range from 50,000 to 200,-
00C feet using models from 1.5 to 15 inches in
diameter, The value in a ground test facility of
this kiud is that the gasdynamiec, thermal, plasma,
and optical mechanisms active in hypersonic
flight situations are recreated on the ground for
experimental examination, for sufficient duration
to establish the conditions of equilibrium needed
to ‘check aerodynamics, aerophysical, and gero-
structural interactions.

The wave engine as conceived by the Brown-
Bovari Co. of Switzerland in its COMPREX
pressure exchanger is basically a compressor. The
wave superheater is also a compressor wherein
modern shock tube technology has been applied
to a large number of shock tukes mounted on a
rotating drrm. The essential feature of a shock
tube is that a very high speed gas piston doe
acceleration and compressive work on a working
gas. In a shock tube, this event happens once,
initiated by the rupturing of a diaphragm hence
releasing the high pressure piston or driver gas,
and the flow time of a shock tunnel is in the micro-
to millisecond range. The energy pressures, flow
rates, and gas purity sre ideally suited however
for simulating hypersonic flight, but the test dura-
tion i3 extremely short. The problem is then (o
extend the duration while maintaining the realized
gas condition. The COMPREX concept introduces
the idea of rapidly inserting, between the driver

gas supply and the hypersonic nozzle, the shock
tube driven section. In the wave superheater, this
is achieved by replacing the driven tube with a
rotor which transports 288 driven tubes. At a high
rotational speed. the rotor replaces the driven
tube, preloaded with air, at a rate of 6,000 to 10,000
per second. As it turns out, about 10 shock tubes
are functioning simultaneously, with each shock
wave about 6 inches behind the one adjacent to it.
Fach shock heated parcel of air is longer than 12
inches so that the parcels, as they emerge from
the rotor, lay along side each other (fig, 10). Since
the only disturbauce in the flow is the tube bound-
ary layer, the flow is steady and rapidly becomes
smooth as the flow expands in the nozzle (fig. 11).
The fore and aft ends of the individual parcels
are, of courve, appropriately disposed of and are
not included in the nozzle flow. After a tube has
discharged its contents, it receives a coolant fol-
lowed by another charge of air as it returns to
the shock event. The cycle currently employed in
the wave superheater is capable of continnous
operation, However, the tremendous consumption
of preheated, pressurized gas (50 pounds per sec-
ond of helium and 12 pounds per second of air)
restricts the maximum duration to 15 seconds. Four
hours are then required to reactivate the system.
The wave superheater can process any gas and
deliver the processed gas pure and in chemical-
physical equilibrium.

When operating with air. the effective reservoir,
as genarated, is shown in figure 12 by the solid
line. A pressure loss up to 30 percent is inherent
in the gas collection of the rotor discharge. The
resultant effective reservoir for the tunnel systems
is shown by the broken line. A gas supply flow
churt is given in figure 13. To demonstrate its
flight simulation capability, the free stream
Reynolds number and stagnation point heat trans-
fer to a sphere are shown in figure 14. The “fiight
corridor” is included to provide a base for com-
parisor.. To be sure, certain aspects of flight re-
quire the duplication of that flight condition in
the facility. However, these .pplications require
detail not possible in this brief review.

Mensurements on models at test conditions have
been made of forces, moments, surface pressures,
surface temperatures and heat transfer, static and
dynamic stability, boundary Iayer and wake radi-
ation, electron concentrations, and flow structure
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and material ablation rate and distribution. The
following table indicates measurement ranges:

Reservoir temperature..__._. 3,000 to 7,000° R.
Reservoir enthuipy_____._.__ 800 te 2,200 B.t.u./1b,
Model stagnation pressure___ 10~ to 85 atm.
Free stream mach number__._. 1.5 to 14.
Free stream veloelty. ... ___ 3,500 to 11,000 ft./sec.
Model nose radivs. ___.______ 0.1 to 6.0 inches.

.
Model nose heat transfer__.__ 10 to 7,000;?;%—;;
Aerodynamic shear stress. ... 0.5 to 300 1b./f.}

The test programs have been conducted both on
customer fuids and customer prime contracts with
the Air Force, the Navy, and the Army. Among
the many users of the wave superheater hypersonic
tunnel have been: AVCO Rad, Boeing Aircraft
Co, Conduction Co., Donglas Aireraft Co., Gen-
eral Electric Co., Lincoln Laboratories of M.LT.,
T.ockheed Missile and Space Co., Martin Co.,
McDonnel Aircraft Co., NASA, Sandia Corp.,
Union Carbide Corp., and the Whitaker Corp.
More than a dozen diferent weapon systems and

190

rosearch applications have been checked in the
wave superheater.

While this list of experiments, customere, and
programs is impressive, it does not show the pro-
gressive dependency of the technical community
on this particular facility.

Tu date, the wave superheater has logged ap-
proximately 1,400 runs and since the first con-
tract test in November of 1962, 920 contract runs
for a total test time of 4,500 seconds have been
obtained in it. This averages out to a typical run
time of 5 seconds per run and represents a total
accumulated stream power of about 22 megawatt-
hours. It is interesting to note that in developing
and enlarging its proficiency in the use of the
facility, CAL has performed one test of shake-
down-calibration type (paid for with CAL funds)
for every two eontract tests.

Of the 920 contract runs, 820 (about 90 percent)
have boen material ablation tests. About 3,700 sec-
onds of test time were utilized in this effort.
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Approximately 69 percent of sll ablation teets
have been concerned with graphitic materials and
15 percent with refractoriea. The remaining 20
percent were devoted to the teflons, refrasil,
quartz, etc. BSD, through its various contractors,
has supported sbout 50 percent: of the ablation
tests.

As determined by experience and contact with
the tecanical community, the thme has come to
exploit the growth potential of the wave super-
heater facility and its concept. The existing facil-
ity was designed to provide a continuous flow of
air at high temperature and pressure, with a de-
sign limit of 9,000° R. in sir, As it became opera-
tional it became evident that maximum operation
of the current facility was to be 7,000° R. in air.
In the near future, this deficit in output will be
surmounted in an upgrading program.

It has also become apparent that, of all the de-
vices for heating air, only the wave superheater
approach has the potential capability to generate
and contain stream power density levels signifi-
cantly exceeding 20 megawatts per square inch of
flow area for sustained periods of time.

Due to its cyclic operation, no single material
element of the facility is required to be consistently
exposed to the superheated test medium. The
nominal exposure time of any element is about
200 microseconds. All other devices conceived for
hyperthermally heating air have components
which are directly and continuously exposed to the
heated medium. On this basis, it is clear that the
wave superheater type of test facility is unique in
its inherent growth potential.

Its suitability has been proven for the ground
testing of all the aspects of flight within its pres-
ent capabilities. Experiments have been conducted
in all of the major flight sciences: aero-dynamics,
material ablation, dynamic and static stability (in-
cluding the effects of ablation), boundary layer
and wake plasma, and turbulent flow.

At present, in the operation of the wave super-
heater hypersonic tunnel, two new major experi-
mental program areas have been entered. One is
the measurement and study of wake structure and
chemistry of ablating models, and the other is the
measurement and study of hyper-velocity propul-
sion systems. The power, size, and duration avail-
able in the facility make it an ideal test bed for
wake probe experimentation and scramjet whole-
engine testing. To be sure, no facility on earth is
suitably large and powerful to make possible full
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scale testing of the largesi forms of either of these
programs, but because common practice is to begin
small and work up, the ideal place to begin is in
the wave superheater.

(1) R. C. Weatherston, Research Trends, 7, 2.

(2} R. L. Bisplinghoff. Perzpective (Second Qtr. 1985).

(3) J. E. Carpenter. Research Trende (Second Qtr.
1963).

(4) A. Hertzherg. Rescarch Trends, 8, 2.

(5) J. 8, Butz, Jr., “Breaking the Wind Tunnsl Bar-
rier” (Air Force Magazine, December 1862),

(€) C. Seipple, U.S. Patent 2,300,394 (1946).

(7) A. Meyer, Electrical World, 127 (1947).

(8) R. C. Weatherston, A. L. Russo, W, E. Smith, and
P. V. Marrone, “Gasdynamics of a Wave Super-
neater Facility for Hypersonic Research and De-
velopment” (AFOSR TN 59-107, AQO 210-233,
1959).

(9) W. E, Smith and R. C. Weatherston, “Studies of a
Prototype Wave Superheater Facility for Hyper-
sonic Research” (AFOSR TN 58-158, Univ. of
Calif. HF-1056-A-1, 1958).

(10) J. E. Carpenter, “Wave Superheater Hypersonic
Tunnel Fifth Semi-Annual Report” (1 Jan.-1
July 1962, AD-1345-W-8).

(11) J. E. Carpenter, “"Wave Superheater Hypersonic
Tannel Sixth and Final Semi-Annual Report”
(1 Jan.-1 July 1862, AD-1345-W-8).

The Effect of Vacuum and Surface
Layer on the Farigue Life of
Metals

Dr. Jacos PoMrranTZ

Since the middle of the 15th century the failure
of metals by fatigue has been recognized as an
important technological problem. Failure by fa-
tigue is the fracture of a structure subjected to
alternating stress over a period of time, even if

‘the maximum stress is well below the maximum

load capability of the structure under static con-
ditions, Failures in practically all moving parts
are so prevalent that it may be said unequivocally
that more money and effort has been expended in
an effort to overcome and understand fatigue than
any other single problem in solid mechanics.
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Failures by fatigue were reaiized as early as
1858 by A. Wohler (7) who suggrstii that the
metal changed from a fibrous texture to a crystal-
line structure. Although lzter work was to prove
:his concept to be incorrcct, the failnre of metals
by fatigue is still not understood. The designer
and engines is therefore faced with a situation
wherein he cannot acenrately predict the fatigue
life and therefore must resort to the concept of
“overaesign.” It is not uncommon therzfore to have
a part 300-440 percent stronger :han required by
static considerations. This “overdesign” concept
leads to a large increase in weight, whichi is espe-
cially ecritical in aircraft construction where
weight is important.

During the past 5 years a new approach to the
fatigue problem was undertaken by 1. R. Kramer
at the Martin Co. under the sponsorship of both
the Air Force Office of Scientific Research and the
Air Force Systeras Command. In approach:ng the
fatigue problem a research team was formed
wherein both the practical and basic research as-
pects of the problem area were comsidered. The
research team decided for the most part tn abandon
the earlier and more conventiona! concepts used
to explain fatigue failure and embark upon u new
approach, Whereas previously it was generally
considered thut fatigue failure was due to damage
in the bulk of the metal, the Martin team found
that fatigue was associated with metallurgical
changes which took place in a narrow region at the
surface (2, 2). This surface region which extends
to a depth of about 0.003 inch i= formed whenever
a metal is plastically deformed and contains many
crystal imperfections known as dislocations, It is
the reaction of these dislocations in the surface re-
gior which govern the fatigue behavior of metals,

It has been known that fatigue damage is not
merely a stress phenomenon; it is strongly influ-
enced by the environment in which the fatigue
process is taking place. Studies of environmental
effects were therefore undertaken for two reasons.
Because of the practicality of high altitude mis-
sions under conditions where the amount of oxy-
gen, water vapor and other chemical reactive
species are greatly reduced, it is important to know
how the fatigue life would be affected. Secondly,
it was considered that the results from these
studies would be very helpful in elucidating the
fatigue phenomena, The Martin research team
under Krumer was indeed able to uncover impor-
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tant parameters affecting the improvement in
tatigue life in a vacuum (4, ).

Attempts had been made to explain the increass
in fatigue life in vacoum solely in terme of the
reduction in the rate of formation of the oxide
film. It had been proposed (6, 7) that the freshly
{ormad, ¢ posed surfaee in the crack region is able
ts Lieal more easily during the compression or re-
verse half cycle as the oxidation rute is decreased.
Such a mechanism wovld predict that the fatigue
life 1n vacuam stoult increase with the frequency
of the stress amplitnde because the time availal:le
per cyrle for the furmation of an oxide luyer at
the crack is decreased with increasing frequency.
Tests eonductaed by Kramer on the tatigue life as
a fuvection of frequency at a constant stress showed
1that the opposiie of this prediction was tiue (8).
The nundder of #7les to fuilure (fatigue life) was
determined for frequencies of 49 and 76 e.n.6. over
a range of pressures from 760 torr (one atmos-
phere) to 10-° torr, Al this wae first performed
at a waximum stress of 9,700 p.s.i. and then re-
peatad at 11,700 p.s.i. I» was found thet: (1) the
fatigue iife at both frequences roemains more ov
less constant as ihe pressure 1s d-creased until the
pressure is reduced to a valus in the neighborhood
of 3X 10 ? torr: (2) the fatigue life thea begins
to increase rapidly as the pressuce is decreased
further: (3) the improvement iy fatigue life ap-
pears to reach a limiting value at pressures less
than 10-3 torr: (1) the svernge vacuum fatigue life
for specimens tested at 49 < p.s, is greater than that
of speciniens teste: at v6 c.p.s.—-the difference in-
ereasing with decreasing pressure: and (5) tne
number of cycies to failure was decreased at all
pressure levels as the stress was increased fron:
9700 to 11,700 n.s.1. However, if the vacuum offect.
is expressed in terms of the ratio between tie
fatigue life at any vacuum pressure and the fatigue
life at the atmospherie prssure, then the vacuum
effect is actually greater ot the higher stress.

Aside from the ubove experimental evidence
against explaining the fatigue life in vacuam
solely in terms of the reducticn in the rate of
formation of the oxide film, it is known that the
healing or rewelding can be impaired by the sur-
face distortion resuliing from a redistribution of
stress at the surface as well as by un oxide filin.
Moreover, the probability of healing is farther
reduced by the continuous shear action which oc-
curs in the crack region during the test. It there-
fore appears that the increase in fatigue life in
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vacuum o~ in an inert atmosphere cannot be en-
tirely due to the reduction in the rate of oxide
formation.

In tie courss of his investigutions ¢f the effect
of surfaces o2 the mechanical behavior of metals,
Kramer showed that the surface exerts & marked
influence on the plastic behavior of metals (2,
9-17). Also, a specimen with an oxide tilm is more
resistant Lo plastic flow (72-/6). And furthermore,
restlts obtained from surface removal experiments
{2, 8-11} have shown that hesides the effect from
the orxide surface film, the mechanica] properties
of metels are also influenced by a so-cslied “de-
bris" layer, which contains a higher concentratinn
of dislncations, formed at the surface of the speci-
men during plastic deformation. After romoving
this surface layer by eiectropolishing, it was found
that the workhardemiig coefficient was decreased
during plastic deformation (less actual stress was
needed to produce a given strain). These effects
may be explained in terms of the rate, of escape
of dislocations through the surface. The rate of
formation of this “debris” layer depends upon the
ease with which the dislocation can sacape threngh
the surface. Strong obstacles, such as oxide films,
impede the egress of disiocations and enhance the
rate of formation of this layer. Xromer proposed
that the “debris” layer plays an important rcle
in the fatigue process (77) and iater showed that
the concept of a debris layer is nseful in explaining
the results of the investigation into the fatigue
lifs of an sluminum specimen in vacnum given
above in the fourth paragraph. He was thus abis
to uncover two important faatares of fatigue: the
surface layer effect and the environment effeet, Al-
though the research effort is not completed, it
appears that these two effects are not complately
independent and the environmental coaditions af-
fects ths build up of the imperfectionz in the
surface layer.

