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ABSTRACT

Presented are reports on trends and probable future
developments in eight selected areas of basic science and
engineering. These reports are: "The Genetic Program of Complex
Organisms" (Maxine F. Singer); "The Molecular and Genetic Technology
of Plants" (Joseph E. Varner); "Cell Receptors for Hormones and
Neurotransmitters” {(H. Guy Williams-Ashman); "Psychobiology” (Steven
Hillyard); "Surface Science and Its Applications®™ (Homer S.
Hagstrum); "Turbulence in Fluids” (Willem V. R. Malkus); "Lasers” (C.
Kumar N. Patel); and "The Next Generation of Robots" (Jacob T.
Schwartz). Also presented is an introductory chapter which outlines
overarching themes that become apparent when the eight fields are
considered as a whole. These themes include changing perspectives on
health care, faster pace of technological innovation, importance to
scientific and engineering progress of the effective use of new
communications technologies, emergence of research-based
technologies, nesed to examine federal policies regarding research and
development considered as a whole, and the quickening dissolution of
the traditional boundaries between the fields of science and ‘between
science and technology. In addition, this chapter discusses the
relation of work in the eight areas to the congressional aim of
drawing more fully the relation of science and technology to the
%arge and kaleidoscopic agenda with which the nation must deal.
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September (5, 1983

To the Members of Congress:

1 am pleased 1o 1wansmit 10 you this Five-Year Outlook on science and technology. prepared for the National Science
Foundution by the Commiitee on Science, Engincering, and Public Policy of the National Academy of Scienzes, the National
Academy of Engincering, and the [nstitute of Medicine.

This report zbout trends and opportunities in eight selected areas of fundamentzl science and engineering is an eloquent
testument both to the vitality and richness of contemporary fundamental <cientific research, and also to the significance of
fundamental rescarch to the attainment of immediate and long-term national gouls. Additicnally, the report allempts to
draw several overarching policy implicalions from its assessment of trends and developments in these eight areas. While its
discussion of those policy implications does not necessarily reflect the views of the National Science Foundation or the Uniled
States Government, it does represent the considered judgment of a distinguished group of scientists and engineers. As such, it
provides an important basis for informed public discussion of issues related to the continued health of the Naticit's science
and engineering cnterprise.

The most important policy implication that I derive from reading this report is the imperative need to strengthen the links
among the varied inslitutions that comprise the LLS. scienlific enterprise so thal the enterprise can, collectively, better
realize its considecable potentiil Lo contribute 1o national goals. This need has been recognized and assigned a high priority
by the Reagan Administration. Indeed, one of the key elements of the Administration's science policy is to improve the links
between tuboratory and marketpluce. between academia and industry, and between the research and educational funclions
of academia.

The last of these links is the most imporlant from the perspective of this Five- Year OQutlook, which attempls to assess trends
and probable future developments in science and engineefing. The strong links that have been forged between research and
graduate education in our universities have been largely responsible for the continued intellectual leadership that U.S. science
hus en_]oycd in so0 many disciplines for so many years. As this Five- Year Qutlook indicates, the intellectual stale of science and
engineering in this country continues to be sound: 1 am concerned, however, about whether we are getting enough first-rate
people into the sciences to sustain our record of excellence into the future.

This Administration Fecognizes that the sup port of excellent people both now and in the future is central to the continuing
vitality of fundamental research. It is, for example, placing increased emphasis on the support of graduate and even under-
graduate assistants on federally supported research projects. as a step toward strengthening the links between research and
education. It has taken important initiatives to link mathematics and science education at the precollege level with education
and research in our universities. But the Federal Government cannot by itself assure the fulure vitality of LS. science and
technology. Rather, ! am convinced that those who enjoy the excitement and privilege of fundamental research need to
recognize our resnonsibility for the future vitality of the enterprise, and in particular to assume an increased measure of
tesponsibility for education at all levels.

This Five- Year Outlook testifies to the excellence of fundamental research in this country. It also represents a challenge to the
Congress. to the Executive Branch, and to the scientific community Lo take steps to assure that that excellence will be
sustained. On both grounds, [ commend it to your atlention.

Respectfully,

Edward A. Kna '
Director
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Introduction: Science, Technology,
and the National Agenda

In stauing the purposes of the Five- Year Outlook, the Unit-
ed States Congress asked that it identify national problems
1o which science and 1echnology pertiin and that it cutline
specific opportunities and constraints in their use. The request
wits=ud continues to be—a daunting one, owing partly
to the rapidity of scientific and technological progress and
to the evolution of congressional priorities. The obvious
need to select certain fields of science and engineering for
this analysis—and even to select specitic topics within each
field—simply magnifies the difficulties.

Yet. we believe that 1the contents of this Qutleok. report-
ing on current and future work in eight growth points of
Amertcan science and technology, respond directly to the
congressional aim 10 draw more fully the relation of sci-
ence and technology to the very large and kaleidoscopic
agenda with which the nation must deal.

The intent of this chapter is to discuss the relation to
congressional concern of work in the eight fields selecied.

This third report on the five-year outiook for selecied fields of science and
technology was prepared under the chairmanship of Floyd E. Bloom and
the segis of the Commitlee on Science. Engincering. and Public Policy
(COSEPUPY. i joint commiitee of the National Academy of Sciences, the
National Academy of Engineering. und the [nstitute of Medicine. The
Commitice sclected the sopics. arranged for peer review of each chapter.
and contributed 10 the unulysis of the wider implications flowing out of
these figlds. The Commitice also reviewed the entire report ynd is solcly
responsible for ils contents.
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A second intention is to outline overarching themes that
become apparent when the eight fields are considered as o
whole.

Perhaps the most important theme is the remarkable
fertitity ol Aunerican science and technology. New knowl-
edge has provided new ways for understanding diseases.
Such fundamental research areas #s surfuce physics and
turbulence theory have yielded new technologies und new
controls for ancient problems. Assuming real growth in
research support, the United States can expect to remain at
the forefront of virtually ali scientific frontiers in the [980's
and beyond.

IMPLICATIONS—FROM GENETICS
TO ROBOTICS

Each chapler of the Outiook harbors implications affecting
1he national agenda. These are indicated briefly below, al-
beit with the suggestion that either the summaries accompa-
nying each chapter or, more profitably, the full chapters
themselves aiso be read.

The Genetic Program of Complex Organisms
(Chapter1} -

Until the 1970%s, direct study of the genes of organisms
more complicated than bacteria and viruses was constrained
by luck of experimental methods. With the advent of recombi-
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nant DNA and other methods, it hecame possihle to study
dircetly the genes of plants und animals, including those of
man. It was then feasible to 1solate genes responsible lor
pirticukar functions. to examine their structure. and to deci-
pher the controls on their operation,

We are in part what our genes make us, and therefore
these genelic diseoveries of the Jast 10 years will have global
ellects—in new insights into how an organism develops
from u single Jertilized cgg, how it grows, and how it ages,
We ire also gaining new insights into some fundamental
aspects of cancer; for example, rearcangements in DNA
structure may he cominon 1o diverse causes ol tumors,
including chemicad carcinopens wnd viruses. This work sup-
ports a shift in emphusis from the cure to the prevention of
aincer. Further, we are now moving to 4 new level in under-
stunding wany inheritable discases. in mitigating their effects.
and in f(inding new methods of treating some of these once
hoptless conditions.