As in many cases when hoth ths practical and
the fundamental aspects of & natural pkenomenon
are understood, solution to other imnortant prob-
lems are found also. Such was the case in these
studies. It was found that the surface layer con-
cept not only helped in elucidating the fatigue
problem, but wss very helpful in the understand-
ing of the creep, stress-rupture snd brittle fracture
behavior of metals. For the first time, it was dem-
onstrated in many cases that this surface layer
controls the creep and stress-rupture behavior of
metals and it was possible to improve these

196

characteristics. The improvement was accom-
phished by the very simple expedient of alloying
the surface of the metal to modify the surface
layer (18). The surisce freatment improved the
stress.-rvpture life by 100 percent and decreased
the ~ree ) rate by 600 percent.

(Closely coupled with this work was the Martin
development of a process for the improvement. of
the faligue, corrosion, and stress-corrcsion be-
havior of aluminum alloys {79). Again by a very
simple surface ‘roztment, the fatigu= life was im-
proved manifold. For example, at a stress level
of 25,000 p.s.i. 4 normally trested sluminum siloy
(7075) has a fetigue life of about 500,000 cycles:
the Martin process improved the life such that no
failures occurred in 10 million cycles. The endur-
ance limit, that is the stress level below which no
fetigue failure is supposed to occur, was aiso in-
creased by abont 30 percent by the Martin process.
Not only was the fatigue life improved but the
ccrrosion and stress-corrosion resistance was sn-
hanced, Whereas structural aluminum alloys
failed from cerrosion i about 5,000 nours in & salt
spray test, the specimens treated by the Martin
Co. process withstood over 20,000 hours with any
rorrosion whatsoever. This same type of improve-
ment was experienced when specimens were sub-
jected o other corrosion tests, incliding outdoor
tests at an ocean site. .\ similar improvement in
behavior was also experienced in the stress-corro-
sion fife of structural aluminum alloys. Often the
stress-corrosion life was improved by a factor of
10, Specimens exposed at an ocean siie (Kire
Beach) did not fail after 1 vear exposure when the
imposed stress level was 80 percent of the vield
stress. Normally treated specimens usually failed
in a much shcrter time and experience shows that
never before have specimens lasted this long in
this test environrment.
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Mass Transfer Cooling

Lr. Cor. GEORGE STALK

Recognition of the thermal problem in high-
speed flight, whether for reentry conditions or sus-
tained hypersonic flight in the atmosphere, has
long been realized, and its scope is quite apparent
from the simplest concepts of gas dynamics. In
the early 1950’s the immediate problem centered
about structural weakening at temperatures on the
order of only a few hundred degrees. Sirce then
attainable speeds have increased by more than an
order of magnitude. The gas temperature adjacent
to vehicles operating at these speeds can be of the
order of 50,000° R. The result is a vehicle which
may be thermally somewhat akin to a meteorite,
with both the temperature and energy input rate
to the surface now of interest. Moreover, the en-
gineering solution to control and prediction of the
surface, thermal and geometric history, in many
cases, has a marked resemblance to meteorite be-
havior—namely, the acceptance of a mass loss
from the vehicle to achieve an optimum and prac-
tical design. The present state-of-the-art, which is
still undergoing improvement for advanced ma-

terials and vehicles, is the result of relatively
recent efforts of the last 15 years.

Thermal equilibrium is virtually impossible at
hypersonic speeds due to the relatively low melt-
ing temperatures of all materials. Energy trans-
mitted from the airstream to the vehicle must be
either absorbed or reemitted in some fashion.
Mechanisms allowing absorption, for instance, are
a change of phase, an endothermic chemical re-
action, or most simply, an allowed temperature
rise through a large mass of material. Reemission
mechanisms are radiation or the passage of a
coolant from the vehicle to the stream through
which it is passing. A combination of techniques is
possible, and occurs naturally. Most important is
an understanding of the role of each mechanism,
and especially of those over which there is some
measure of control and which may beneficially
reduce the magnitude of the problem.

Since distortion of the boundary layer so as to
decrease heat transfer was foreseen from some
earlier work done by NACA (7), an intensive
study of mass efflux into the boundary layer (fig.
15) was initiated during the mid 1950’s under
support of the Air Force Office of Scientific Re-
search. The research organizations included the
Massachusetts Institute of Technology, under
the guidance of J. R. Baron, and the University
of Minnesota, under the guidance of E. R. G.
Eckert. It should be recalled that at that time the
aerodynamicist was primarily concerned with the
perfect gas dynamics of a fictitious medium known
as “air,” and that widespread use of digita] com-
puting machinery was not yet applied to boundary
layer problems. Analysis of a mass transfer situ-
ation required a (then) complex description of a
flowing mixture, and fundamental phvsical prop-
erties were not readily available for .he kinds of
coolants envisioned as being useful. Quantitative
information was sought for the effects of Mach
number, geometry and type of injected coolent.
It was not clear that suitable porous surfaces were
to be found for transpiration schemes. Most im-
portant, virtually no experimental evidence was
available, and special techniques, such as concen-
tration probing in a thin boundary layer, required
development simply to evaluate the theoretical
concepts.

Injection of a chemically inert coolant into a
supersonic boundary layer revealed analytically a
possible strong control over both heating rate and
the ultimate equilibrium temperature of a system
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(2. 3. Consideratinn of various cociants fed to a
simplifyine rule for the offort of coslant molecular
weight on the energy transfer rate, Low used to
some cxtent in ablation work with associnted
vaparization (fig. 16). Certain classes of gases of
large thermal capacity proved quite efficient as
simultaneous absorbers of energy while reducing
the heating load. The comjecture that injection
would induce a turbulent condition into the bound-
ary layer and thus negite any possible cooling
benefits by affecting thr stability of the laminar
boundary layer proved ill founded (4).

The related experimental efforts required pre-
cise simulation of mass transfer under wind tunnel
conditions, However, sintered (porous) materials
techrology proved to be far from adequate. Even
if data were corrected for off-design conditions,
which would be quite difficult, the practical need
for hypersonic flight required a large improvement
in quality control of the product. A byproduct of
wind tunnel model specifications and demands was
improved metallurgical control. Close uniformity
was schieved where required, and specific perme-
ability distributions were obtained with both uni-
form and variable thickness materials, Still
further, new base materials such as stainless steel
and nickel were introduced with the capability of
withstanding high and prolonged temperatures,

Some serious discrepancies between theory and
experiment were in evidence, however, but showed
a consistency amongst the work of several investi-
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gators (fic. 17}, Kven though the available analyvsis
disagreed somewhat with each other, none came
elose to agreeing with the experimental deta. The
discrepaney existed despite the development of
miachine computation programs capable of “exact”
solutions for mass transfer, mixture problems. The
final resolvment of the guestion was of special
interest, A hitherto neglected phenomena in sero-
dynamics, namely a coupling between mass and
energy transfer on a microscopic scale of inter-
actions, proved responsible for the discrepuncies

5, 6).

A mass transfer approach somewhat different
than those described above was also studied. This
involved a point injection into the stagnation
region so as to produce a relatively thick inner
layer of gas between the body and the hot shock
layer (fig. 18). With proper contouring of the
injection orifice it proved possible to simulate an
“effective” hemispherical interface as seen by the
incoming flow resulting in: greatly reduced surface
temperatures (7, 8).

For the most part the above brief review stems
from research efforts condueted for the Air Forve
Office of Scientific Resenrch by groups at the
Massachusetts Institute of Technology under J.
R. Baron and the University of Minnesota under
E. R. G. Eckert., Mass iransfer studies were also
conducted by NASA, with emphasis on turbnlent
conditions (9}, by the Naval Ondnance Labora.
tory, with emphasis on «tability and experimental

/7 ¥ Experiment
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Omitting Ther modynamic
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Mass Transfer Rale

Fiovre 17.—Thermodynamic coupling effect for helium injection through perous plate

(2.6<M<43).
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verification, wd by industry (AVOO, Geperal
Electric) in connection with gac phace injection of
ablation products (70, 11}

Extensions of the initizl studies, in the 1960°s,
considered multicompaonent, reacting, bonndary
layers which arise due to various surface chemistry
reactions and simply the high temperature
behavior characteristics of a real gas (dissoci-
ation, ete.) (/2, 13). Upon inclusion of surface
chemistry the mass transfer process becomes
cot pled to the diffusion and reaction rates in com-
hination. In fact, distinct regimes (reaction,
diffusion, snblimation) of control are new found
in the case of a graphite surface and presumably
are present with other materials. At present suck
surface coupling is under consideration for a vari-
ety of new refractory materials (borides, zeronium,
and hafnium carbides, etc.). This recent effort
underscores the need for fundamental physical
properties of “new” gaseous componeats, in close
correspondence to the original difficulties in the
earlier binary, inert gas studies. In a fashion very
much like closing the circle, the refractory mate-
rials now can involve mass deposition due to solid
oxide formations with or without simultanecus
injection of other surface reaction products into
the ajrstream.

MAIN
STREAM

Mass transfer conling techniques are required
and wsed by militars weapon systems which ob-
tais hypersonie or reentry velwities. Likewise,
these techniques are used in the NASA Man in
Space Effort (Genmini, Apolls) und are well pub-
licized. Internal aerodynamics has also made use
of the concept in the form of rocket engine liners
and compressor blade cooling for supersonic and
advanced VSTOL, jet engines. Sustained operation
for long periods of time of supersonic and/or
kypersonic vehicles, such as a space plane, suggest
either exceptionally good ablators or a transpira-
tion technique to hold to geometric specifications
(fig. 19) (74). For flight times of the order of an
hour {such as mmight be associated with a hyper-
sonic transport) one would expect that transpira-
tion cocling techniques would be the logical choice
for reduced heat transfer rates.

One further cutgrowth of the Air Force Office
of Scientific Research program is somewhat aside

. from any direct contributions te knowledge of

mass transfer behavicr and aerodynamic phenom-
ena. The research investigators have instilled in
their graduate students interest in high speed
thermal problems. AFOSR support is necessary
both to at‘ract able students in the field nf hyper-
sonic research and to turnish the relevant knowl-
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Frovre 18.—Stagnation point mass inspe. tion in hypersonic flow.
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edge and literature needed by upcoming scientists
and engineers for the design of advanced high-
performance weapon systems.

REFERENCES

(1) W. B, Brown and P. L. Donoughe, *“Tables of Exact
Laminar Boundary-Layer Solutions When the
Wall i3 Porous and Fluid Properties are Variable”
(NACA TN 2479, 1951).

(2) J. R. Baron, “The Hetrogeneous Laminar Boundary
Layers” (Rand-AFOSR Symposium on Mass
Trapsfer Cooling for Hypersornic Flight, 1057).

(8) J. F. Cross, J. P. Hartnett, D. J. Masson, and C, Gasz-
ley, Int. J. Heat and Maas Transfer 3, 3, p. 198
(1961).

(4) E. C. Covert, “The Stability of Binary Boundary
Layers” (AFOSR TN 57-389, 1957),

{5) 1. B. Baron, J. Am. Rocket Soc. 32, 7, p. 1053 (1962).
(6) B. M. Sparrow, C. J. SBeott, R. J. Forstrom, and
W. A. Ebert. J. Heat Transfer, 36 (10684),

(7) J. R. Baron &nd J. Alzner, J. Finid Mechanics, 15,
3. p. 442 (1963).

(8) O. Y. Wang, J. Am. Inst. Aeron. Aatronawt, 2, 1,
P 118 (1984).

(9} C. C. Pappas and A. F. Okuro, “Measurement of
Heat Traunsfer and Recovery Factor of 2 Com-
pressible Turbulent Boundary Layer on a Sharp
Cone with Foreign Gas Injection™ (NARA TN
D--2230, 1964).

(10) Mae C. Adams, J. Am Rocker 540, 38, B, p. 625 ¢ 1u59),
(11) 8. M. Scala and W. F. Ashley, “Mass Addition

238-888 O - 47 - 14

Effects on Hypersonic Heat Transfer to a Two
Dimensional Body” (G.E. RG05D491, 1960),

(72) L. Lees, “Convective Heat Transfer with Mass Ad-
dition and Chemical Reactions, Third Combustion
and Propulsion Collogquium” (AGARD, NATO,
Palermo, 19868).

(13) 8. M. Scala and L. M, Gilbert, “Aerothermodynam-
ical Behavior of Graphite at Elevated Tempera-
tures” (G.E, R845D55, 1964).

(14) N. 8. Disconis, J. B. Fauucel, And G. W. Sutron,
“Heat Protection Potential of Several Ablation
Materials for Satellite and Ballistic Reextry into
Earth's Atmosphere” (G.E. RS95D423, 1959).

The Magneto-Plasma-Dynamic
(MPD) Arc

Mas. Russewr G. LaNeroms

The mzsmetc-plasma-dynamic arc is an axi-
symmetric device in which an elestrical arc dis-
charge takes place between the ancde ard cathode
to produce an ionized plasma. This flowing
plasma then interacts with the magnetic field
causd by the arc current and the external applied
maguetic field B to accelerate the plasma. The

200




G S

interaction of the various components of such &
discharge has been the subject of widespread at-
tention and the present discussion is oriented at
elucidating the contributions that have been made
to date. Several of the basic problem areas have
been supported by the AFOSR and in fact the
significant developments which have followed are
directly attributable to this early work. This re-
view covers not only AFOSR sponsored research,
but work at other Air Force laboratories and at
other government agencies as well, including the
Aerospace Research Laboratories and the Aero-
space Propulsion Laboratory.

The great deal of attention that has been focused
in the past years on the development of MPD ares
is due mainly to the application of this class of
accelerator for use as an electric thruster for space
flight. Investigators who have been involved in
these studies are a group at Electro Optical Sys-
tems (EOS), directed by G. Cann; a group at
Plasmadyne (now Giannini Scientific) directed
by Ducati; a group at NASA Langley, directed
by R. V. Hess; a group at Avco-RAD, directed by
R. John; and a group at Avco-Everett, directed
by R. M. Patrick. This is a summary of the results
obtained by these groups in the period 1959 to
the present.

The MPD arc today is an outgrowth of the work
done on conventional arc jets and the work done
on very low density plasma accelerators which was
sponsored by AFOSR. In 1958 many of the inves-
tigators were working with conventional arc jets.
Ducati, R. John, and others approached the MPD
arc jet by lowering the plasma density in their
accolerators and applying an external bias field.
On the other hand, some of the other investiga-
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F1eure 20.—Schematic cross section of the mag-
neto-plasma-dynamic are.
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tors, Cann, and Hess, et al., were studying devices
where the plasma density was very low. These
investigators approached the MPD arc by raising
the plasma density in their accelerators to the den-
sity of interest. The work at Avco-Everett was
divided into two parts, the first directed by G. S.
Janes, investigating the low density plasma re-
gime with a goal of containing and accelerating
the plasma by confining the electrons in the plasma
and accelerating the ions by an electric field
which maintains charge neutrality in the plasma.
A parallel effort at Avco-Everett was carried out
by Zatrick, who investigated a magnetic annular
arc (MAARC) which operated with a plasma at
an intermediate density (the same as present MPD
arcs). Hall effects were present in this device and
the goal was to try to minimize heat transfer to
the side walls due to hot electrons, and also to use
Hall currents to produce containment and
acceleration.

In early 1958 there were three classes of plasma
nccelerators being investigated. The first and old-
est were the conventional arc jets. The primary
work directed towands space propulsion was car-
ried on independently by Ducati and R. John.
This type of an accelerator depends on viscous con-
tainment to retain the energy in the plasma and
achieve low wall losses. These requirements led
to the development of very small devices with
high densities. Reasonable thrust efficiencies were
obtained by employing hydrogen as a working
fluid to velocities which corresponded to specific
impulses equal to 1,100 seconds.

The second class of accelerators which were
developed in the beginning of this period con-
sisted of the rectangular E x H accelerator and the
MAARC. Intermediate plasma densities were used
and w,t, (electron gyro frequency collision time)
in most cases was the order of unity. The conven-
tional E x H accelerator depended on the j x B
acceleration of a relatively low temperature
plasma to achieve high thrust efficiency. It was
found by several investigators during this period
that the side walls of such nccelerators (parullel to
the direction of the applied field) act as a short
circuit for the applied electric field. This became
known as the Hartmann boundary layer effect,
where the gas near the wall has an insufficient
volocity to generate a large enough v x B voltage
to prevent large currents from flowing in this
region. This resulted in large wall losses. At this
time the MAARC experimental studies were
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started in an effort to eliminate these wall losses
and to try to achieve j x B acceleration with a
coaxial geometry. Although the original E x H
accelerator does not look very attractive for pro-
pulsion applications, extensive research is now
under way to use this device as a wind tunnel
driver where heat transfer and electrode erosion
do not limit the concept.

The third rlass of accelerators being investi-
gated in this period were the low-density acceler-
ators, a typical example of which is the traveling
wave accelerntor of Janes, et al. A large acceler-
ator using a magnetic field configuration with
stationary cusps was also studied by Cann at
EOS. The plasma conditions in these accelerators
corresponded to very low densities under suffi-
ciently strong magnetic fields so that large Hall
currents could flow, ie., w.t,>>1. The hope for
containment and elimination of wall losses was
based on pure magnetohydrodynamic contain-
ment of the plasma. Concurrently, Hess at NASA
Langley was investigating a device with a geom-
etry very similar to the present MPD are configu-
ration in this very low-density regime. This
configuration using Hall currents to contain the
plasma, is probably the first publication of the
MPD arc concept. During this period the groups
working with the low-density plasma accelerators
began to discover that one could not predict the
current distribution in these plasmas, assuming
classical diffusion for the electrons and ions, This
led to decreased interest in utilizing this type of
accelerator as a propulsion device because of the
high wall losses.

The group at Avco-Everett investignted a co-
axial arc discharge with an axial magnetic field
(MAARC). The effect of tensor conductivity on
the properties of a coaxial arc was studied. It. was
found that this type of discharge possessed unique
voltage characteristics and the voltage was
strongly dependent on the magnetic field inten-
sity. The existence of Hall currents in this geom-
etry caused the radial currents to flow in a more
extended region downstream from the electrodes
than that obtained in conventional arcs. It was
further shown that this type of discharge in a
partially ionized plasma was stable, which elimi-
nated many of the difficulties encountered in high
density arc jets. This early study led to the devel-
opment of the present MAARC geometry, where
the extension of the currents from the electrodes
in the flow and magnetic field direction was used

to cause currents to flow in an expanded region in
# nozzle with a hope that Flall currents flowing in
the expanded portion of the nozzle would produce
containment and acceleration in a stable manner.

Concurrently, a radintion-cooled arc jet wns
developed at Avco-RAD which could operate con-
tinuously wich power levels up to 50 kw, This
advance in technology greatly enhanced the devel-
opment of MPD arcs since the geometry of both

_devices is very similar.

During the period from 1960 to 1964 it was
shown by Janes and Hess that plasma turbulence
was grenerated in the low density accelerator. This
impaired the use of Hall currents in these devices
for containment and acceleration, and severcly
limited the ability of one to predict their perform-
ance. At the sume time the group at EOS under
Cann changed from using a low-density p'asma
to a higher density plasma and began to study
only the exit portion of their accelerator. The
group at EOS discovered that when the plasma
density was increased in a single cusp magmetic
field, a large increase in the apparent thrusts and
efficiencies was obtained with a dramatic decrease
in wall losses. This was the beginning of the MPD
arc development at EOS.

Meanwhile, at Plasmadyne, Ducati had per-
formed experiments indicating that a specifie
impulse of up to 10,000 seconds could be obtained
at low mass flow. This achievement attracted a
great deal of attention, since the “arc jet™ could
now compete with the much more complicated ion
engine. Ducati investigated various conventional
arc jet configurations and studied a large range of
mass flows and configurations and discovered when
the mass flow was reduced the apparent exit
velocities (specific impulses) increased to velocities
much higher than had been obtained before with
conventional arc jets. These results were obtained
by measuring the thrust and input power and mass
flow. At this time the bias magnetic tield was ap-
plied by wrapping the leads to the are jet around
the device. These modifications improved the
electrode performance, with the apparent attain-

* ment of higher specific impulses. These results

focused a great denl of attention on the develop-
ment of arc jets with an axial bias field. Since
results were obtained with a thrust stand a great
deal of enthusiasms was generated because the re-
sults showed that a simple extrapolation of arc jet
technology might furnish a simple accelerator
which could be very useful for space propulsion.
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During this period, the Avco-Everett group
studied the flow in 4 MAARC nozzle, reporting
thrust efficiency as high as 35 pereent. and showed
the role of Hall currents ir recucing wall losves.
Conventional continuum diagnostics were used
{pitot tubes, etc.) which limited the study ounly to
mass flows sufficiently high to insure the validity
of using these continuum diagnostic tools. This
placed alimit on the energy per particle and thrust
velocity obtained in this research to velocities cor-
responding to specific impulses below 800 seconds.
This forced this group to develop simple diagnos-
tics other than a thrust stand which would give
local properties and be useful for free molecule
flow conditions in the exhaust.

After Ducati reported his achievement of Ligh
specific impulse, other groups investigated low
mass flows to evaluate their devices with the pos-
sible use of MPD arcs for electric propulsion at
pewer levels between 20 and 50 kw. The group at
EOS developed a MPD arc which used an eonden-
sabls metal vapor as propellant. The argument for
this choice of propellant is that it can be easily
pumped by condensing the exhaust in a vacuum
chamber, This allows the best simulation of the
very low back pressure encountered in space. The
EOS group obtained results which indicated that
very high thrust efficiency with lithium as a
propeliant : ;uld be attained. Later the group at
Avco-RAD (John. et al.} tested MPD arcs using
metal vapor propellants. The result of their work
showed that the construction and operation of
MPD arcs with lithium used as a propellant was
very difficult. Because of the complicated design
features this group wis forced to abandon many
of the simple features of the conventional arcs and
MPD sres which have made this class of acceler-
ator so attractive. The introduction of insulating
surfaces close to the discharge region eliminated
one of the most sttracrive {vatures ot the MAARC
and MPD geometries. These restrictions have
limited the development of MPD ares using con-
densable metal vapors as propellants.

As a separate effort the group at Aveo-RAD
studied geometries very similar to those used by
Ducati and investipated the effect of a bias mag-
netic field on the nozzle flow and electrode perform-
ance with the main effort directed toward increas-
ing thrust efficiency. It was discovered by Ducati
about this time that his MPD arc could be run with
nv mass flow throughput with very little thrust
change. This fact made his earlier results appear

questionable, since he had obtained high specific
impulses by dividing the thrust obtained with his
thrust stand by the measured mass flow through-
pat. When R. John of Avco-RAD confirmed these
results in his own experiments the situation be.
eame very confused. It was felt that either the
background gas in the vacuum system was being
recirculated through the arc jet (back pressure in
the vacuum system not low enough) or that stray
magnetic or electric fields to the tank walls (a con-
ductor) were responsible for the phenomenon. The
back pressure in the vacuum,system has been re-
duced as low as possible without noticeable effect
on the thrust level. A spectroscopic analysis of the
products in the tank and various regions of the arc
was conducted at TRW and indicated no recircula-
tion of background gas. This was a cursory exami-
nation over & limited range of variables and it is
felt that it was not conclusive. It has been proposed
to use nonconducting tank walls for the vacuum
system to eliminate stray magnetic effects. Elec-
trostatic or sheath effects would still remain. No
results of these experiments have been reported. It
was concluded that the simple measurement of
thrust on a thrust stand is an incomplete diagnostic
to be used in the development of plasma
accelerators,

During this time, Hess at NASA Langley had
increased the mass flow in his early device. Since
he used mostly argon as propellant, with a rela-
tively large atomic weight, the plasina densities
were characteristically lower than these studied by
the other investigators. He frequently reported
unstable arc characteristics and noise produced by
the discharge. :

The group at Avco-Everett studied the charac-
teristics of their MAARC, using a small thrust
plate developed to measure the low thrust density
in the collision-free exhaust and also carried out an
extensive study of the voltage characteristies of
the device. The results of this study showed that
the voltage wus proportional to the magnetic field,
the cathode, anode spacing, and the Alfven ioniza-
tion velocity of the propelinnt. The effect of vary-
ing the magnetic field shape and intensity on the
thrust profile was obtained. These measurements
indicated the effect of the Hall currents forcing
the flow nearer the axis of the accelerator. This
result verified some of the earlier speculations that
Hall currents could act to contain the plasma and
reduce the heat loss of the high enthalpy plasma
to the anode.
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The gronp nt NA®A Lewis used a very large
vacummn facility to study these aecelerainrs, This
fucility was capable of producing back pressures
two to three orders of magnitude lower. The early
results obtained with a conventional MPD are,
using eitiier hydrogen or ammonia us propellants
showed that the measured thrust efficienty with a
thrust stand was greater than 100 percent. This
focused moure attention on the validity of thrust
stand measurelents and also focused the attention
of the investigators on the position of the nre cur-
rents in these devices, and the question was asked
whether they were confiried to flow in the immedi.
ate vicinity of the nozzle or could they flow out
into a large volume in the tank, This would account
for large thrust with no mass flow throughput.
The current distribution in the nozzle region of
this class of accelerator was investigated by the
group at EOS, Aveo-RALD, and Avco-Everett and
it was shown that the major portions of the are
currents flov ed well upstream in the nozzle. Later
it was discovered at NASA that an error had been
made in measuring the mass throughput, giving
an erroneous value for the thrust efficiency. The
present status of this development is that the most
attractive propellant iz ammonia. It is very easy to
store for space missions and produces a reasonably
high operating voltage because the energy required
to ionize and dissociate ammonia is large. A high
voltage in the plasma minimizes walil Josses, and
most important, there are strong indications from
all of the data accumulated by all of the groups
investigating MPD arcs that the thrust efficiency
is limited only by wall losses. An accelerator very
similar to the MAARC geometry is being de-
veloped at Aveo-RAD which is to use ammonia as
a propellant and operate in the power range be-
tween 10 and 50 kw, At the present time the group
at NASA Lewis is studying an EOS engine which
uses g lithium metal vapor propellant, but because
of the extreme difficulty in operating this type of
engine no results have heen ohtained to date,

The determination of the thrust efficiency of
these devices hax been made ditficnlt by the afore-
mentioned effects, but one thing appears to be
clear, that this type of device will transfer elec-
trical energy into plasma energy with a very high
efficiency, i.e.: very low wall loss.

Much more research remains to be done to
clearly understand the transfer process by which
electrical enecgy is converted to kinetic energy.
Moreover, new diggnosties must be developed to

~mrelate experimental results. It has already
been  demonstrated ilat reliance on a ungle
tethad of micasurement can not only produce the
wrung unswer, but can confuse the issue regarding
the basic phenomena under investigation. To this
end the AFOSR wil] continue support of the en-
ergy ropversion process and associated diagnostics.

Although the MPD arc looks very attractive
fur space propulsion, other applications are now
being considered. Some of these are: As a plasma
wind tunnel driver producing a stream of high-
velocity collision-free plasma for example, used
in solar wind simulation. Another application
which has been suggested is in high-specd shock
tubes us a driver. Asa facility for ablation testing
it will permit the identification of the fiilure
mec.anisms which exist in high-speed reentry.
Such a facility will duplicate free-stream condi-
tions which are far in the future becuuse con
siderable advances are required in present testing
facilities even on a pulsed basis.

In conelusion it can be seen that an early in-
terext by AFOSR in arc jet phenomena has served
as a stimulant to the scientific community in
understanding the phenomena and has led the
technologist to develop these devices as important
candidates for future deep-space missions. The ex-
tent. to which the \ir Force will participate in
deep-spave missions is not vet known. However,
based on the record such an important contribu-
tion should not be overlooked.
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Oxygen Atom Atrack of Refractory
Materials

L. Cor. CorxELIvs J. Doxovaw

While conventional subsonic aircrdt produce
negligible chemical changes in the air through
which they move, the kinetic energy of a hyper-
sonic vehiele, as for example, a eentering space-
craft, is comparnble to the dissociation energy of
oxygen molecules naturally present in the earth’s
atmosphere. As a result, near such vehicles large
oxygen atom concentrations are produced. even
though dissociation levels in undisturbed air are
negligible in the altitude range of greatest aero-
dvnamie interest thelew, say, 200000 ft.). On
thermodynamic groumds one might expect that
these O atoms, produced where the gas tempera-
tures typically exceed 2,000° K. (4.540° F.), would
recombine 1o form stable O, molecules in the gas
wetting the cooler vehicle surfaces. However, re-
combination takes tune (Lo, many atumic colli-
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sions) and, as a result of rpid gas motion and
their diffusion, O atmms can survive to bombard
the vehicle surfaces, What are the effects on mate
rial inss or degradation due to oxidation? In view
of the meager experimental data on high-tempera-
ture surface reactions, even for stable gas moie-
cules, it is necessary to question whether existing
materials design and test procedures adequately
take these recently encountered atun attack proe-
esses into account.