Commercially. the new understanding of gene structure—
and the rescarch and wechnology that made it possible—hus
led albready to new manufacturing techniques for ereating
otherwise difficult-to-make, olten unavailable, and usually
expensive molecules. These include insulin for treating human
diabetes without the risk of immunological side effects,
growth hormones {or the prevention of growth abnormali-
tics. and interferon lor the possible treatment of certain
caneers.

In all. the past decade in moleculur biology hus been
marked by accomplishment, by the creation and matura-
tion of new techniques. und by a sharper definition of ques-
tions to be probed. The next five vears will provide answers
and generale more questions. Also, the new knowledge will
vield imaginative solutions to longstanding problems. New
and better drugs and vaccines will be manufactured; new
and improved plants may be developed, and the yields of
existing plants raised: and the diagnoses of diseases will be
improved and new treatments of some of these diseases
cnplaced.

The Molecular and Genetic Technology of Plants
(Chapter2)

Somc plants. such as carrots. will grow readily from single
cells; others. such as sovbeans, will not. No one knows
why. reflecting un ignorance a1 the fundumental level of the
regulation and structure of plant genes and of the factors
governiug the growth of plants. Gaining such knowledge
has the potential to quicken the rite of breeding new plants. to
ruise yields. and to extend agriculture to marginal lands.
Understanding of the genetics of plants now lugs that of
animal genetics. 5o the potentiai remains uncertain but still
enormous. Thus, whether improved understunding of plant
genctics will vield new plants useful as crops remsins specula-
tion. However. the rupid pace of work in the f{ield, marked
by increasing university-industry cooperation. will surely
aid in breeding more useful sigricultural plants. Improved
disease resistance. salt and drought tolerance, more effi-
cient photosynthesis—arc ol targets of a heightened knowl-

edge of plunt genetics and the ubility to manipulate it.

We may learn how 10 prompt seeds {o accumulate more
protein of a higher quality. to inerease the efficiency of
nitrite use, and 10 control plant growth and development.
As our knowledge of plant genes enlarges so will our cupacity
lor linding Taster and less expensive ways Lo breed crops
suited to changing demands and conditions.

Cell Receptors for Hormones and Neurotransmitters
{Chapter3)

The eells of un unimal or a plant must function i an inte-
grated manner in order for the organism to survive and
reproduce. In turn, integration depends apon the ability of
the cells 1o recognize and respond to such chemical signals
as hormones und neurotransinitters, Recognition and response
rely on special molecules or structures in cells, called recep-
lors. As in the case molecular genetics, the last decade has
been marked by a rapidly growing understanding of what
receptors do and how they work.

[n bricef, receptors enable cells to react to chemical instruc-
tions from other cells. 1T the receptors do not work as they
should or are missing, the cell malfunctions: if receptors
are occupied by certain drugs or by autoantibodies (o them,
natural signals may be ignored. The growing knowledge of
receptors, particularly since the mid-1970's, is unfolding a
succession of applications and insights for a host of possi-
ble “receptor diseases™ whose causes were previously
unsuspecled,

Further, receptor research has led to rapid and highly
specific methods of following the responses to drugs of
healthy and diseased cells. The mechanisms by which cells
arc able to regulate (heir responsiveness have been demon-
strated. Better guides in treating human breast cancers,
which may illuminatc approaches to other hormonally respon-
sive cancers, have been deveioped. A more detailed knowl-
edge of how insulin works has tefined our knowledge of
various forms of diabetes,

In the next several years, the exact mechuanisms of recep-
tors for specific chemical messengers will become better
understood. With that, our knowledge at a molecular level
ol how & given hormone or neurotransmitter actually exerts its
effects will be enhanced,

Such knowledge inevitably will be applied to the design
of drugs: that s, 10 linding agenis that modulate, enhance,
or block the aclions of selected chemical messengers at
their receptors. We may expect. therefore, a new genera-
tion ol drugs which are much more specific in their actions
and whose pharmacotogy will be understood a1 a molecu-
lar level. Similurly, approaches to diagnosis, interpreting
diseasc symploms, and designing treaiment strategies will
be altered by our heightened awareness of how cells “talk™
to each other.

Psychobiology
(Chapter 4)

The nerve cells of the brain communicate using chemical
and electrical signals to process information through the
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complea pathwisys by which we act and think. The search
for ways (o undeestand the physice] basis of hebavior and
mind is continuous, difficubt, and inerementally successtul.
A spectrum of implications is emerging-from rescarch on
the hrain. These include improved understanding of psy-
chiatric and neurological diseases, the physical basis of leirn-
g, and the effeets of aging. Through the use of unimals in
resesreli, we now have better knowledge of the behavioral
abnormalities underlying eertain aspects of depression and
anxiety.

There has heen substantial progress in understanding
some forms of deasloess, suggesting what might be done
about them. Advances in sensory physiology have led to
electronie deviees that, in a limited way, can substitute for
injured eyes and cars, as well as alleviate some forms of
chronie pain. Premual and perinatal stadies are clarilying
the causes of some forms of brain damage, while postnatal
studies of hraim development will aid in improving the edu-
ciation ol children and will belp them 1o reach their full
ciapacitics.

Surface Science and its Applications
(Chapter 5}

Surluee scienee is concerned with the first lew atomic layers
at the surfaces of salids and examines the effects of those
layers on the rest of the solid and on other materials. All
solids. natural or synthetic. have surfices. and the charac-
ter of those surfuces—their structuce. their eleetronic nature,
and the atoms that they are composed of—can inftuence
the physical and chemical behavior of the entire solid and
the interaction of the solid with othere atoms and moleeules
and with external radiation,

With the very sapid winiaturization ol electronic devices,
the proportion of atoms on the surfaces of integrated
cirettits—and henee their importance—has inercased. Atoms
adhering 1o surfaces can form “surface molecules™ having,
in some eases, struetures not foand in the gas phase, Thus,
the study of chemistry at surfaces provides new insights
into the inleractions of molecules—cevents that. despite their
seientific and cconomic importance. are still not well under-
stood. The chemical and petroteum-refining indusiries rely
on catalysts that speed particular reactions: an improved
understanding through surface studics of how catalysts work
will translute into more economic chemical processes and
also into fewer side products and. hence, fewer environ-
mentil problems,

Surlace studies imay lead to improved corrosion-resistan]
malterials and corrosion-preventing coatings. Surlace ana-
Ivtical wechaigues are improving our knowledge ol cmbrit-
tement and structural futlures. The field ramifics inlo unlikely
areas—for example. into land management, since much of
soil chemistry is really colloid chemistry. which in turn is
branch of surface science dealing with small particles at a
solid-liquid surface.
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Turbulence in Fluids
(Chapter6)

Moving Muids end toward turbulenee, whether they are
air. blood. ocean watcr, the uerosols of ¢louds, the oil Mow-
ing in pipelines, the lithosphere of drifting continents, or
gulitxies, Turbulence is disordered fluid Now, and under-
standing what Initiates and maintaing it is essential 1o bet-
ter prediction and control of turbulent events,

As a practical matter. analysis of turhulenee is limited to
statistical approximations of what happens in (urbulent
Mow. as distinet from what actually happens. There are
now negligibly few ways of predicting turbulence quantita-
tively. The result is an inability to generalize—to use with
confidence—Lhe studices of turbulence associated with a partic.
ular tarbine design in designing a dillerent type of turbine,
Waork under way is providing a new way of thinking about
wrbulence that promises deener understanding of univer-
sully applicable features of turbuleni events,

Studies of turbulence may lead 10 improved design of
sxial compressors and pumps, military and civilian aireraft,
chemicul reactors and mixers. and more accurate predic-
tion of oceun currents and weather patterns. Finally, new
insights into the origins of disorder in nawural systems may
contribute nutl only to understanding fluid turbulence but
also to model building in cconomics and ccology.

Lasers
(Chapter7)

Lascrs are devices in which atoms, molecules. or ions are
made to radiate at frequencies corresponding to separa-
tions between discrete enerey levels. The product is light of
essenUially a single wavelength and phase—coherent light.
Such light is monochromatic, or of one coloe; higbly direc-
tional, emerging as a narrow and [ocused beam: and iniense,
The wavelength range of kaser light has widened considera-
bly in the 25 years since the laser was invented. and many
novel applications have emerged. In the next several years,
both the uses of lasers and their capacitics will expand.
Lasers are remarkable. not only for what 1hey have done,
but for whitt they now seem on the verge of doing in a

_range of important applications, extending from lightwave

communicitions to new medical surgeries and from diag-
nostics lo sepurating uranium isolopes,

Luser science and technology are now driven by a rever-
berating dance between device physics and need: an evident
application spurring the development of a suitable laser,
and a new laser prompting new uses. Examples include
flow eviemetry, that is. the separation of cells according to
their size. shupe, and reflective properties. and their further
sorting according to, for example, their shape and DNA
content—all within minutes, Another illustration is the mode-
locked luser which enables scicntists to observe events occur-
ring in trillionths of scconds, such as the chemical changes
in a chlorophyll molecule triggered by light quanta, leading
in tarn 1o an improved understanding of the initial stages
of photosynthesis.
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The Next Generation of Robots
(Chapter 8}

Roabots are compter-controlled devices that reproduce
human seases, naipulations, and motions well enough to
do useful work, They are now being installed in manutac-
turing plants and. in the next several yeurs, migor expuan-
sion ol their uses and capacities will oceur,

Today's robots arc uswally sedentury, stand-ulone arms,

with limited preeision, little sensory capability, and litdle il

amy capacity Tor dealing with e unexpected: thus, they
can work cflectively only in highly structured industrial
seltings,

FHowever, these limitations are being eroded by the applice-
tion ol technical expertise gathered in the past 10 years,
Thus. new computer tanguages will enable quicker, more
precise commutication between people and robots. New
sensors widl enable robols to see. to feel to wulk, und to
recognize commiands. Systems integrating these newly
endowed trails are being developed. ieading in time to o
new generation of robots that can deal with diserder—that
cin, for example. pick a'specific picee out of o bin of jumbled
parts, Eventually. robots will grow in numbers und in cupa-
cities, and will become u major factor in industrial activity
and change.

WIDER IMPLICATIONS

The broad themes derived lrom these chapters can now be
discussed more extensively, They include:
chinging perspectives on health care:
the faster puce of technologicul innovation:
the importance 10 scientific and engineering progress
of the effective use of new communications technol-
ogies;
the emergence of rescarch-based technologies;
the need 1o examine federal policies in regard to research
and development considered as i whole: and
the quickening dissolution of the traditional bound-
aries between the sciences and between science and
technology,

Health Care

The nution will face tbe escalating costs of treating chronic
diseuses thal increasingly incapacitate and kill Anericans—
heart diseases, cancers, arthritis and related disorders, meta-
bolic discases, ano a wide and complex array of psychiatric
and neurological diseases.

These diseases—successors 0 such acute illnesses as pneu-
monia, twbereuiosis. infuntile diarrhea. syphilis, and typhoid
fever as teading killers—have causes chatt remain unknown
and develop in patterns not sharp enough to enuble invari-
ably successlul intervention. Much of the care applied to
them is supportive clinicil management—costly “hulfway
technologies.™

Yet. as several chapters of this report suggest, we now
have new windows into many of these disorders. The wnravel-
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ing of how messages are transmitled from outside Lo inside
the cell—and what happens when that comniunication sys-
tem s thsropted—is in turn clarilying the maure ol an increas-
ing number ol diseases—hormonal illnesses, such as diube-
tes. and neusological discuses, such as myastienia gravis,

Receptors, by which cells reeeive messuges. are constructed
under genetic direetion, asfare the medecules that direct the
syntliesis, storage, and seerctions of the neurotransmitters
and hormones. Therctore, whatever alfects genetic function
radiittes Lo receptor structure and functon, In turn, ths
coupling o melecular und receptor biology ties into work
on neurological structure, physiology, and chemistry—into
psychobiology, in short.

New technologics have translormed clinical pructices,
iFor example, in gynecologicul surgery, the carbon dioxide
laser hus made an enormous social impact by changing
surgical proecdures that once required hospitalization into
procedures that can be dene during office visits, with sub.
stuntial savings in costs, time, and hospital resources, as
well as reduced patient triun,

There is. a1 the noment. i virtual cxprosion ol biologicul
kanowledge. This may indeed be the era of biology: an erain
which the innovutive use of instrumentation produced froin
the contributions of the physical sciences—lasers, large-scale
integrated circuits. and computers, for example—is merg-
ing with fundamental insights into the nature of the living
cell,

The direct implication is nul that chronic diseases will
tude. In the next several years, however, there may emerge
wholly new techniques for treating these diseuses—techniques
that are not simply umcliorative but penetrate 1o the
fundamental couses of these diseases. These techniques will
be highly specific, quite complex, and will require fundamental
understanding lor effective application.

The Pace of Technological Innovation

A 1960 study Tound an average 30 years” lag between basic
reseiarch and technological application. Today. the lag is
much shorter, as evidenced by the accelerating creation
and use of new lasers, by the quick exploitation of such
new seientific insights as recombinant DNA methods, by
the discovery of brain peptides, and by the creation of
polymetallic cluster catalysts out of surfuce studies.

The pace is also evident in the emergence, within the very
rceent past. of o new biotechnology industry principally

" relying on work donc in the past 10 years. Similarly, the

intense industrial development of very large scule integraled
circuils depends on a knitting of fundamental work done
almost i parallel—that work embracing materials and salid-
state science, a host of new speciroscopies, and atomic and
molecular physics. The character ol industriul research and
development in muny instances has been altered by lunda-
mental work, again much of it within the past 10 years, For
example, the pharmaeccutical industry has altered its ap-
proiches 1o designing. creating. and esting new drugs, gov-
erned by Lhe new understanding provided by receptor biol-
ogy of how signuls enter and change the behavior of cells.
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Ineraduciion: Science, Technology, and the Nationil Agenda  xi

The binplication ss tiat we are now inan era of quicken-
ing seientilie and technodogical ehange and it the two
intertwine ever more closely. Opportunitics ure coming so
fust. and competition for markets for advanced technolo-
gies is beeoming so intense. that suecess will depend directly on
the ability to create and then 1o expioit the new knowledge
guickly.

In suctton era of rupid transformation, the structures for
hasiec research and technological development must be
dynamie and must he constantly freshened by the infusion
ol new and highly trained scientists und engineers, by the
very best instrumentation, and by nnfettered communicu-
tion ol fundamental knowledge.