With these questions in mind, in 1962 Daniel E.
Rosner of AeroChem Research Laboratories pro-
posed 10 AFOSR that a basie research program be
established to investigate the oxidation behayvior of
refractory materials in well-defined. dissociated
gus environments. Previously, Rosner (7, 2) and
others (3. §) had developed prediction techniques
which accounted for the important aerodynamniic
heating consequences of atom recombination on
surfaces. But when an O atom strikes a high-tem-
perature surface the probability of oxidation (and
consequent material loss or degradation) may
greatly exceed the probabilty of surfuce-catalyzed
atom recombination. To guide future advances in
the attainment of hypersonic flight, an understand-
ing of the rates and consequences of such chemical
attack was therefore needed. This can be obtained
most accurately, and, incidentally, economically,
by carrying out reaction rate experiments in the
laboratory at () atom bombardment rates com-
parable to those attained during atmosphere re-
entry, under conditions such that rhe oxidation
probability per collision can be determined with-
out ambiguity. This chemical kinetic information
can then be combined with an aerodynamic ana-
lysis of the air/reaction product boundary layer to
enable rational predictions of oxidation rates
under the diverse conditions encountered locally
during reentry.

Such & program was initinted at AeroChem by
AFOSR in Novenmber of 1962, By mobilizing sev-
ernl experimental methods nsed in recent corrosion
and physical chemistry research, Rosner and his
rollaborator, H. Donald Allendorf, suecessfully
developed a unique apparatus and method (5-9)
which satistied the above requirements and, more-
over, allowed direet vomparison of the O atom
reartion probabilities with those of the correspond-
ing O, reactions. The method combines the condi-
tions of fow total pressure, high gas velocity, and
small specimen size and uses a microwave dis-
charge cavity to dissociate oxygen.




Ax depicted (fig. 21), noble gas/(), mixtures
are passed thmugh the micronave dis-harge
cavity, downstream of which the partially dis-
sociated gus encounters the specimen—an electri-
cally heated tilament. For surface reactions
forming volatile (noaprotective) produets, the
voltage drop across the central portion of the
specitnen is continvously monitored using spring-
lorded contacts leading to a recording potentiom-
eter. During an experiment the filament is
maintained at constant temperature by altering
the measured heating current in accord with an
optical pyrometer or thermoconple output, thereby
allowing the decrease in filament diameter caused
by the reaction to be related to the increase in
electrical resistance. The absolute value of the fila-
ment temperature is determined either from its
resistivity or from the corrected pyrometer read-
ing and O atom concentrations at the specimen
lacation are obtained using a luminescent titration
technique. By combining the observed rate of mate-
rial loss at each temuperature with the prevailing
() atom concentration, one can then calculate the
probabiiity, « that an incident O atom will Jead
to inaterial removal (i.e, ¢=1 would mean every
incident atom is successful in removing a substrate

SPECIMEN
MICROWAVE K

niom) . In all caves, pessibie complications dne to
locul oxygen depletion as well us the differenes
het ween the inciden: gns (atom or molecule) tem-
peraiure and the surface temperature, are ruled
oul experimentally on the bacis of the ahsence of
gns tlow rate—and carrier gas identity—eflects on
the observed reaction rates. Complications due to
the possibie presence of excited atoms and mole-
cules in the electrical discharge produsts have also
been experimentally shown to be negligible (9).
The method lius vonsiderable range andd Hexibili. 5.
Thus far, it has been used to study a large class of
O atom/solid reactions (3-3) at surface femnern-
tures between 300° K. and 3000° K. and O atom
partial pressures from zX10™ to 3X102 Torr
(1 Torr=1.32<10-* atm). By substituting micro-
scope size measurements time-lapse photographs
for determining the diameter change of the speci-
men, the method has been extended to electrically
nonconducting materials (e.z., boron nitride) by
despositing them on conducting substrates (e.g.
tungsten). By adding a seennd microwave dis-
charge cavity and feedline, the method has also
been genernlized to study the reactivity of dis-
sociated gas mixtures, such as mixtures of O and
N atoms.
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Capabilities of the approach and method are
perhaps best illustrated by considering recent
experimental results on two refractory materials
of major interest to the Air Force: molybdenum
{5.9) and graphite (6.7, 10},

Fig. 22 shows the temperature dependence of
the oxidation probability of molyhdenum subjected
to atomic or molecular oxygen at a partial pressure
representative of those encountered by vehicles
with aerodynamic lift entering the Farth's atmos-
phere. The quantity, ¢, which measures the proba-
bility that a molybderun atom will be removed
from the sohid for each oxidizer collision 15 seen
to be considerably different, depending upon
whether the oxidizer is atomic or diatomic oxygen.
For example, at about 1,200° K. the reaction
probability for O atoms is greater than that for
O, by a hundredfold. Aside from their large ahso-
lute values and relaiively weak temperature
dependence, another interesting aspect of the O
atom reaction probabilities is their remarkable
invariance under a 500-fold change in O ntom
pressure, The simplicity of the O atom reaction
kinetics, attributed (5, 9) to the fact that many
gas-phase O atoms collide directly with absorbed
oxygen (on the surface) leading directly to
oxidation, makes it possible to extrapolate these
data with greater confidence to the wide range of
conditions of aercspace interest,

In contrast to the O-atom data shown, corre-
sponding experiments (9) covering a 10,000-fold
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Fioure 22.—Qxidation probabilities for
molybdenum.

O, pressure range reveal that when diatomic oxy-
gen strikes high-temperature molybdenum the
reaction probability (already lower than that for
O atoms) decreases markedly as the (), pressure
is increased. Th. complex behavior revealed for
the (), reaction is a reflection of the less direct route
to oxidation (in which oxygen dissociation must
first ocenr on the surface) when the oxidizer is
diatomie.

These are the first data available comparing the
rates of (-atom and Q: attack of molybdenum at
elevated temperatures. They indicate that the
presence of O atoms in the reentry environment
would greatly increase the rate of oxidation of
exposed molybdenum surfaces.

As a second example, data have been obtained
on the O atom attack of several kinds of graphite
(G, 7, 10) since graphite and grapkite composites
hsve been used as leading edge materials for lift-
ing hypersonic reentry vehicles (77); moreover,
many ablation heat shield materials form carbe-
naceous outer char layers. In particular, pyrolytic
(high density, anistropic) graphite has been
viewed as a leading edge/nose cap material with
congiderable aerospace promise, partly becanse it
is more oxidation-resistant than more porous
grades of graphite. While this is true, Rosner and
Allendorf have recently fouud that differences
between the two grades of graphite are not so
striking when the oxygen is dissociated.

Shown (fig. 23) are data for pyrolytic (dark
circles) and a commercially available graphite
(open circles) in both atomic and diatomic vxygen
corrected to an oxygen pressure of 3 x 16-* Torr.
1t is seen that the improvement in oxidation resist-
ance offered by pyrolytic graphite diminishes
considerably when it is exposed to atomic oxygen.
Moreover, the O atom oxidation probability near
2,000° K. is quite high (~14) compared to the
corresponding value (less than 40 for O:
attack of the same pyrolytic graphite surface. In
both the United States(72, 13) and Russian(14)
aerospace literature these :mpressive differences in
oxidation rate have until now been neglected, the
common assumption being that O atoms and
0O, will oxidize graphite with comparable effective-
ness at high temperatures, In many cases the
experimental results obtained in the present
program on graphites and refractory metals will
strongly influence future designs for both unpro-
tected graphite and graphite coated with refrac-
tory noble metals (15).
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Much remains to be done before a comprehensive
understanding of the effects of atomic oxygen
on reentry materials is obtained, and or dation
probabilities can be reliably extrapolated or pre-
dicted. As already indicated, it is also necessary
to comhine, in a self-consistent manner, this ~hemi-
cal kinetic information with a knowledge of
transport phenomena in the gaseous boundary
layer which envelops reentry vehicles. Thus, owing
to the establishment of steep concentration and
temperature gradients in the boundary layer, due
account must be taken of the fact that actual O
atom partial pressures experienced at vehicle sur-
faces will depend strongly on the altitude-velocity
“trajectory” of a particular vehicle, its overall
size, ai:¢ its heat-protection scheme. Typical tra-
jectories for sevcral classes of reentry vehicles are
shown (fig. £4) together with (a) regions (shaded)
in which one can rule out appreciable O atom econ-
centrations at the surface for various reasons, and
(b) points (open vircles) on each trajectory at

which the conditions of aerodynamic heating are
most severe. This figure, a more detailed version
of which is discussed from the point of view of
sercxlynamic heating in (1), displays the trajec-
tories of two ballistic (without aerodynamic lift)
vehicles, earth satellite (S) and intervontinental
ballistic missile (ICBM), and two lifting vehicles,
glide (GV) and lunar lifting (LLYV), differing
widely in initial entry speed. In the odd-shaped
shaded region to the left {low velocity) the vehicle
kinetic energy is insufficent to thermodynamically
produce appreciable oxygen atom concentrations
at the prevailing pressures. In the upper (high
altitude) shaded region the vehicle energies are
sufficient, but the rates of O, dissociation are inade-
quate for vehicles in the size range of aerospace
interest. In the lower (low altitude-high density)
shaded region, O atoms produced in the high
temperature regions of the flow undergo a
sufficient number of molecular encounters in the
cooler gas regions near the surface to recombine
(reforming O,) in the gas phase. Note that for
the vehicles shown, all but the ICBM experience
peak heating rates under conditions such that high
nonequilibrium oxygen atom concentrations will
be present near the vehicle surfaces,

In particular, for hypersonic glide vehicles in
the region of pezk heating, there is sufficient time
for the dissociation of diatomic oxygen behind the
bow shock and in the high-temperature regions of
the gas boundary layer, yet the density levels are

ALTITUDE, kiofest
ALTITUDE, kilometers

20
VELOCITY , hiofest /sec

Fiovre 24.— Gzyyen atom nonegquilibrivn regimes
during reentry.
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inadequate to allow complete oxygen atom recom-
bination to occur in the cooler portions of the flow
adjacent to the surface. For a lifting reentry ve-
hicle with a wing loading of, say, 80 psf, the
oxygen atom mole fraction at the time of peak
heating can reach about 30 percent at stagnation
pressure levels somewhat less than 10 atm.
Moreover, peak surface temperatures will be close
to 2,000° K. Under these conditinns, Rosner and
Allendorf have experimentally found that the ef-
fective rate constent for graphite attack by O
atoms is more than ten times larger than the cor-
responding rate constant for Os attack. Based on
these data, estimates of the prevailing O atom
concentrations and available predictions of the
total weight of graphite heat shield material ab-
lated due to O oxidation during reentry, Rosner
estimates that neglect of the dissociation effect
could lead tu errors as large as 50 percent. Be-
cause of the sensitivity of paylond and booster size
predictions to predicted heat shield weight, effects
of this magnitude will bear careful reexamination
and inclusion in future designs,

In current extensions of this work at AeroChem,
data are being obtained on the O atom attack of
tungsten, tungsten ulloys, rhenium, boren, boron
nitride, and related refractory materials to estab-
lish patterns and infer the reaction inechinism,
both in the presence and absence of additional
gaseous constituents (e.g.. N atoms). While the
translation of these basic studies into acrospace
engineering practice via improved test and design
procedures will require additional effort on the
part. of applied research agencies and Government
contractors, the present program provides an ex-
celient illustration of the basic research supported
by AFOSR and the Air Foree mission in the field
of hypeisonic aerodynamics.

(1) D. E. Rosner, ARS8 J. 29, p. 215 (1969). Also, ATAA
4.1, p. 1560 (1963).

{?) D. E. Rosner, “Proceedings of Symposium on Soper-
sonic Flow, Chemical Processes and Radiative
Transfer” (Pergamon, London 1961).

(3) R.J. Goulard, ARSJ. 28 p. 737 (1958).
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{3) D. E. Rosner and D. A, Allendort. J. Chem. Phys.
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{1985).
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Electron Beam Fluorescence as a
Diagnostic .v.. in Low Density
Gas Dynamics

Pavr A. Tuorsron

Low.density aerodynamics, or rarefied gas-
dynamies, is roughly speaking the study of the
flow of gases containing less than one one-
thousandth the number of molecules per unit vol-
ume as ordinary air at sea level. The 1960’s are
seeing a rapid advance in this area which until
now has lagged several decades behind the com-
parable advance in continummn aerodynamics. This
current bursi of new knowledge in low-density
aerodynamics is undoubtedly due in part to the
fact that man’s activities in space and the upper
atmosphere have occasioned an urgent need for
this knowledge: but for a need to be filled, it must
coincide with a suitable opportunity for its filling.
This article Jdescribes how an important oppor-
tunity for progress in the experimental aspects of
low density serodynamics has been provided
through = decade of research by scientists in three
different countries, AFOSR financial support has
aided substantially in Lringing this work to
fruition.

Wind tunnel experiments in low density aero-
dynamics are impeded by the very small size of
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the forces and pressures involved in the flow of »
gas so light that a pound of it would sccupy at
least the volume of a ordinary dwelling house.
Any maeroscopic measuring instrument inserted
te «nch a flow radically disturbs the quantity
ety measured, A further serious difficulty is that
at the densities of interest the various modes of
energy storage in the gas are often not in thermo-
dynamic equilibriuni. For this as well as other
reasons, the properties of the gas from one point.
tv another in the flow are not nearly as simply
related as in the ecase of the inviscid flow of an
equilibrium gas. For a detailed and accurate inter-
pretation of experimental results, it 1s necessary
that the state of the gas can be determined at any
point in the flow. independently of upstream con-
ditions. The solution to this problem in a large
variety of experiments is the electron beam fluo-
rescence technique.

A well-collimated beam of electrons about the
diameter of the lead of a pencil is passed through
the gas fow. In the gas density range being dis-
cussed, a beam of 40 kilovolt electrons is not sig-
nificantly attenuated over a distance of a few
inches. Tf the gas is air, the beam is visible as a
thin line of fluorescence. By optical means, any
place along the beam length can be selected for
observation, and a “point” measurement of the
heam emission can be accomplished. The emission
can be used to measure directly the local state of
the gas. Electron beam fluorescence has a spectrum
peculiar to the composition and temperature of the
was being observed. It resembles the emission from
a low density gas discharge tube for a gas of sim-
ilar composition. A gas species density is obtained
from the intensity of light emitted at a selected
wavelength characteristic of the species. The
emitted intensity is linearly proportional to the
density in the density range of interest nere.
Figure 25 shows the dependence of intensity upon
density found by Gadamer (1) in preliminary ex-
periments with electron beam fluorescence, The
linear region is close to the origin on the scale of
figrure 25.

If the gs used is nitrogen, the molecular emis-
sion bands can be used to obtain vibrational and
rotational temperatures. This is done by measur-
ing the relative intensicies in the vibrational and
rotational fine structure of the nitrogen N
negative system enission band. The measurements
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Fieure 25— Light output vs. pressure for an elec-
tron beam through air at reom temperature.

represent a direct siatic temperature determina-
tion which is an extremely diflicult quantity to
obtain in many flow situations. Figure 26 shows
the excitation-smission paths which have Dbeen
used for nitrogen remperature measurements (2).
It is important to the accuracy of the tempera-
ture measurements that the 18-electron volt ioniz-
mg excitation occurs without disturbing the
rotational or vibrational state of the original nitro-
ren molecule.