Improving Scientific and Technical Communications

The intensifving pace of scientific advinee and the increas-
ing importance of basie research to gestating new technol-
ogics combine to require that the Amerieun research sys-
tem must exploit o the fullest the new communicuation
modes now becaming available. For that reason. we dis-
cuss below new approaches w improving the eommunici-
tion ol sciemific and teehnical advinees—celectronic net-
works for rupid wrunsmission of “mail™ and data: growing
nulibers and capacities of elecironic data bases. such as
those of Chemical Abstracts or the Nutional Library of
Medieine: and clectronie forms of publicittion.

The importance of these emerging communicilions modes
to the progress of science and technology is intensified by
the :nereasingly interdisciplinarey nuture of many fields of
science and technology. For example. two ficlds described
in this report—psychobiology and surlace scienee—ure generi-
cally dependent on the ability of scientists and engineers
from diverse ficlds 10 interact rapidly and extensively. Progress
in these fields—and, inereasingly. maintenunce of excellence in
all lields of science and engineering—will depend on sophistis
eated dse of the new ecommunication modes.

It is ironic that. despite the faet that Americuan scientists
and engincers pioneer in the development und use of the
latest and most sophisticuled instrumentation in their experi-
mentul work. the instcuments they use to exchange infor-
mittion have changed relatively little. With few exceptions,
seientists still rely on two major and relatively traditional
forms of information exchange: {1} face-to-face communi-
cation (by traveling 10 national or international meetings).
and (2} reading scientific publications [either directly in the
office or library. or by requesting the author 10 send a
reprint], Depending upon the scientific locale and the size
of the ¢irele in which the scientist is involved, the standard
sourees of information may be supplemented by seminars
and letter writing. However, for the most part. the infor-
mation being exchanged is anywhere from months to years
behind the actual state of the experimental program at the
bench or the conceptual progress shared among leading
members of a field.

Such continued reliance upon printed statements of prog-
ress or upon fuace-to-face contacts is an unnacessary imped-
iment to the progress and communication of science and

technatogy. Solutions for climinating these impediments
are available and could improve the communication of sci-
ence substantially, These possible improvements depend
upon advances that have oceurred in clectronic commiuni-
calions,

Nevertheless, o skeptic might argue that these advances
in communicution (perhaps viewed as just modest improve-
ments on the telephone] will anly contribute 1o informa-
tion overloads. A major need now is Lo encourage 4 com-
parable advanee in “smart”™ computer Lerrninals through
the ase of programs that can digest, scan, and analyze the
scientfic flow of clectronicully stored informution, filter it
for cach reader’s self-deflined profile of interests, and then
condense the data. The chapter on robots has indicated the
importanee of the interactions between hardware and software
developments for progress in automated machine capabili-
tics. Similar extensive research and development efforts in
computer language and ardificial intelligence will be required
1o realize the full scientific and social potential of the new
electronic media.

There are several implications for the nation. How can
scientists and engineers be encouraged to use the new elec-
tronic modalities innovatively and effectively? What levels
of support are needed? In what lields? Overall, there will be
rapid changes in the communications structures in the next
several years. with major impacts on the competitiveness of
American science and technology. The topic needs careful
exantination il sound policies are 1o be applied.

Research-Based Technologies

The rupidity of scientific and technological advances links
directly io the emergence of new research-based technolo-
gies. These arc technologies that would not exist without

basic research. for which the role of basic research was not
to improve but to germinate. Thus, molecular beam epitaxy

could not and did not exist before the perfection of new
methods and insights in surface science. The {980’s will
sce more advanced technologies created by research. There
are hints of these in this report—totally new approaches
o treating major mental illnesses relying on a molecular
understanding of how the brain functions; new sensory
devices for the handicapped: new tactics for clinical diag-
nosis and surgery made possible by new lasers; new agri-
cultural insights {lowing from a deeper undersianding of
plant biology, and much more versatile industrial robous.

The implication js that, more {han ever, basic science will be
vital to technological advance and, in turn, to better pro-
ductivily and enhanced economic growth. Although basic
science is not inexpensive—in 1983, the federal government
will provide about $6 billion for basic research out of its
totul federal research and development budget of 340
billion—it still is the least costly component of technologi-
cul innovation. And its value in the years ahead will be
multiplied as the national economy. both its manufactur-
ing and its service sectors, is suffused by advanced technol-
ogies.
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Coupling Science and Technology

Then nation needs no persuasion on the contribution of sei-
ence and technology (o national gouls. The federal gov-
ernment is nat only the leading patron of basic research in
the United States. hut also, to o significant degree. involves
itsell in the various phases of technological innovation—
through demonstration programs. through developmental
projects for military needs, and through special cfforts of
broad potemtial. such as the Very High Speed Integrated
Circuit program of the Department of Defense,
Recognition ts growing (hat basic research and advanced
technology are critical to future ceconomic growth and the
ability 10 sell in global markets. In its “vision" for the
1980°s, Japan's Ministry of Internutions] Trade and Indus-
try calls for a “echnology-based™ nation. with more gov-
cramental support for rescarch and development as a cen-
terpicce. Irance is raising its investments in research to
deal with its cconomie difficulties. .
The nation will have to consider whether current policies
regarding rescarch and development are sulficient 10 meet
present and future nationa) requirements. Whether the topic is
surface scicnce, robotics. cell receptors. or the genetics of
complex organisms. there is evidence of an increasing interde-
pendence of basic research and technological development.
The nation may need to examine mecharisms for enhancing
the symbiosis of science and technology, Basic research is
conducted predominantly in the universities; much applied
research and most development are carried out by indus-
try. Overall, while industry does about 70 percent of the
nation's research and development. only 4 percent of that
effort goes to basic research. Although only 10 percent of
all research und development is done by colleges and uni-

“ yersities. il represents 50 percent of the nation's basic rescarch
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as measured in federa) obligations. Should the federal gov-
ernment actively catalyze the university-industry coopera-
tion that is already occurring? Should it encourage more
broad-based support for research and development? I{ the
keter course is adopted, then where should that sapport
go. What should be the criteria? Who will select?

Boundaries

Finally. traditional disciplinary boundaries are dissolving
between the ficlds of science and between science and lech-
nology. As examples of this trend, consider. as described in
this report. how solid-state physics has merged with mate-
rials science and with chemical engineering and computer
seience to produce new catalysts and microelectronic fabri-
cation methods: how optics, solid-state physics. and cellular
biology have merged in the creation of flow cytometry for
analyzing cell components: and how robotics and psycho-
biology merge in their analysis of vision.

Fundamemal studies of how a smoothly flowing fuid
becomes « turbulent one devolve into work in mathemat-
ics, in physiology. in the dynamics of the atmosphere. and
in galactie structure. The search 1o uncover the structure of
cell receptors needs the re~ “inbinant DNA techniques ol
molecufar binlogy. And. in wrn, fundamental work in recep-
tor hiology has sparked the discovery of peptide receptors
governing neuro.ogical events.

The chapter on surface seience also makes the point that,
increasingly. science and technology wre synergisticatly
coupled. Surfuce science. in its modern [orm. is the product
of several technologies that provided high-vacuum instru-
mentation and tools for measuring surface events and struc-
ture; one ol the resufts of that science 18 the creation of a
potential new teehnolozy. molecular beam epitaxy, for build-
ing semiconducting luyers [00 atoms thick, varying by one
or lwo atoms. Molecular beam epitaxy will surely create a
new generation of electronic and electrooptic devices. That
wdvance occurred in the past 13 years. and the rapidity of
the progress and application is dae Lo the close coupling of
fundamentai scientific work with the developineut and pro-
ductiun components of technological innovation.

In facl, instrumentation increasingly knits together sci-
ence and technology—nuclear magnetic resonance, scan-
ning electron microscopes. a panoply of lasers, new sources
of synchrotron radiation, and a boggling array of other
tools that are indispensable to the advances recounted in
this reporL.

The implication of (hese dissolving boundaries is that
they alter the question of which areas of science should
have priority support. The question must be rephrased before
it can be answered reasonably. Because of the strong effects
that advances of knowledge in one field may have on under-
stunding phenomena in a quite different field and the major
contributions to instrumentation, technique. and method-
ology that Now across disciplinary boundaries, it is essen-
tial that all of the major fields of science continue at strong
levels ol activity and excellence. In addition (o general
strength, but not in substitution for it, particuiar “targets
of opportunity™ may be selected (or special attention {rom
time to time. However, in the long run, the highest priority
15 balanced strength and an insistence on the highest quality.

These are difficull times, and the remainder of this decade
may be an era of economic stresses. The temptation is to
select, to have priorities, to mark some scientific fields as
critical o the nation’s welfare und others as less so. There
is no specific historical experience to support this. If one
lesson has been learned in all of the studies of the relation
of scientific knowledge 1o technological advancement and
in turn to economic strength, it ig thalt we will be surprised.
We cannol choose selective excellence in science.




1 The Genetic Program of Complex Organisms

Myths teach Us that our earliest ancestors were curious about
heredity. And the history of agriculture and the domestica-
tion of animals teaches us that this curiosity served human
needs. Still, although Gréek thinkers stuted some clear ques-
tions. it was not until the nineteenth century that the habit
of cureful experimentation in biology developed and the
science of genetics began.

Insight into the rules of heredity is largely a product of
the fiest half of the twentieth century. It proved enormously
useful in solving basic human problems in health and agri-
culture even though early research was limited to what
could be learned by observing the final outcome of genetic
phenomena—shapes, cotors, and metabolic potentials. The
underlying processes remained obscure.

Then, during the 1950°s and 1960°s, the discovery of the
structure of deoxyribosenucleic actd {DNA) and the deci-
phering of the genetic code showed that genetic Questions
are essentially chemical problems. The chemistry was, howev-
er» a difficuit and complex matter and research proceeded
slowly. Ten years ago, the situation changed dramatically.
Now, genetic events are studied al the most basic level—
that of the detailed molecular structure of genes. Already,
these efforts have deepened our appreciation of the diver-
sity and intricate interdependence of living things. They
have yielded new tools for improving the diagnosis and
treatment of diseases of plants and animals, including humans.
At the same time, we have had a glimpse of how much
remains to be learned if our grand hopes to understand and
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to use our understanding for the betterment of the planet
and its inhabitants are to be achieved.

SCIENTIFIC BACKGROUND

The basic unit of all living things is a cell, be it the single
cell that constitutes an entire bacterium or the millions of
cells that compose a complex animal or plant. Within each
cell, encoded in DNA molecuies. is an information bank
that contains the genetic information characteristic of the
cell and of the organism. The totality of the information
bank. that is, all the DNA typical of a particular organism,
is called its genome, and every ceil in a complex organism
contains a full genome. We distinguish two major classes of
organisms (figure 1): (a) eukaryotes (including all plants
and animals}), whose DNA is sequestered in a nucleus within
the cells and (b) prokaryotes (bacteria), which have no
nucleus and thus no special compartment for their DNA.

Cells
Eukaryote

Figure1 (Not to scale.)

Prokaryote

Nucleus
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Unwind' 10 see array
of genetic information

Figure 2

A virus is something less than a cell. It can survive on its
owit, but it cannot multiply: to reproduce iiself, it must be
inside a cell. Viruses have their own genomes.

The structure of a DNA molecule may be compared to a

very long but twisted stepludder with thousands to millions

of rungs (figure 2). The sides of the laudder are formed of
sugar molecules (deoxyribose) attached end to end through
phosphate groups. To each sugar molecule is attached one
of lour possible molecules called bases—adenine (A}, gua-

_nine (G), thymine {T). and cytosine (C). The buses on the

two sides of the ladder are always paired and form the
rungs of the ladder—an A on one side opposite a T on the

“other, and 2 G opposite 1 C. The sequence of-these bases-

contains the genetic information. Besides providing infor-
mation for the reproduction. growth. and lunctioning of
cells. DNA contains the informution needed to reproduce
itsell, so that precise replicas can be transmitted to new

cclls and oflspring. These two roles of DNA are common
to unimals. plants, single-celled orgunisms. and many viruses,

How DNA Instructs Cells

Genetics is essentially the study ol an information system.
At the molecular level, analogies to computers are helplut,
Information in DNA is encoded in i linear fashion, in the
order of the four bases (A, G, T, and Cj: the sequence ATG
means one thing,s TATAAT means itnother. and so forth.
As i a contputer, the processes by which the information
is decoded arc also encoded in the DNA. Compuiters make
mistitkes erther by misfunctioning themscelves or because of
externat! influences—such as power shortages. Similarly,
mistakes in DNA oceur as a result of errors or environ-
mental influences. But, unlike u computer, the programs
for orderly decoding at appropriate times, in appropriate
localities, and in syitable combinations are inherent in DNA;
thers is no need (or instructions from outside the organism.
And. unlike 4 compuler, genetic programs include instruc-
tions for the duplication of -both the information and its
surrounding hardwure—the cell itself. Also, DNA rearranges
itsell, thereby lorming new combinations of information.
processes. and programs. By tuking advantage of both mis-
takes and rearrangements, DNA can try out altered pro-
grams. Some are rejected while others are udopted. often
because they provide an advantage 1o the organism. In this
way, DNA molecules are intrinsically experimental; the
fiuit of the experiments, over years of evolution, is the
diverse natural world in which we live,

Genes Are Segments of DNA

A gene is a portion of a DNA molecufe. Euch gene con-
tuins u code for the structure of # < = protein or single
ribosenucleic acid (RNA) molecule i : - ire 3). RNA mole-
cules ure very like a single strang ol IINA except that they

RNA gene Protein gene
ONA \tunuuun“uu ww v wn nfenn
TranseriPtion

W

————

" Messenger ANA

v
o;zr +—— Ribosome

Figure 3
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contain a different type of sugar (rihose]). Most genes code
for proteins. The logic of the information transler is cuther
straightforward. A precise copy of onc strand ol the DNA
is nrade in an RINA molecule, in g process culled transcrip-
tion. 11 the gene encodes an R NA molecule. transcription is
more or Jess the end ol the decoding. But, if the gene encodes a
protein. the RNA is only an intermediate, a1 messenger,
The messenger RNA s recognized by intracellular struc-
tures called ribusomes that use the genetic code to translute
the base sequence, of the RNA into a specific sequence of
antino avids. thereby eonstructing u particular protein. Thus,
the phrasc: one gene—one protein, 1t is the proteins that
give cells and organisms their ¢haracteristie properties. includ-
ing shape, metabolic potential. color. physical capacities.
und so forth. Acting as hormones. enzymes, conneeting
material. and eontractile substances. proteins are the visi-
he owtenmes of the genetic program.