Besides these capalnlities, the technique can be
used to meastire flow veloeity and translational
temperatnres by making use of the Doppler shift
and broadening of a suitable spectral line. The
versatility of he techuique has been a spur to the
recent rapid ;cvowth of its use in experimental gas-
dynamics, Figure 27 shows a schematic drawing
of an electron beam fluorescence density and tem-
perature measuring system in a lipersonic shoek
tunnel (7).

Farly inrerest in the fluorescence exeited in a gas
by a beam of energetic electrons derived from a
desire to investigate the applicability of wave
mechanies to collision phenomena (}-6). The ap-
plication of eleetron beam exciration to the mass-
urement of gas density was suggested in 1935 hy
B. W. Schumacher and A, E. Grun {7} in the form
of a German patent apphication which was based
on work perfornied at the Hechingen High Volt-
age Laboratory of the Max-Planck Institute for
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Fioure 26.— Ezcitation and emission paths for the
N firat negative system excited by fast electrons.

Physics of the Stratosphere, At about this time
Schumacher became associated with the Ontario
Research Foundation, Teronto, Ontario, and at
the same time AFOSR inifiated a contract with
Griin and colleagues at the Hechingen laboratory
for further research into the mechanism by which
gas molecules absorb energy from a beam of elec-
trons. The results of this work were published in
1957 (8).

Meanwhile, in 1956 Gordon Patterson, Director
of the University of Toronto Institute of Aero-
physics, decided to undertake the development of
the electron beam as a density and temperature
diagnostic device, Acting for Patterson, I. 1. Glass
and J. G. Hall of UTIA carried out discussions
with Schumacher and the Ontario Research Foun-
dation. From that time on, a series of AFOSR
contracts and grants have supplemented the sup-
port of the Defence Research Board of Canada for
the group under Patterson in its research on the
electron beam fluorescence technique,

E. O. Gadamer /1), working with Schumacher’s
design for the electron gun, showed by a simple set
of experiments the feasibility of obtaining local
density measurements anywhere in a flow field
without disturbing the flow. E. P. Muntz (2) ex-
tended the technique to the measurement of vibra-
tional and rotational temperatures in nitrogen and
airflows. Muntz took the important step of intro-
ducing the use of electron guns commercially
available at low cost from the television industry
in place of the sophisticated, cambersome, and ex-

pensive design supplied earlier by Schumacher,
Muntz later became associated with the Valley
Forge Space Technology Center of the General
Electric Company, where he extended the electron
beam technique to the measurement of the
molecular velocity distribution function (9).

Use of the electron beam fluorezcence technique
is mpidly growing. It is being used, refined, and
oxtended to new uses in many laboratories in the
'nited States, both for hasic research in rarefiad
gasdynamics and for applied research. The first
applied research use was by Zempel and Muntz (2)
under contract to the Air Foree Ballistic Systems
Division.

The future applications of electrons beam fluor-
escence in both applied research and in basic fluid
physics will ne doubt continue to proliferate. As
the requirements of defense systems become more
sophisticated, more details of the flow fields must
be know. The fluorescence technique is an excellent
device for gatherivy this information. It is ex-
pected that with considerabkly more technique de-
velopment, it will be applied .0 chemical nonequi-
librium flows. Fundameniai fluid physics, partic-
ularly in basic kinetiz theory of nonequilibrium
flows with rotational, vibrational, and translational
degrees of freedom, should be advanced. Flows
of gas mixtures will aiso be studied extensively.
Two items of great interest to applied research
projects will be quantitative flow visualization
and velocity measuremerts using the Doppler
shift method. U"pper atmosphere research will also
benefit from electron beam fluorescence. Rocket
payloads being prepared at the present writing
contain electron beam packages for measuring den-
sity and rotational temperature at satellite
altitudes.

(1) B. W. Schumacher and E. 0. Gadamer, Can J.
Phys. 36, p. 850 (1858).

(2) E. P. Munts, “Measurement of Rotational Tempera-
ture, Vibrational Temperature, and Molecular
Concentration in Non-Radiating Flows of Low
Denaity Nitrogen” (UTIA report 71, AFOSR 80-
499, April 1961).

(3) R. Zempe]l and E. P. Munts, ‘“Slender Body Near
Wake Density Measurements at Mach Numbers 13
angd 18" (GE R638SD355 1963).

($) J. J. Thomson, “Conduction of Electricity Through
Gases II” (Cambridge University Press, London
and New York 1983).

{(5) N. P. Mott and H. 8. W. Massey, “The Theory of
Atomie Collisions™ (Oxford Unlversity Press 1962).
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Supersonic Combustion

Dr. Beanaep T. WoLrson

A long-standing program of fundamental
research has been supported by AFOSR directed
at Air Force technical problems concerned with

combustion dynamics. Many of these supporting
type studies are basic to the eventual attainiment
of supersonic combusting ramjets that will be
required for flight in the Mach & and faster range.

The program provides new knowledge leading to
solution of problems in ignition and extinetion,
steady-stata combustion, control of combustion
instability, detonation and sensitivity, and super-
sonic combustion. These research efforts directly
involve air-breathing, liquid and solid rocket com-
Lustion and propulsion. The work will eventually
influence advanced development in hypersonic
ramjets, aerospace aircraft, recoverable buosters,
advanced air-breathing cycle engines, ignitors, sir-
sugmented and large chemical rockets, and ad-
vanced aireraft propulsion systems such as VTOL.

This program has in the past and is now play-
ing an important role in pioneering research in
the areas of supersonic combustion, both detonative
and ditfusional type: of rocket combustion insta-
bility phenomena, and of ignition and extinction
of propeliants and motors.
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In the broad area of homogeneous or gaseous
combustion, investigations are supported in the
general area of supersonic combustion, both shock
mitiated or detonative, and shock-free or diffu-
sional supersonic combustion.

As late as 1952 there were large unknowns in
the chemieal kinetics of combustion and the
theoretical limits of the amount of heat produced
by combustion within a ramjet. Early design work
on supersonic combustion ramjets indicated that
the length of a combustion chamber necessary to
produce the required space heating and resultent
thrust would be determined by the rate of com-
bustion of the fuel-air mixture in a very high speed
airflow. In a Mach 5 airstream combustion must
take place in less than 1 millisecond if the burning
i8 t& occur within a 5-foot chamber. Reaction rates
for premixed fuel-air mixtures were rather well
known as functions of ternperatures and pressures.
Interrelated effects were known for mixing and
reaction rates, but the extent of the eflect for
hypersonic speed ranges was unknown. It was
reasoned that the reaction times for unmixed gases
were necessarily longer than for mixed gases, how-
ever, so the shortest possible combustor would be
one in which premixed gases were burned.

Premixing was one of the conditions necessary
in the shock-initiated combustion ramjet engine
suggested by Leduc in 1946. A normal shock would
supply sufficient heat for combustion, A great deal
of the kinetic energy of a ducted flow of air is lost
over a normal shork wave in the form of heat
rather thun pressure rise. This heat teads to dis-
sociaty the molecules of the gas and thereby inhibit
reaction. Ir order to maintain supersonie flaw
throughout the engine and still utilize shock-
initiated combustion. supersonic {or oblique)
rather than normal shock waves are noecessary.

Ameong the first to do extensive research into
shock-initiated combustion was Dr. Robert A.
Gross, then at Fairchild Aircrafi, He coneluded
that in hypersonic ranges any air breather that
reduced airflow velocity to subsonice speeds before
adding fuel would have such high diffuser tem-
peratures that the fuel wounld dissociate and ab-
sorb heat rather than add heat to produce throst.
Although the Air Force in general was not ur-
gently interested in new air-breathing propulsion
schemes, AFOSR began to support Gross in 1955,
Under this support Gross demonstruted an igni-
tion deviee applicable to supersonic flow combus-
tion. This consisted of a cylindrical tube through
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which a supersonic Row of a hydrogen-air mixture
was ducted. Small wedges were placed opposite
one another in the flow to cause oblique shock
waves to be formed at either side. At the inter-
section of these shovk waves a small normal shock
wave formed. producing an area of heat sufliciently
intense to produce spontaneous combustion. Al-
though the flow is reduced to submonic values over
a normal shewk, the normal shock area is relatively
small in this case. By placing a divergent nozzle
just behind the shock wave the flow could be re-
accelerted to supersonie values, Photographs of
the standing normal shock showed the flame front
and the shock wave to be coincidental, indicating
no time delay for ignition. The implications were
very favoralble to the shock igmition scheme of
design.

In 1955 AFOSR gave support to J. A. Nicholls,
working on detonation at the University of Michi-
gan. Nicholls thought shock-induced combustion
could be applied to propulsion in an intermittant
shock wave within a pulse jet. He also considered
the possibility of shox-induced combustion in a
ramjet if the shock conld be made to stand still,
He was able to produce a standing detonation wave
in apparatus which consisted of a converging chan-
nel with a sonic throat followed by a diverging
supersonic nozzle. The position of the standing
wave conld be controlled by varying the pressure
of the fuel-nir mixture.

At the same time Alexander Weir at Michigan
was working on gus flow throngh sharp-edged ori-
fices at supercritical pressnre ratios. He photo-
graphed the flow pattern vented into the atmos-
phere and found a normal shock forming at some
distance. from the orifice. This phenomenon could
not be explained by existing theory and became
known as the “shock bottle effect.” Nicholls and
Weir teamed and derived an explanatior and a
method of calenlating where the shock wave would
sit. Nicholls apphied this to the flow patterns of
racket exhausts, and was given AFOSR support
for further studies, Under Nicholls a student
named Roger Dunlap caleulated the performance
of a ramjet using the principle of a standing deto-
native wave, published in 1958, and subject of
much industry attention. The apparatus consisted
of a converging nozzle which brought the How to
mach 1; fuel was added at the throat and the
mixture accelerated to supersonic speeds in a
diverging duct: downstream a center wedge pre-
duced a standing shock wave.
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The temperature rise produced by the shock
wave ignited the mixture with an accompanying
rise in temperature and pressure. It was concluded
that the performance of a detonative wave ramjet
would be less than that of a ronventional ramjet
below much 5 but would peak at mach 7 where the
conventional type would be ineffective. The ideal
detonative wave conrept seeied to be the standing
detonative wave, which formed without mechani-
eal finw diverters and conld be made to stand just
ahead of a diverging channel 80 as to keep the sub-
sonie portion of the air flow at a minimum length,
Since the position of this standing wave had been
shown to be a function of the inlet pressure, some
means of metering the inlet pressure would have
to be incorporated in the engine design. This con-
sideration seemed to indicate a need for a variable-
geometry inlet or exhaust or both.

In 1955 Marquardt Corp.. with Aero Propulsion
Laboratory (AFSC) support, demonstrated con-
tinuous autoignition of hydrogen in a shock-free,
mach 2 airstream. Lack of immediate interest was
attributed by the investigators to the prevailing
opinion that any ramjet needed some flame holding
device to maintain continuous combustion. With
APL support in part. Arthur Mager and Charles
Lindley began work in the newly formed Astro
Division. They were convinced that Eugene
Perchionok, also at Astro, had demonstrated shock-
free supersonic combustion while at NACA in
1947. Mager and Lindley did thermodynamic cycle
analysis on a hypothetical, shock-free, superconic
combustion ramjet and concluded in 1958 that such
an engine would be efficient up o orbital velocities,
Lindley is credited with coining “scramjet.”

Parallel and independent work was being done
by Antonio Ferri of the General Applied Science
Laboratory (GASL), in which he demonstrated at
Polytechnic Institute of Brooklyn steady combus-
tion without strong shocks in a supersonic air-
stream. As early as 1938 he said that he had
accomplished shock-free diffusion controlled com-
bustion in a mach 3 airstream, the diffusion process
being a means of control of mixing and reaction.
Ferri's research was supported by AFOSR in its
very early, fundamental stages in 1936 and 1957,
and later support for engine-oriented research
came from APL. The proposed engine would in-
corporute a shock-free supersonic intake to a throat
where hydrogen fuel would be added tangent to
the flow and at approximately the same tempers-
ture and velacity. Adding hiydrogen under these

eonditions would prevent the generation of shock
waves in the throat, The hydrogen gas would then
diffuse in the airstream which wonld be above the
temperiture at which spontancous ignition would
acceur, The channel would be Givergent to prevent
unwanted temperature extremes which would
eause such dissociations of i1 as to sbsorb heat
and interfere with hezt rele.sing chemical reac-
tion. In 164 Dr, Ferri statesd that the det mation
wave engine likelv wonld rvjuire variable grom-
etry inlets, e preferred that hydrogen fuel be
injeeted het and at high specds into the airflow
as it enters the combustion area of the engine. This
eombustion would be gradual an:d stable because
the flow would remain supersonic, Tis concepts
differ from those of many who favor the detona-
tion wave engine in that Ferri. unlike the others,
is designing with goals of mach 12 and up in mind.
In these numbers he pruposes to nullify the pos-
sible high combustion chamber temperatures by
quenching with an excess of hydmgen over the
stoichiometrie ratin. Ferri maintains that the cool-
ing capacity of the hydrogen fuel is more than
sufficient up to mach 23,

Low mach supersonic speeds with diffusion con-
trol also appear possible to Ferri. In answer to
eriticisma based upon mixing considerations, he
maintains that in conditions of high temperature
the reaction rate is sufficiently high in comparison
to the mixing rate that it can be neglected and the
mixing process can be considered, for the purpose
of analysix; to be a problem in equilibrium flow.
A slight difference in the velocities of inner and
outer jets will produce turbulent mixing rapid
enough to finish the process in sufficiently short
distances to nse the diffusion process as the control
mechanisty for supersonic combustion. Combus-
tion can be maintained in supersonic flow below
the flash point of hydrogen in air by admitting a
enre of very hot gas, say hydrogen, into the mix-
ture behind the mixing jets. The reaction ean he
maintained by heat convection from the chemical
reactions associated on the boundary of this central
pilot jet. Thas the range of operation of the super-
sonie combustion can be extended into the lower
supersonie mach regimes. He indicates that com-
bustion is completed in 10-% seconds in conditions
of imitial static temperature of 20007 Rankin, The
length of combustion area required would be on
the order of a quarter of an inch in a flow of 20000
feet per second. Ferri also indicates that the most
difficult problem is not related to the construction
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of the engine but to the construction of facilities
for ground testing the engine as a whole. GASL,
has obteined contracts with NASA for a test en-
gine, and with the Air Force Systems (Command,
in conjunction with Marquardt, for a prototype
to be lown an a rocket booster. Greatest applica-
Lility seems at present to be for u recoverable
space launch vehicle (RSLV).

Recent studies by Ferri and his GASL group
show that high altitude and low supersonic per-
formance in a Bxed grometry engine using hydio
gen or selected hydrocarbon fuels can be extended
by use of external ignition sources and a special
means for inducing mixing. In addition they found
that the total length required for completion of
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combusition could be substantially reduced below
that predicted by stream tube caleulations hy com-
bining conveniently located ignition sources with
pressure gradients induced by the combustion
process itself.

The theory and data obtained by this research
are of direct and immediate concern to the Air
Force because of the new insights into prediction
and control of gas flows in which finite rate
chemical processes are impertant. Further, there is
direct apphicability to the design and operation of
a multitude of new Air Forve concepts such as
high-speed inanned observation and reconnais-
sance and missile systems, and first stage boost
gystems for space.




Iinformation Sciences

Influences | rom Cybernetics on
Information Sciences

Rowexa W. Swansox

Norbert Wiener popularized the word “cyber-
netics” through his book, “Cybernetics or Control
and Commmunication in the Animal and the Ma-
chine” (1), and thus brought into vogue an area
of research that has been difficult to define precisely
because of the diverse reaches of its possible influ-
ence. Wiener originally associated the word with
the entire field of control and communication
theory in machines and animals. After initially
condemning the field as a tool of capitalists and
the bourgeoisie, scientists in thx "JSSR adopted
the term and began to ascribe to the field the
power to revolutionize human activity through
the optimal use of men and machines. (2) Sensa-
tionalism presaging an age of robot control of
man also hecame associated with the word, eyber-
netics, and introduced a period, particularly in
the United States and England. during which
scientists were loathe to use it. This periol seems to
be gradually ending, but a prevalent view is that
an informative description of particular areas of
inquiry would simultaneously be more meaning-
ful and obviate need for use of the word.

From the vantage point of 1966, the ¢ybernetics
banner appears to have been productively useful,
principally, perhaps, because of its unifying influ-
ences. It appears representative of a trend in mod-
ern  ence toward multidisciplinary approaches
to piblem solving. It has stimulated team efforts
for the co-joint investigation of control, commu-
nication, and the mechanisms and methods used by
marn that result in what is considered intelligent
behavior, A benefirial byproduct is the broaden-
ing by scientists of their individual perspectives
to admit increasingly wider aress beyond those of
their original specialization.

A recent analysis of cybernetics by 1. A. Akehu-
rin in Voprosy flosefi indicates the conceptunal
and practical ranges of activity encompassed by
cyberneties (). His taxonomy isolates three prin-
ciple areas: theoretical cyhernetics, applied cyber-
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netics, and technical cybernetics. To theoretical
cybernetics he assigns research in information
theory, programing theory, the theory of auto-
matic machines, and game theory. Applied cyher-
netics pertains to the solution of specitic pioblems
of control that arise in such widely diverse fields
as biology, linguistics, soviology, a.nd military
science. Technical cybernetics refers to reductions
to practice of designs and devices such s the syn-
thesis of switching circnits, determinustions of
component and system reliabilities, the construc-
tion of adaptive systems of sensors, and the devel-
opment of interactive man-machine communica-
tion networks. The links that unify these areas
Akchurin calls “the information concept™ and gen-
eralized “neomathematical structures.” Informa-
tioual data, by initial input and feedback, deter-
mine the possible, probable, or actus! behavioral
characteristics of elements of a system and over-
all system structure and performance. Mathemati-
cal structures, derived theoretically or based on
observation and experimentation, pertain not only
to complex systems of regulation and control but
also to abstract axiomatizations that emphasize
approaches to optimization and economy (e.g.,
codes, strategies) independent of anthropemorphie
implications,

In the foregoing context, accomplishments of
particular investigations in the rited subject areas
are meaningful as accomplishments of eybernetics.
In this context, a large portion of the basic re-
search program of the Directorute of Information
Sciences, AFOSR, is cybernetics oriented. For
example, M. P. Schutzenberger and M. P. Nivat
of Institut Blnise Pasen! are investigating the use
of algebraic methods in automata theory for de-
serihing machines that are both fundamental and
hehavioristically «.nple. A theory they formulated
for incompletoiy specitied automara has yielded
solutions o the general problem of approximat-
ing anyv event by some regular one. They are
eurrently examining several basie conjectures in
voding theary to guin a better understanding of
vombinatorial probiems and the meaning of unique
decipherability problems. F. B, Cannonito of
Hughes Aireraft Co. has observed a relationship
between basic abstract structural features of a
Hibirary and the stractures of some senmgroups that
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are finite semilattices. He s extending studies in
combinatorial algebra to the design and simulation
of a model combinatorial information retrieval
system. At the University of Hawaii, A. T. Ewald
has been trying to discover better differen.
tiating descriptors to improve the identification
process in pattern recognition. Employing primae-
ily linear techniques, his algorithm tested against
recorded data of nonlinear tsunami wave patterns
has been able to predict the maximn (sunami
wayve height in one locale from the wave record in
another, a first for this type of prediction. His re-
sults are also furnishing information (as well as
raising questions) on how classes should be cate-
gorized. He plans to test the predictive capability
of the algorithm against other sets of data such
as magnetic ancmaly data, earthquake wave trans-
missions, and radar patterns,

Foundational studies in mathematical logic are
relevant to cybernetics in that they are providing
answers to such questions as: what are the limits
on computability, and how can computable pro-
cedures be explicitly described. H. Putnam, for
example, culminated 5 yvears of research in hier-
archy theorv with the construction of a hierarchy
of degrees of unsolvability that extends the Spector
hierarchy to all sets of integers that are “construc-
tible” in the sense of Gddel. This result amplifies
knowledge on problems of relative recursiveness,
on constructive models for analysis, and on sys-
tems of notations for ordinal numbers. Putnam is
now examining new methods for proving theorems
for an infinitely axiomatized system of first-order
number theory. R. M. Smullyan at Yeshiva Uni-
versity is developing new and simplified methods
for translating proofs in one proof-procedure sys-
tem ta proofs in another. He formulated a specific
unifying principle in set theary that is furnishing
fundamental insight into the relation between the
well ordering theorem, the transfinite recursion
theoremn, and several theorems on ordinal numbers.
Results include some new characterizations of the
ordinals, and a generalization of the notion of or-
dinal number. Smullyan has introduced a new
notion of nest structure and of an isomorphic tree
structure that simplify proof procedures. He is
also investigating procedures that can construc-
tively demonstrate the consistency of various
mathematical systems.

Logical representations, such as those being
devised for automatic theorem proving, are also
indicative of ways that machines can be instructed
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to perform operations usually associated with
human intelligence. For example, B. Kallick at
Northwestern University is exploring the develop-
nient of efficient theorem-proving algorithms via
the MHerbrand theorem through expressions of
denial of the theorem as a prenex formula of
predicate calculus and generation of an inconsist-
eni set of instances of this formula. His comparizon
of n genemlization of a decision procedure of J.
Friedman with a proof procedure of .JJ. A, Robin-
son resnlted in a reformulation of the generuliza-
ticn procedure in terms of conjunetive normal
form matrices rather than disjunctive normal form
matrices. The reformulation provides economies
in computation, It eliminates the need of special
techniques fer matrix amphfication and is most
amenable to proof procedure applications when
the conjunetion of a set of axioms with a
theorem’s negation vields u matrix that, in dis-
junctive form. is large and contains many non-
relevant terms.

A basic understanding of how to analyze and
represent various types of problems is an essential
first step to developing efficient and effective pro-
cedures for problem solving by machine. At RCA's
David Sarnoff Research Center, S. Amarel has
been examining theory formation processes.
hetristic problem solving procedures, and meth-
ods for realizing them, He has developed a con-
ceptual framework for ordering a variety of prob-
lem types for machine solution. In an analysis of
a specific problem of transportation scheduling,
the “missionary and cannibals™ problem, Amarel
evaluated ‘he effects of alternate formaulations to
the expected efficiency of mechanical procedures
for solving it, and the processes that are involved
in a transition from one formulation to a better
one. Integrated. goal-oriented routines that specify
macrotransitions enabled a substantial reductiou
in problem-solving effort: a macrotransition is #n
expression of knowledge about the probability of
realizing particular sequences of transitions.
Research on representational models such as
Amarel’s is relevant to industrial and military
problems concerned with reasoning about actions
as arise, for example, in logistics and operations
planning.

The word, eybernetics, thus, is not 2 deseriptor
for a single discipline but is, rather, a term for
characterizing a conceptual orientation in varions
fields of study. The orientation is that of extracting
from experimental data on biological. social, and
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even philosophical, systems, principles pertainin,
to regulation, eontrol, communication, a;.d opti-
mization. The state of the art strongly suggests
that model building and testing well integrated
with reat-world systems data ecoubd, then, achieve
tiw goul of revolutionizing human activity, both
of the individund arad of the organization, threagh
an undenstanding of how to oplilnize configura-
tions of men and machines.
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The Computer and Its Languages

Capt. ELioT SoHMER

What is a computer and what can it do for me?
This is a question that is constantly being asked
by many people taday, and it will continue to be
asked for many years.

Computer sciences is a yvoung and dvnamie art
that those outside the computer field view with
confusion and awe. Headlines such as “Computer
Lands Gemini Automatically™ ({1} and popular
magazine articles aseribing human characteristics
to computer programs (10) are frequent occur-
rences. These reports contribute to a popular
notion that the computer is a “giant hrain™ capable
of indefinite “intelligence.” An almest equally
popular notion is that a computer is “a pile of
nuts, bolts, and electronic gear that is nothing
more than a fast adding machine.”

The compater is, in fact, revolutionizing our
lives and our society. In & memorandum issued
28 June 1966 to heads of departments und agencies,
Piesident Johmson expressed his concern that the
slertronic computer be properly utilized sand man-
nged. He stated: “The electronic computer is hav-
ing a greater impact an what. government does and

how it does it than any other product of modern
technology. The computer ts making it possible to
send men and satellites into space : make significant.
strides in medical research: add =evernl hilhous
of dollars to nur revenue through improved tax
administration: administer the huge and con.plex
soeinr] security and medicare programs: mangge »
multibillion dollar defense Yogistics system : spred
the issuance of (i.1. insurance dividends at much
Tess cost: save lives through better search and rescue
operations: harness atomie energy for peaceful
uses, {and) design better but Jess costly highways
and structures, In -hort, computers are epabling
us to achieve progress and benefits which a decade
ago were beyond our grasp.

“The techmology is available. Its potential for
goord has been amply demonstrated, but it remain=
to be tapped in fuller measure, 1 am determined
that we take advantage of this technology by using
it imaginatively to accomplish  worthwhile
purposes.

“I therefore want every ugency head to give
thorough study to new ways in which the elec-
tronic computer might be used to provide better
service to the public, improve agency performance,
(and) reduce costs. But, as we use computers to
achieve these benefits. I want these activities man-
aged at the lowest possible cost.” (6)

Taere arw at least 2,600 computers in use in the
Federal Government today and 71,000 people
employed in their uperation. The Department of
Deiense operates 2,04 of these and emplaya 51,00
of the personnel. Since tie Air Forvce g the world's
largest user of computers from the viewpoint of
number of machines in service, as well as in the
number and variety of applicatious (7), the Air
Force is committed to a leading role in furthering
computer technology. It is apparent that the digi-
tal computer is invading the realm of Air Force
operations and management. In the near future
most staff personnel will require a working famili-
arity with computer and data processing tech-
niques. Anemalously, computer capakbilities have
not become apparent to the great majority of man-
agement ard operations personnel. (3) The cause
for the anomaly, and hopefuily the cure, may lie
in accessibility of the computer to the noncomputer
trained user.

How does a person use a computer? Basically.
he must have the ability to “speak™ to the machine.
However, the means of conmunication must be
sieh that the camputer will “anderstand” the ideas
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that the user wishes to convey The user would
have no difhculty 1f he could speak to the computer
in a “natral” language (such as English) and be
understood. However, computer technology has
not. progressed far enough to allow the free use
of a natural language as a means of communica-
tion.!

Therefore, one of the primary goals in computer
research is the development of computer ianguages
so that people who are relatively unfamilinr with
scientific terminology and methods can use the
computer to solve problems in languages familiar
to them. Tet us briefly review compufer langunge
development since the advent of the computer.

With the early machines, all communication was
accomplished using what is known as “machine
language.” For most computers, these langnages
consist of sequences of zeros and ones and were
undesirable, since they were slow and tedious for
a human to use and subject to many bothersome
human errors in coding. Their greatest fadlt, how-
ever, is their complete unnaturalness for the human
communication process.

“Assembly language” was the next development.
This type of language permitted the user to com-
municate with a machine through a mnemonie-
type structure ? that was translated by the com-
puter itself into machine language. This develop-
ment eased the communication problem but did
not remove the restriction of use of comnuiers to
sctentifically oriented specialists.

The next major development in automatic pro-
gramming languages was “one-to-many” transla-
tion. Whereas assembly language is basically »
“one-to-one™ translation (i.e,, one sentence such as
“ADD 13" is translated into one muchine com-
mand), “one-to-many™ languages permit the user
to shift the responsibility of tedious coding tasks to
the computer. For example, a persen familiar with
high school arithmetic would have the ability to
communicate with the computer by saying such
things as “5* (10+2)" and expect to receive the
answer 60. This development eased the task of ex-
pressing in assembly langunge each ~f the neces-
sary instructions to arrive at the same result. Thus,
one “sentence” could now be used to generate a
series of “machine sentences.” One important limit-

1The “natural language problem’ is very ~cmpiex and in belng
studied !ntemeively. It's scope in not restrictsd to computer
sciences, but cuts across 8 wide spectrum of disclplines such as
lHinguixtics, phystology, and mathematics.

*For example. & programer would liave the abiltty te say “ADD
137 rather than “"001100000001011",
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ing factor on all of these languages is that each in-
herently depends on the particular computer being
used. Thus, as computers advanced in speed and
capacity, new innguages had to be written and old
languages had to be reprogrammed.

At this stage of computer language develop-
ment, an attempt was made te produce languages
that were independent of the particular machine
being used. Fortran (FOZmula T/AXNslation)
and Algol (ALGorithmic Oriented Language)
were developed toward this objective, and al-
though they have eased the proginmming problem
considerably, thex fall short of being truly ra-
chine-independent,

The discussion thus far has centered around sci-
entifically-oriented languages, developed by sci-
entists for themselves. What about the problems of
the manager and administrator? How could they
comulunicate with the computer when they had no
understanding of scientifically-oriented lan-
guages? It was readily apparent that the great
speed of the computer could be well utilized for
tedious bookkeeping and administrative tasks.
These tasks contain features that are completely
different from thase of scientific problems. Busi-
ness-oriented languages began to be developed for
these problems. For example, (‘obol (€/)mmon
Business (iriented Language) provides a language
familiar to the business and management oriented
persen. Snobol (a2 Innguage developed for the
mantpulation of strings of symbols) eases the
problems of text searching, making additions and
deletions, and other secretarial-type tasks. These
tasks could have been expressed in scientifically
oriented languages, but this would have been inef-
ficient and costly, and, of greater importance, this
would have been completely unnatural to the user.
Analogously “‘string-processing™ and business-
oriented languages are inefficient when used for
simple arithmetic computations,

Perhaps the most glamourously used and least
understood of the languages that have been devel-
opad are the “list-processing” languages, which are
frequently emploved in “problem-solving™ tasks
such as game playing (8. 9) and question-answer-
ing programs (2). This area of application holds
great promise for the future advancement of “ma-
chine intelligence.™

A person who wants to use one of today’s com-
puters must learn a language understood by the
computer and structured to handle the data foruat
of the problem. For examnple, a numerical analyst




wpe T

would waste his time tryving to solve his problems
using n string-processing rather than a scientifi-
cally oriented language. How may this burden of
learning a computer language be alleviated? How
may computer t-chnology be made available to
more people with widely divergent imtercsts?
"These are some of the questions heing investigated
by research presently being sponsored.