WNaot all portions of DNA molecules are genes. Some urc
signals that regalate the activity of nearby genes. Much of
the regulation of gene aetivity oceurs at the point ol RNA
synthesis (transcription]. ['no RNA is made. the gene remains
silent. Certain DNA segmens—called promolers—ire signals
thut control the start of RNA synthesis (rom a neighboring
gene [figure 4). A speeial enzyme called RNA polymerase
attaches to the promoter and moves along the DNA,
catalyzing RNA synthesis. At the fur end of genes. special
DNA sequences ealled terminators convey signals to stop
transcriplion.

Molecular genceties is eoncerned primarily with the struc-
ture of genes und genomes. the mechanisms by which genetic
information is expressed. and the ways in which that expres-
sion is regulated. A cell does not express all avuiluble genes.
DitTerent cell tvpes [for example. fiver. brain, tumor. ete.)
may express ditferent but overlapping sets ol genes. Also.
diffcrent genes are expressed at different times in the life of
a cell. During the development of a complex organism from a

Promoter Terminator

Gene Gene
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fertilized egg. genes are lurned on and olT in an orderly and
programmed manner. Other genes are turned on and off in
response 1o the eell's environment—for example. in the
presence ol a hormone [see ehapter 3 on cell receptors).
And genes are not only turned on or olf; the: degree to’
which a given gene is expressed may be modulated up or
down. depending on the intraceltular or exteacellular envi-
ronment. In addition. the gene products themselves. the
protein moleeules, interact with DNA in munifold wuys,
thereby modifying gene uctivity. Finally, the function of
the proteins is influenced by interactions with other pro-
teins and small molecules.

-

GENETIC ENGINEERING PERMITS ' _.
THE STUDY OF COMPLEX GENOMES

A great deal of what follows will be more understandable if
the degree ol complexity of biological systems is illustrated,
The genome of a bacterium consists of one DNA molecule
in a single chromosome. The bacteria Escherichia coli. for
example, has o genome wilh about 4 million buse pairs and
about 4,000 genes. Viruses contain anywhere from 5,000 10
several hundred thousand Base pairs and correspondingly
smaller numbers of genes. Each cell ol a Drosophila. 1he
vinegar fly. contains about 200 million base pairs. and mam-
malian cells. including those of mun. contain about 3 1o 4
biltion base pairs. The genomes of cukaryotes are broken
into several separate DNA molecules. each of which is
packuged inlo a chromosome: human cells have 46 chro-
mosomes. Estimates of the number of genes in a human
cell vary between 10,000 to 100,000, This size and intricacy
essentially prohibited investigation of the moleculur genet-
jcs of complex organisms.

Untii the carly 1970°s. molecular experimentation was,
with few exceptions. limited 1o prokaryotes: the overall
summary ol gene structure given earlier in this section by
and large describes prokaryote genes and their expression.
Then, development of the techniques referred to as recom-
binunt DNA. or molecular cloning, or genetic engineering.
made study of eukaryotic genomes possible. With these
methods, relutively short segments of DNA corresponding
to single genes can be isolated free of the remainder of the
genome and prepared in chemically pure form and armple
quantities (that is, they can be cloned). Coincident improve-
ments in methods for the chemical and enzymatic manipu-
lution of DNA were equally important. First, the discovery
and exploitation of a special class of enzyme made it possi-
bie to cut up the large genomic DNA into reproducible
small segments. The segments are ready-made [or insertion
into recombinant DNA molecules. Next. it became feasible
and is now common to determine with precision the sequence
of thousands of base pairs ona DNA segment. Finally,
there is the matter of scale: 0.000000001 (10-%) grams, even
0.000000600001 (10-'3) grams, of DNA can be charactes-
ized with precision using the highly radioactive isotope
phosphorus-32 and simple electrophoretic lechniques carried
out=on semisolid gel supports.
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Together, these methods have opened opportunitics
unimaginable 10 years ago. For example. it is now com-
men to construel and store collections. or “libraries.™ ol
recombinants in which each "book™ is a frugment af a
genome inserted inte a separite melecule. Altogether. the
“library™ contaips the entire genome, Similarly, “libraries™
containing scquences equivalent to all the miessenger RNA
molecules in partieular cells can be obtained, Moleculur
cloning allows us to search within the library for a specific
frugment or gene, select for i1, isolate it, and amplify it to
provide sufficient material for detailed analysis of its structure.

The Experimenta! Approach

Current research takes advantage of many dilferent hiolog-
tcal systems. This diversity reflects the greut richness of
apportunity provided by different organisms from bacteria
through invertebrates, vertebrates, mammals, and primates.,
Viruses that infect various organisms also ure used exien-
sively both as veetors and for their intrinsic interest, The
methods inelude the techniques of melecular biology, micro-
biology. genctics, virology, enzymology, and chemistry. and.
most frequently, an intricate wpestry woven of all of these,
In generad. the work proeceds by lormulating precise
questions about biologicat phenontenya and then trying to
design and carry our experiments that will answer those
guestions in melecular terms, Sometimes, the original plan
sugeceds but, just as often. unexpecied phenomeni are dis-
covered and the experimental results pose new questions
and cven more perplexing puzzles. Frequently, the most
important achicvement ties in the significance of the new
question, rather than any fucts established. In other instances.
the majar achicveinents are the development of new meth-
ods: puthing is more vital to seientilic progress than oppor-
tunitics provided by imaginative technical innovations.

OVERVIEW OF PRESENT
KNOWLEDGE

This past decade of research in molecular genetics has pro-
duced extraordinarily exciting results. Much of what has
been learned about cukaryotes—plants iand animals. including
man—was totafly unexpected; even the questions being asked
toduy were unimaginable before the recombinant DNA
eria. The extend to which fundamental discoveries have illumi-

‘nated problems in human diseases afready is remarkable.

Sull. many of the coneepts that today fuel work on human
genetics arose in the pust. and sill arise, from studies with
bucteria. And the recombinant DNA techniques themselves
would not exist but for 30 years™ suecessful work on these
single-celled orgunisms.

Uniil recombinant DNA experiments revealed otherwise.
many scientists asstimed that cukuryotic genes were essen-
tially sinsilar to their lamiliar prokaryotie {bacterial) coun-
terparts in structure und regulation. The genetic code is
indeed universal and the general oatlines of the transly-
tional processes that decode messenger RNA into proteins
are hso similar, as are the general principles involved in the

replication of DNA. But many aspeets of the moleculur
genetics of cukurvotes are funditmentally distinet from those of
prokiryotes. No difference wits more surprising than the
structure of the penes themselves,

In cukaryotes. the coding region eqaivalent wo u single
gene is not i contigaous linear streteh of DNA as it is in
bacteria. Rather, it is usually interrupted by noncoding
stretches of DNA caled introns. The entive stretch of DNA,
coding regions and introns. is transeribed into a long RNA
molecule: thereafier. the introns are removed rom the RNA
and the coding regions are spliced together to form o mes-
scnger RNA (figure 3). Regulatory signals that tuen genes
on (or oll) are also distinetive in cukaryotes: these signals
are complex und modular in coustraction iwnd not necessur-
ily immediately adjacent o the gene they control. Tndeed,
as a result of the past decade or su ol work. we have learned
that couing sequences of cukaryotes make up o relatively
small percent of their genomes, probably 10 pergent or less,
There are vast stretches of DNA sequence of unknown
lunction in between genes. within introns, and collected at
centronteres (constricted regions of chremosomes). Although
some genes are represented only once., others are repeated.
often many times over. These redundant genes are some-
times clustered. one after another,’in a long contiguous
streteh of DNA. In other cases, they are dispersed to dif-
lerent parts of the genome, even to different chromosomes.
This overall organization is in sharp contrast to the simple
lining up of one gene after another in bacteriul chromoesomes.