U'nder AFSOR sponsorship. Peter Ingerman
has developed a particular computer language
translator. Ingerman first developed his translator
as a graduate student at the University of Penn-
sylvania’s Moore School of Electrical Fngineer-
ing in 1963 under an AFSOR contract. He was
later spe.nsored at Westinghous» Eleetric Corp.

The latter effort resulted in a recently published
monograph entitled “A Syntax-Oriented Trans-
lator™ (4). A computer translator is a provessor
that accepts as input a message in one language
(the language used by the programmer) and out-
puts a message in another language (the com-
puter’s language) with the requirement that there
exist one common meaning for the two messages.
The classical translater normally is a relatively
efficient structure that can provide any desired
halance between fast translation and fast machine
code. However, the maintenance required for the
translator to incorpocate changes in this balance
is nt best tedious work and at worst may effect a
complete redevelopment of the t ranslator. Also, the
production of a new translator for a new language
or for a different computer can at best make lim-
ited use of the old translator. On the other hand,
a syatax-oriented translator is completely inde-
pendent of the programming language that is to be
translated, as long as sufficient means exist for
describing the properties of the programming
language. Ingerman presents a method of produc-
ing various computer languages that depends only
on a system programer’s ability to specify the rules
of his own language. Ingerman, in effect, has de-
vised a mnethod that minimizes the time delay be-
tween the conception of a new language and its
availability to users of a wide variety of computers.

Philip Bagley is investigating the possibility of
developing a programming language that essen-
tially separates the task of programming into two
distinct phases, The first phase invelves writing the
program in an algorithmic or logical language
that is completely independent of the characteris-
tics of a specific computer. The second phase. whick
may be replaced by a mechanical device invalves

snecifying in an implemantation language the
manner in which the program will be executed on
a specilic computer. Bagley is attempting to incor-
porate 1 variety of data structures into his lan-
guage (o satisfy a variety of needs within the
structure of one language, The success of this re-
search would he a step closer to an ability (o use
more natural languages in communications with
computers,

Another contribution toward freeing users from
computer language restrictions has its origins in
AFOSR-sponsored research in information re-
trieval. Calvin Mooers of the Rockford Research
Tnstitute had been exploring ways of manipulating
natural langusge text so that computers could aid,
and n part replace, eatalogers and reference li-
brarians in storage and retrieval operations.
Mooers and PPeter Deutsch developed the language
they called TRAC (7ext Reckoning And Com-
piling) that is a general tool for text manipula-
tion. (7) One of TRAC s onrstanding features is
that it gives the user the power to formulate a
large number of well-defined procedures with a
small repertoire of primitive functions. TRAC is
operational in a time-shared computer environ-
ment, and is thus immediately nzeful in the third-
generation computer systems now being installed.

As the Air Force continues fo incorporate com-
puters into irs operations, and as computer-based
Air Force systems continue 10 grow in complexity,
research such as that of Ingerman, Bagley, and
Movers becomes increasingly relevant. Ingerman’s
contribution conpled with the success of Bagley's
work, for exaniple. may effect great savings in
time, effort, and eost through their use in modify-
ing existing operational programs and in conver-
sions from one computer system to another. This
research is only exemplary of that being sponsored
by AFOSR. other Air Farce laboratories, and
other agencies. It does indicate, however, areas in
which study was, and continues to be, needed, to
most. effectively integrate computers and allied
hardware into the most efficient Air Force systems
man und machine can combine to create,
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The AFOSR Coupling Program

Mg, Joserr P. MarTINO, Aest. Ewec. Iy, for
Research Cammunication

The importance which AFOSR places on coup-
ling has been pointed out several times in this re-
port. In fact, all AFOSR program managers have
coupling as a primary concern. In addition,
AFOSR has a staff office, the Office of the Assist-
ant Executive Director for Research Communica-
tions, w uich assists in these functions.

Choosing the eppropriate areas of science, choos-
ing the reletive emphasis to be given to each, and
insuring that the results of the research are of
benefit to the Air Force, requires that the AFOSR
research program be carefully coupled to the Air
Force. Information must be obrained on what
needs and problems the Air Force has and is likely
to have in the future, and the results of research
must be made available quickly to Air Force
activities.

AFOSR coupling is also concerned with pro-
viding scientific advice and consultation to all parts
of the Air Force and in otherwise bringing about
constructive involvement of research scientists in
Air Force problems. This is a particularly fruit-
ful activity because it serves to make scientists
uore knowledgeable of Air Force problems and
at tise same time it serves to bring to the Air Force
knowledge and understanding from the much
broader a~ea of world science with which the
scientists supported by AFOSR are in intimate
contact, This article summarizes briefly these
coupling activitics. More details can be found in
other published rcports (7,2, 3).

Coupling the output of research to the research
user is all too frequently spoken of in terms of
“coupling science to te. hnology.” Thic is too nar-
row a viewpoint. Inherent in this viewpoint is the
assumption that there is a natural chain of progres-
sion from a scientific discovery, through a tech-
nological advance, to a major improvement in
weapon system capability. ‘T'he aoverwhelming im-
pact of the transistor and nuaclear wenpons have
fostered this assumption, However, when one locks
for other examples, they tead tu be searce. Despite

the magnitude of their impact, the transistor and
the nuclear weapon are statistical anomalies which
give 8 nisleading tmpression of the relation be-
tween science and technology. In fact, irost tech-
nological advance is built on previous techaology.

This is not to say that science does not contribute
to technology. It is to say, rather, that science may
contribute at any stage. It may contribute not only
at the point of technoiugical advance, but during
manufacturing, operation, maintenznce, and oper-
ator training as well,

In the Air Force the customer of research is not
just the technological innovator. AFOSR research
can and should be of direct benefit. to every organi-
zation and agency in the Air Force. With this
thought in mind, we will examine the means by
which AFOSR couples its research to the Air
Force.

Some of the means for coupling science to the
Air Force are described below. Most iinportant are
journals, hooks, and reports. Others, not neces-
sarily in the order of importance, are sponsorship
of symposin, membership on interservice and inter-
agency committees, attendance at meetings spon-
sored by other organizations to discuss their areas
of interest, and individual action by the AFOSR
project scientist.

During 1966, A FOSR sponsored the publication
of approximately 1,500 journal articles, 700 re-
ports, and several dozen books. These will receive
widespread distribution through ti.c journal pub-
lication system, through agencies such as DDC,
and through direct distribution to persons known
to be interested in the contents,

In the case of journal articles, it is diflicult, if
not impossible, to verify that the material in them
has been used. Only if someone later makes refer-
ence to an article sponsored by AFOSR is it pos-
sible to verify that the material in the article was
of value to someone. However, a secondary meas-
ure of the impact of these articles can be obtained.
The Oflice of Scientific and Technical Informa-.
tion, Headquarters Office of Aerospace Research,
conducted & survey to determine the extent to
which journals containing articles reporting OQAR-
sponsored research are to bhe found in defense.
oriented librurtes. Since well over half of the total
OAR-sponsored journal articles sre sponsored by
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AFOSR, the results of this survey should provide
s good measure of the distribution of AFOSR-
sponsored articles. Using a weighted average
which took into account the number of articles in
a journal during a 5 year period, and the number
of libraries out of the total sample which carried
s given journal, it was determined that on the
average, each library was exposed to nearly half
the total articles published. Thus it appears that in
fact AFOSR-sponsored journal articles do reach
those who can make use of them.

In the case of reports, a more direct measure is
available. AFOSR obtained from DDC a report
showing which AFOSR-sponsored reports in DDC
had been requested during 1965, and by whom
they had been requested. The total was too great
for full analysis, but a manual analysis of a small
sample showed that AFOSR-sponsored reports
are requested by agencies which have an ebvious
requirement for the information contained in the
reports. While again no proof of use can be ob-
tain=d. it is safe to assume that reports are not
requested unless someone has a need for them. since
making a request does take a certain nmount of
effort. Thus based on the examination of requests
to DDC, it appears that reports generated under
AFOSR grants and contracts do reach impressive
numbers of res arch users who can make use of
them.

There is no measure of the extent to which books
are effective in reaching those users of research
who need the information they contain. Books
produced under AFOSR sponsorship are eithe-
selected as representing a significant summary of
research in somse field, presented in a manner suit-
able for the users of that research, or they are pro-
duced as a byproduct of some other effort, such as a
symposium. These books provide a valuable source
of information about some field of science at a par-
tieular time. Especially in the case of state-of-the-
art summaries, they provide a bench mark by which
future progress in a field of science can be judged.
and provide the research user with a consolidate-
source of all important information currently
available in that field.

Symposia are a very important means for cou-
pling research to users. Not only do the papers
previde information on the latest research results
in a field of science, but symposia are sttended by
large numbers of hoth producers and users of io-
search in a particular field. This provides ampie
opportunity for an exchange of information be-
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tween those ntiending, with researchers being in
direct contact with the users of their research. In
1906, AFOSR sponsored a total of 53 symposia.

One important symposium was Simulation and
Simulators of Dynamical Systems. This meeting
brought together persons interested in mathemati-
cal, mechanical, and comjuter simulation of vari-
cus dynamical physical or biological systems, Sys-
tems to be simulated ranged from astronauts
undergoing extravehicular activity to the human
circulation system under the action of an artificial
heart. The intent of the meeting was to illustrate
the similarities behind simulations of all types of
dynamical systems.

Another important symposium was the Interna-
tional Symposium on Combustion, attended by sci-
entists and engineers interested in all aspects of
combustion, a subject of major importance to the
design of jet and rocket engines, This sympesinm
provided American specialists in combustion with
an opportunity to meet with persons of similar in-
terests from throughout the world. The Americans
present were thus able to tap the scientifie knowl-
edge of the entire world on the subject of
combustion.

The final symposium to be discussed here was the
Conference on Hazards of Birds to Aircraft. Spe-
cialists on all ecoiogical phases of the subject were
able to exchange information on variovs aspects of
the problem, such as the location of airfields to re-
duce incidence of impacts.

Interservice and interagency committees of vari-
ous types provide a very important means for
transferring results of AFOSR-sponsored research
to users. The meetings of these committees bring
together representatives of research-sponsoring
agencies such as AFOSR, and representatives of
users of research, to discuss some particular prob-
lem, or problem area, Some of the grovips on which
AFOSR is represented are:

Security Equipment Working (iroup, an Air
Force group responsible for advising A\FSConap-
proaches to the problem of airfield security in re-
mote areas, particularly against insurgent infiltra-
tion; Nuclear Weapons Effects Research Medical
Advisor Group of the Defense .\tomic Support
Agency: and Foreign Area Research Commiittee,
which includes representatives of the Army, Navy,
Air Force, and State Department,

During the year various Air Force agencies
sponsor meetings at which their problems are dis-
cussed with representatives of research lnboratories




and technology laboratories, A small sampling of
such meetings attended by AFOSR representa-
tives during 1966 follows;

Ballistic Systems Division-Reseerch and Tech-
nolegy Division (AFSC) Coupling Meeting; Re-
search and Technolcgy Division-Electronic Sys-
tems Division (AFSC) Coupling Meeting; Air
Force Tenth Technology Review, sponsored by
Research and ‘Technology Division, AFSC; Anti-
Missile Research Advisory Council meeting, spon-
sored by Advanced Resezrch Projects Agency:
and Research and Technology Division—Industry
Technology Reviews at several indusiries.

Individual actions by AFOSR project scientists
represent g significant portion of the total coupling
effort of the organization. The position deseription
of cach prefessional staff member of AFOSR in-
cludes a statement of coupling as one of the major
responsibilities of the position. This is a reflection
of the very perscnal interest in coupling demon-
strated by AFQSK scientis*s, and the position of
the AFOST manazement that coupling is an
essential part of the AFOSR job.

AFOSR project scientists seek to establish com-
munication with persons throughout the Air Force
interested in the rescarch activities for which they
ara responsible. Ti:¢y initinte many such contacts
and also welccme iniuiries. The following are il-
lustrative greas of w-ch roupling.

In some of these cases specific research results
which make passible ti:e solution of a problem are
too new to have reached = - ‘de audience through
normal channels of disse;nination. When these
problems are identified ang focated, information in
the form of available written 1epo:ts or special oral
reports are made availabie 1~ {Le organization
responsible for solving the protiemn. In many cases
the important action is not 1hat A FOSR-spon-
sored research is transmitted to some user, but thet
the very existence of the AFOSR program, with its
resultant wide array of contacts in the scientific
cominunity, makes it possibie to bring together a
specialigt in some ares and a technology-oriented
user of research, The specialist then is able to bring
the entire range of this knowledge to bear on a spe-
cific problem. A few of the examples of such
coupling actions are: '

Arranging for a contractor to visit \ir Force
Missile Development Center to provide technieal
consulting in connection with the Air Launched
Scramjet Orbital Hooster Study.

Arranging for several contractors to consult
with a Department of [Jefense panel studving the
military retirement gystem.

In response to a request from Air Force Missile
Development Center, arranged to transmit to
AFMDC information on filtering methods,

Arranging for contractors to help improve the
specifications for the engineering development of
a General Purpose Autematic Test Set for the
Middletown Air Materiel Area.

Arranging for contractor to advise the Director-
ate of Armament Development, RTD, AFSC, on
wing-flutter prediction for aircraft carrying ex-
ternal stores.

In a number of instances joint activities have
been instituted. For example, AFOSR's Propul-
sion Division and Air Force Rocket Propulsion
Laboratory personnel assist each other in evaluat-
ing proposals. Seventeen different Air Force orga-
nizations are represented on AFOSR “in house”
advisory groups. AFOSR and Air Force Aeropro-
pulsion Laboratory cosponsor research in high
temperature plasma at Aerojet General Nucleonics
and there are many similar instances of common
contracting with other Air Force organizations,

AFOSR program managers participate widely
in IR&D reviews of the aerospace industries. They
participate in ad hoc studies such as the scramjet
study. the special air warfare study. and the pris-
oner of war studies. They arrange for special state-
of-the-art reviews such as the AFIT monthly lec-
ture series. They make numerous visits to Air
Force installations either as individuals or in

cheduled groups.

More examples of the types given above could
be cited to illustrate that coupling is a very im-
portant function of AFOSR, and that it is ex-
ploited by the AFOSR staff. Furthermore, the
considerable effort invested in the activity brings
about a significint coupling of the AFOSR re-
search to the Air Force as u whole. Through these
activities we are insuring that the AFOSK re-
search program is epented to meet the needs of
the Air Forze,

{1y “A Summary of AFOSR
(AFOSR. May 1064).

£2) "A Summary of AFOSR
{AFOSH, 19635,

(3) "ArOsSR Coupling Activiti~s™ (AFOSR, 1968).

Coupilpng  Activities™

Coupling  Activities”
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Research Evaluation Through
Citation Indexing
Mas. Josm-u P. Magrivo

One of the problems in managing a research
program is that of evaluating the quality of the
resear~h done. This oroblem is particularly severe
for organizations whose function is that cf sup-
porting extramural research. While considerable
effort is made to select. quality researchers in the
first place, it is desirable to have means for check-
ing on the quality of the research done under
support.

Previous research has indicated that one im-
portant measure of the quality of a scientific paper,
published in the journal literature, is the number
of citations. i.e.. the number of times that later
authors make reference to the paper. While this
can be used only as an after-the-fact check on a
single researcher, it is of far more value in eval-
uating a program as a whole. since policies which
led to suppert of research papers which have high
(or low) citation rates tend to persist over time.

Unfortunately, the citution rate as a measure of
research quality has 1ot been widely used, because

of the difficulty of examining the literature and
tracing citations by manual means. As with so
many other functions of management, however,
the advent of the digital computer has completaly
changed the picture. The digital computer now
makes it pussible to search through hundreds of
journals, published over a several-year period, to
locate citations to one or several previously-
published papers. At least one commercial or-
ganization, the Institute for Scientific Informa-
tion, provides search services to its subscribers on
a routine basis. 1S currently indexes the articles
in over a thousand scientific journals, and in par-
ticular, identifies the previous articles which each
articlo eited.

AFOSR entered into a contract with ISI, under
which ISI was to determine the number of cita-
tions to articles published in 1984 and which re-
sulted from research sponsored by AFOSR, Office
of Naval Research, and the Army Research Offize.
The citation rate for these sponsored articles was
to be compared with the citation rate for the litera-
ture at large, and for a statistical sample of articles
matching the AFOSR-sponsored articles in jour-
nal and moenth of publication, A statistical sum-
mary of the results obtained by ISI follows (see
table).

Tasug.—Frequency of cilation in 1985 and first three quarters in 1986 of 1,656 APOSR-sponsored research papers published
in 1964, compared with control sample and with Science Cilation Index total file

|
" Cited in 1965

! |
Cited in 1966, @ Cited in 1066, : Cited in 1966,
1at quarter ‘ 2d quarter [ 3d Quarter

_AFOSR ' Control

{

! ' ! ! |
AFOSR ' Control 'AFOSR Control AFOSR | Control

!
|

—

. Number of papers (unique authored

items) .. . ... .. ... ........... f, 535 1 106
2. Number of times papers in (1) were m.ed-, %, 370 i 173
3. Average number of citations perpaper_ .. 2.19 ! 1.63
4. Number of papers cited at least once. .. _ ! 941 63
5. Average number of citations per paper : ;

cited at leastonee_. . ___ . ... _ __ 3.591 2.72
6. Total number of papers in 8CI file clted '

at least once in 1965—1,617,000.
7. Average number of citations per paper

cited at least once, total SCI file,

1965—1.65. i

;
H H
i ;

L6351 108 1,535 106 1,535! 106
821 39 851 | 54 881 ; 4
0.60° 037 0.55 ! 0.51 .  0.57. 0. 46

509 ° 20 487 36 502, 32

1800 135 1.75- 150 L76] 1.53
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ISI found 1,535 articles sponsored by AFOSR,
332 sponsored by ARO, and 1,598 sponsored by
ONR, and published in 1964. In addition, a control
sample of 106 articles, matching the AFOSR-
sponsored articles in terms of month and journal of
publication, was selected at random. Citations to
these urticles were located in articles published in
1965, and in each of the first three guarters of 1966,
The analysis shows that the average number of
citations (that is, total citations divided by total
number of articles being cited) is higher for the
sponsored articles than for the control sample or
for the general run of the literature, as represented
by the total Science Citation Index (SCI) file. The

data in the IST files were further examined, look-
ing only at those articles cited at least once, Here
amain, those sponsorad articles cited at least once
had a higher ecitation rate than similar articles
among the control sample or the general run of the
literature.

While addizi:nal analysi- of the data will be
performed. 1o gain as much additional knowledge
as passible on such things as patterns of citations
over time, the anulvsis presented here clearly in-
dicates that scientific woik sponsored by AFOSR,
ARO and ONR is definitely of higher-than-
average quality,




AFOSR-sponsored conferences and symposia, 1966

The following conferences and symposia were
ireld during 1966 with funds provided in part or
wholly by AFOSR as a means of furthering areas
of scientific research of particular interest to the
Air Force.

Lecture Berirs in Differential Bquationa, Joint Graduate
Consortlum of area unlversities (Seplember 1065 to
July 1887, Wasbington, D.C.).

International Symposinm on Animal Torins. Los Angeles
County Hospital (R-11 Apr. 1966, Allantic City, NJ.).
Conference on Curreni and Future Problems in Chemiatry
af High Temperatures, National Academy of Sclences

(28 Jan. 1966, Houston, Tex.).

Third Coral (Gables Conference on Symmetry of Principira
ot High Energy, University of Miami (20-22 Jan. 1938,
Coral Gables, F1a.).

Internstions]l Symposium on Imformation Theory, Insti-
tate for Electrical and Electronics Engineers (31 Jan.~
2 Feb,. 1968, UCLA).

Gordon Research Comferemce on The Formulation of Re-
search Policies, AAAS (31 Jan.-4 Feb. 1068, Santa
Barbara, Calif.).

Williamadurg Conference on Intermediate Energy Physics,
College of William and Mary (10-12 Feb, 1968. Wil-
liamsburg, Va.).

Interngtional Conferemnce on ITwobaric Kpin im Nuclesr
Phyrics, Florida State University (17-19 Mar, 1968,
Tallahassee, Fla.).

Mathematical Aspects of Computer Rrience, American
Mathematical Society (5-7T Apr. 1008. New Yotk N.Y.).

Symporium on Generalized Netiworks, 16th Mi-rownve Re-
scarch Institute, Polytechnic Institution »f Brooklyn
12-14 Apr. 1988, New York, N.Y.),

Symposium om Electrode Proccsscs, The Electrochemical
Soclety (1-8 May 1948, Cleveland. Ohio).

Symporium on Numerical Analynis, Society for Industrial
and Applied Mathematics {11-14 May 1966, 1ows City.
Towa).

Fifih U.8. National (Congress of Applied Mcechamies, Uni-
versity of Minnesota (14-16 June 1908, Minneapoils,
Mion.).

Conference on Air 8. ~ike Hazard to Aireraji. University of
Calitornia (7-9 June 1968. Davis, Calif.).

Cold Epring Harbor Symposivm on Quantitative Binlogy,
Cold Spring Harbor Laboratory of Quantitative Biology
{June 1986, Cold Rpring Harbor, N.Y.).

Symporium on Simulation and Simulators of Dymamic
Systems, Westinghouse Defense and Space Ceater
(June 1060, Baltimore, Md.).

Topics in Cricstial Mechanics and Applications to Space
Rescorch, NATO (27 June15 July 1968, Driebergen,
Netheriands).

Fifth International Symporium on Rarefied Gas Dynamics,
Oxford University (4% July 1966 Oxford. England).

Godon Tonferemee om Devcloping Infrrmation Syxtema
{National end International Networks), AAAB (18-22
July 1008, New Hampton, N.H.).

adordon Comfcrence om High Temperafewe CRemistry.
AAAS (22-29 July o8, New lHampion, N.IL.}.

Systems Theory in Anthropology, Wenner-Gren Founda-
tion for Anthropological Research (23-31 July 1986,
Almuenster, Austria).

Symposium on iAe Riota of the Amazon RHasin, Ansociation
of Tropical Biology (8-11 June 1998, Belem, Para,
Brazil).

Sccond Rorhcater Conferemce on Cohcrence and Quantum
Optics, University of Rochester (22-24 June 1198,
Rochester, N.Y.).

TAe Eleventk Combustion Institute nf the International
Symposium on Combusztion, The Combustion Institute
(14-19 Aug. 1966, University of California, Berkeley.
Calif.).

Intermaliongl Symposium of Genetica, Brazilian Soclety of
Geneticg (23-31 Juiy 1966, Sao Paulo, Brazil).

1966 Linguistic Inatitute Conforence on Linguistic Method.
University of California (13 Aug. 19668, Los Angelexn,
Calit.).

Gordony, Research Comferenre om Imorgemic Chemisiry,
AAAS {8-12 Aug. 1966, New Hampton, N.H.).

The Application of Genmeralzed Funclions tn System
Theory, Society for Industrial and Applied Mathematics
{2028 Aug. 1968, Ntony Brook, N.Y.).

Elevenih Pacifc Sciemee Conference, National Academy
of Sciences (22 Aug.—-10 Sept. 1968, Tokyo, Japan).

Sccond International Riophysics Congreas, National Acad-
emy of Sviencer (5-9 Sept. 19668, Vienna, Austria).

Cokference on Algedraie Theory of Mackinex with Appli-
cationx, University of California (29 Aug.—-N Nept. 166,
acific Grove, Calif.).

Boundary lLayers and Turbulence Including Geophyrical
Applications, National Academy of Sciences (19-24
Sept. 1966, Kyoto. Japan).

Bionic Modcls of the Animal Sonar System, NATO (28
Sept.-3 Oct. 1966, YViilla Falconieri, Frascati. Rome,
Italy).

Conference on Semsitivity Synthesis. University of Ilinoir
{4 Oct. 1968, Urbana, IiL.).

Confercror om Learning, Remembering and Forgetling,
Stanford {'niversity (9-12 Oct. 1968, Santa Ynez Inn.
Pacitic Palizudes, Calif.}.

Conlloguixm on the Pholographic Intcractiom Between
Radialion and Matier, SBociety of Photographlc Scien-
tists and Engineers ( 26-27 Oxt. 19688, Washington, D.C.}).

Trapical Rinlugy, Smithsorian lustitution (6-9% Nov, 1968,
Panama City. Papama).

Fundamentaia of as-Ssrface Interactions, Genernl
Atotaic ( Dee, 1006, San Diego, Calil.).




AFOSR Selected Publications List—Primary Sources
of Additional Data

The following AFOSR publications are listed to
indicate sources of information on the organization
and its functions, confract and grant procedures,
research program, objectives and research results.
Not included here are the volumes of proceedings
that result from about 50 conferences and sym-
posia held each year with AFOSR support, and
from the numerous AFOSR contractor meetings.

William G. Ashley, 4 Btudy of the Impact of Air Foree
Research om Defense (AFOSR 08-2882). Examination
of the effect on technology of selected AFOSR research.

The Active Research FProgream of AFOSR by Scientific
Area. A series of reports summarizing at intervals the
entire AFOSR research program.

AFOBR Achkievements, 1966. One of & series of reports
documenting selected resalts of AFOSR research of im-
mediate significance to the Air Force,

AFOSR Chemistry Progrem Review, 1966. Twelfth in a
seties of annual reports of the research supported by
the directorate of vhemical sciences.

AFOBR Coniracts for Besic Resosrch. A guide to the
preparation and administration of AFOSR contracts,
AFOSR Coupling Activities 1966. One of a series of re-
ports on AFOSR activities tv make resultsx of AFOSR
research available to Alr Fotce activities and their

contractora.

AFQOSR Grantz for Basic Rezesrch. A guide to the prepe-
ration and administration of AFOSR grants.

AFOSR Programs. A wummary of the organization, ita
objectives and the program aress in which AFOSR spon-
sors scientific research.

AFOBR I2th Boienc? Seminar. Objectives, abstracts and
program for the 1967 AFOSR snmmer seminar, Albu-
querque, N. Mex.

dir Force Rescarch Objectives (OAR). One of g series of
publications outlining the scope and objectives of the
OAR research program. including that of AFOSR,

Air Poree Rescarch Répumeés. Oomplete listing with aci-
entific abstracts of the AFUSR rescerch program. 1965
in press; 1965 and later lists compiete OAR extramural
program; 1963, 1961-62, 1960, and 1959 are entitled
“Basic Research Résumée.”

Afr Force Scieatific Rescarch Bidliography. 1, 1950-56
11961) ; H, 1857-3R (1964) : 111, 1960 (1965) ; IV, 1060
(1987) : V, in preparation. Abatracts of publications pro-
duced through AFOSR research support.

Informetion Sciemces 1965, Third in 8 series of aunoal
rejais of the research supported by the AFORR Di-
rectorate of Information Sciences

Maj. Carl 8. Jennings and William J. Price, “Computers in

the Researvh Administration FProcess” (AFOBR 68—
0058 ).

LORE, List of OAR Rescarod Efforts by Siete and Coun-
Iry. Basic listing of OAR grants and contracts a3 well
as inhouse efforts to facilitate coupiing between resoarch
activities and exploratory and system-development pro-
grams. (1968)

OAR Progress, 1968. Ope of a series of reviews of ac-
tivities, including AFOSR rerearch, of the Office of Aero-
space Research,

OAR Researck Review, 1-8. Monthly review of research
results, including AFOSR program.

Willlam J. Price. ~“The AFOSR as an Air Foree Activity
to Utilize the Extramural Science-Oriented Community,”
in The Fundamental Rescareh Activity in @ TecAnology-
Dependent Orgawization, Tenth lnstitute on Research
Administration, The American University (AFOBR 8-
2801) .

Wiltiawm J. Price. The R. & D. Organization's Fundamen-
tal Rescarch Activity s ¢ Window Between Science end
Technology {AFOSR 65-0884. AD 6165834).

Willlam J. Price, The¢ Importance of Properly Descrid-
ing the Objcctives of the AFOBR Program (AFOSR 66-
0191).

Proceedings of the OAR Research Applicetions Confer.
ence (OAR, 1906; 1067). Includes AFOSR research
presentations of significant DOD interest.

Science in the Bisties (AFOSR, 1965). A collection of
articles by AFOBR-supported researchers and originally
presented as lectures at the Tenth Anniversary AFOSR
Science Seminar, (loudcroft. N. Mex.. June 1905,

Science and the Air Force. A history of the Air Force
Office of Scientific Research, Office of Aervspace Re-
sear.h (OAR 08-7).

Rowena W. Swansou, Cydernetics in Ewrope and fhe
USBR—Activitics, Plans and Impressions (AFOSR 06—
0578). National policies and resoarces to ald communics-
tion.

Howena W. Swanson, Informaetion System Nebworks . . .
Let's Profit From Whai We Know (AFOSR 08-0873),
A syatems engineering approach to information systemas.

U.B. Alr Porce Achicvements in Rescarck (OAR, 1965).
Selected OAR research results, including more than fid
from the AFOSR progrem since 1868

¥ELA UNIFORM Rciegrch in Seiamology. A review of
the 48 rewemrch efforts acientifically monitored and ad-
winitersd since 1961 by AFOSR Geophysics Division for
the Advanced Rescarch Projects Agency (1065).

Harold A, Wooster, As Long A» You're Up Get Me &
Grest—the Preparation of Ussolivited Rescarchk Pro-
possls (AFOSR 65-0382). A guide to proposal writing
techniquen.
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