Genomes are Dynamic

Thirty vears ago. genelie experiments in corn suggested
that some DNA segments might be capable of movement”
from one place in the genome 1o another. Now. it is recop-
nized that the organization of DNA is not stalic! renrrange-
ments of various kinds are an inherent property of both
prokaryeles und eukaryotes. Mutations, changes in DNA
structure leading 1o altered information or altered regula-
tory signals, are caused not only by chanpes in base pairs,
but also by amplifications, deletions, and iaversions of DNA
segments. Even insertions of DNA segments [rom distant
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genomic regiotis of Teom 1he DN of infeeting viruses remuodel
XNA stroctare. Mutaton, then, is not necessarily the resubt of
unpragranimed events: it ean be a regular purt of the sys-
tem, Some rearrangements yicld new combinations that are
cither tethal or of profound camequence (uselvl or detri-
mentaf] 1o the physiology of the eell. Other rearrangements
are quite specilic and have evolved for use in normal pro-
cesaes, These coneepts emphasize that the genetie attributes
ol o parteuliar species are alwavs in Tuy, Nature itsell pro-
vides voriation as thie raw material from which living sys-
lems evolve.

Genes Direct Development

The development and matweaion of camples organisms
from single fertilized egg eclls are marvelous processes that
hanv e always heen eentral coneerns of biologists. Using the
toals of molecular genelivs, we are beginning 10 study how

the developmentsl program operates. DilTerent stages of

development are tssociated with the expression ot different
genes, As eells dillerentiate to form speeifie organs, new
sets of genes are turned on and others may be shut off,
Some of the protein gene products acecount for the speeilic
metabolic capahilities of given tissues. Qthers account lor
the structure of distinetive cells in. for example, the liver,
blood. or brain. Still other pratcins wke up residence on
the surfuee of particular eell tvpes und probably account
for the specific interietions between eells that give rise to
whaole organs and distinetive analomical structures of par-
tetkir shipe,

Understanding Diversity

In the middle purt of this ceatury, hiochemists focused on
unifying aotions—the structure of DNAL the wniversality
ol the genetie code. and the elose similarity of metabolic
puthwiuys in diverse species. Now, the locus is shifting o
the great diversity ineluded within that unity, There is diversity
in gename and gene strueture, in the means for controlling
gene expression, and in the way inlormation is organized in
DNA molecules. Each species is distinctive, vet even the
genomes of members of a single species vary more than was
ever anticipated. A sense of deep satisfuction comes from
recognizing that a fusdamental conviction ol our society—
the unique guality of cach individual—is deeply rooted in
the natural world.

ACTIVE AREAS OF RESEARCH*

The Structure and Expression of Eukaryotic Genes

The Structure of Genes

Figures 3 and 4 depict typical prokaryotie genes—the
coding region is entirely contiguous from start to linish.

* Many of the fundamental attributcs of plam and animal geaomes are

similar. In this chapier, animals provide the examples: inlormation on
plants is found in chapler 2,
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Between the beginning und the end, cach hase pair is repre-
sented in the corresponding messenger RNAC In sharp con-
trast, most, but not all, eokaryatie genes are not o single
contiguous streteh of DNAZ rinher, the coding regions are
interrupted by poneoding DNA steetches culled introns than
are eliminited in the corresponding messenger RNA (Tg-
ure 3], Coding regions, wgether with introns, are tronscribed
M RNA polymerase in the eell nuelews: by the time U
the RNA arrives in the eytoplasnt w be translited into a
pratein. the itrons have been spliced out and the coding
regions joined precisely 1o form a proper messenger RNA.
In many genes. e introns are much longer than the eoding
regions and some genes are interrupted hy 50 or more introns,
lUis as though sentences in a book were interrupted in the
middle of words by long, irrelevant. perbaps meaningless.
letters or words: the seader would need a deviee (o reeou-
nize where the original word resumed. The cell’s deviees
are signals designated by special base sequences that oeeur
at the junetions between introns and coding regions. Aside
from this and one or two other clues about the splicing,
mechanism. we remain essentiatly ignorant aboult this eriti-
citl proeess.

One reason lor intense current interest in splicing is that
it represents an additiona) way to regulate the flow of genetic
informaion: if the RNA is nol spliced properly in o timeiy
wiy, the gene is to all intents and purposes silent, Indeed.,
several Torms of the group of inherited blood diseases called
thalassemias are caused by the disruption of normal splic-
ing. The characteristic abnormality of thalassemia is a deli-
cieney in the production of hemoglobin. the red protein
that transports o, gen in the blood. The protein portion of
hemoglobin, the globin, is composcd of two separuate pro-
tein molecules called @ and g. Thalassemias are cuused by
muttions i the genes for & or g. Some of these mutations
are changes that lead wo the production of a faulty protein,
as oveurs ulso in sickle cell disease, Others are deletions of
all or purt of the o or g gene, But some involve base
chuanges at the junctions between coding regions and introns.
RNA is trunseribed but is not properly spliced: therefore,
no messenger RNA und no protein are made.

The Expression of Genes

Still other profound diflerences have emerged with regurd to
the way that gene expression is controlled in prokaryotes
and cukarvotes. In the latter. special features of chromo-
soanes affect the way that genetic information is used. In
piants and animals, the long thin DNA molecules are wound
by successive turnings into tight packages. At each wind-
ing, special protein molecules interact with DNA, helping
to stahilize the compacted molecule, The protein-DNA com-
plexes are termed chromatin and, in its most compact form.,
chromuttin is visible in the microscope as the transient struc-
tures eolled chromosames. But the structure of chromaiin
is not unilarm all along DNA. in some regions, DNA s
especially accessible for cleavage by enzymes. The most
aceessible regions are those containing genes thal are being
expressed. Thus. in blood cells, the genes for globin are
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aeceessible: however, in the bridin, where no hemoglobin is
made. the very same DNA regions resist cleavage. In pan-
ercatic eells that synthesize the hormone insulin, regions
arcund the insubin genes are aeeessiile: in other fissues,
where no insalin is made, these same scgments of DNA
resist breakdown. Expressian of genes is thus associited
with localized peenliaritics in chromatin struciire. At pres-
ent, we remain ignoram about the nature ol the peculiari-
ties and the signals that aceount lor differences among
tissues. Interest is high in learning more in the caming
VEUTS.

There are also major differences i the structuee of pro-
karyotic and cukaryolic promoters. In prokaryotes [ligure
4], promsater sequenees sit elosely Tanking the coding region.
Promoters for eukaryotic genes take several quite diverse
forms and need nol precede the gene closely. Some pro-
maters arc Modular in construction and are composed of
several DNA scgments separated by as many as a few hun-
dred basc pairs {figure 3). Each module contributes inde-
pendently w the eell’s decision regarding the turning on or
shutting down of a particuler gene. In this way, gene expres-
sion depends on multiple signals and ean be tuned very
fincly. Unhke anvthing known in prokaryotes. promoter
modules Tor some cukaryotic RNA genes actually reside
within the coding region itself (ligure 6).

Coding region”

DNA -n‘t\'i\ M MAL -\ wauwnfaan

Promoter

Figure &

Wars ro Study Gene Expression

In prokaryotes, a variety ol regulatory proteins interact
with promoter rcgig,ns on DNA, thereby switching gene
expression on or off, We assume that similar mechanisms
exist in cukaryoles. but they have not been described on the
molecular level vet. In the past few vears, extracts of cellular
proteins that conmain aclive RNA polymerase have been
obtained. These are beginning to yield 10 analysis. The next
few vears should see progress in understunding what pro-
wins influence transeription and how.

Recombinant DNA methods are the basis for most stud-
its on gene expression in complex organisms. Individual
genes accompanied by their natural flanking DNA sequences
are isolated in pure forn and useful quantities. Also, DNA
copies of messenger RNA's are prepared. Recombinant
DNA techniques are then used to construct small DNA
molecules containing particular genes or regulatoey signals
in desired arrangements. These synthetic “chromosomes™

can be inserted into cells growing in laboratory dishes. The
constructions are designed (0 answer precise questions aboat
genetie expression. The example in figure 7 represents o
circulur DNA molecule of between 5,000 and 10,000 base

" Figure 7

puairs in circumference. i is made up of pieces of DNA
gathered from many genomes. One segment. marked pro-
moter. contains DNA segments needed 10 start messenger
RNA svnthesis. A bacterial gene whose gene product is a
readily meusucable enzyme is included, as are an intron
and termination signals. A long segment marked vector is
the DNA of 1 bacterial recombinant DNA vector and permits
the whole construction 1o be cloned and prepared in lurge
amounts in bacleria. Preparations of the construcied DNA
molecule can be stored it the laboratory and, as required,
inserted into animal cells where expression of the bacterial
gene i$ measured. That experiment itself confirms the informa-
lion used in lllggcsign—lhe promoter promotes. the intron
is spliced out. But, more important. the construction is
readily altered: each unit is removable and replaceable by
recombinant DNA techniques. Other putative promoters
can be tested. and other genes can be tested: the position
and structure of the intron can be changed. Mutations can
be introduced at will in any segment and the coatribution
ol each base pair to function is testable. This kind of sys-
tem is being used extensively to probe very specific ques-
lions regarding gene expression.

The Organization of DNA in Eukaryotic Chromosomes

The Organization of Genes

Unlike the single DNA molecules that muke up prokaryotic
genomes, eukaryotic genomes are divided into separate chro-
mosomes, There are many more subtle dilferences as well,
Frequently, prokarvotic genes with relaied functions are
clustered on the DNA. and a single promoter in front of
the Iirst gene of the cluster controls expression of the entire
group. This kind of arrangement is rare in complex orgun-
isms, Genes with coordinated functions are sometimes close
together on ehromosomes. but often they ure dispersed.,
even {o separate chromosomes. For example, the genes lor
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the 1w separate globin chains. a« and 4. are on different
chiromosomes, humin chiromosomes 16 and 11, respective-
Iv. Yeu, hotit musy be made in the sinne red blood eells and
at the sume tinve it complete hemoglobin is to be produced.

We do not know vet bow eells eoordinate the expression of

disperrsed genes.
Another sieiking chitracteristie ol cukaryotic DNA is
redundaney. Numerous DNA sequences are repeated, more or

less prrecisely, anywhere from two o millions ol times, Some of

these repeated DNA segments are known (o he genes, oth-
ers are suspected of being genes. and still others [see below)
have no known or suspecied function at all,

The repetition ol some genes is correlated with the need
to produee Lirge amounts ol 1he corresponding gene prod-
wet, Histanes, the proteins upon which DNA s first wound
in ehromania, ure cequiced by all eells and in special abun-
danee in eells that are rapidly dividing (and thus rapidly
syinhesizing new DNAJL Histone genes are repeated i most
species: about 100 times in the Drosophila genome. about
LO timies in liunans, and over 000 (imes in the genome of o
particular newt, The o -globin gene itsell s repeated twice.

Sometimes, the edpics of repeated genes are not precisely
the same but differ in o few base pairs, therehy giving rise
10 slightly different proteins that are produced in different
tissues or at different times in development. The regulutory
sequences surrounding members of these gene families dil-
ler markedly, allowing tor independent regulation. For exam-
ple. there are in et five globin genes ol the g-type (figure
R]: one is eapressed corly in emhryenic development, two
during the gromth of the fetus, und two are expressed in

- agdults. The five are elusiered together on chromosome 11

and they dilfer somewhat [tom one another. Carefully 1tmed
control mechanisms, presumably associated with distinet

promater regions, assuee the orderly tuening off and on of

these genes and thus the formation of globins suitable for
virious developmentit] stages. The nature of those mecha-
nisms remains to he discovered.

Dispersed throughout genomes as diverse as those of

Drospphifa. yeast. mouse. and human are families of repeated
sequences whose functions are unknown. Family members
range anywhere Irom a few hundred base pairs 1o several
thousand base pairs in iength and oceur hetween genes and
i introns. At least some of themn are Lranseribed into RNA, 5o

65.000 base pairs

\ N\ / \ /

Embiyonic Fetal Adult

{3-globin A-globin
geng gengs

§-globin
genes

Coding sequence ID intron
Figure 8
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they may be genes, But genes Tor what lunction? And what
of those that are not transeribed? Wiat function. if any. do
they have! The awmount of DNA in these sequences is astonish-
ing; 14} pereeat or more of the human genome is composed
of such Tamilies,

Locating Genes on Chromosomes

Classical genetie experiments assigned the loeations of
miny genes 10 speeifie regions of particular chromosomes
ol Drosophiila. Bul only relatively Tew genes could he mapped
on mamnidian chromosomes. Now, pure cloned DNA sep-
ments are sed to locate genes on chromosomes, When
chromusames are treated with the pure segments, the seg-
ments home 1o the identical chromosemal DNA. This is
because the 1wo have the same base sequence and, togeth-
er. can form i douhle-helical DNA, Using radioactive cloned
segments, the location of the radioactivity is detected wn
the chromosomes, while individual chromosomes are dis-
tinguished by their charaeteristie shapes. Another useful
technique atilizes separate populiions of. for example, mouse
cells, cach ol which contains a partial subsct of the human
clromasomes as well as all of the mouse chromosomes.,
Many such hybrid cells have been prepared und are grown
readily in laboratory dishes. Only the cell pepulation that
includes the human chromusome currying the gene in ques-
tion will become radiouctive when treated with the cloned
gene segment. Often, it is possible 10 loculize the gene ina
particular vegion of its chromuosome. The list of genes whose
location is known is growing daily and can be expected 10
inerease in the next few years. This information is impor-
tant for understanding 1he history of human chromosome
construction and to uid in the diagnosis of genetic diseases
associated with aberrant chromosomes.

Genomes Are Not Static

Among the programs included in DNA are some that pro-
vide for the lormation of aew combinations of genetic infor-
mation. In recent vears, we huve learned that there are
many different programs for rearringing DNA and that
they operate much more frequently thin previously supposed.

Reassortment of genetic information occurs in several
wivs. All cells in eukaryoles except eggs und sperm contain
(wo copies of cach chromosome: the eggs and sperm con-
Ltain anly one copy of each. At lertilizution. a duplicate set
is reinstiated. The new offspring receives one chromosome
of each pair [rom euch of its parents. When the new indi-
vidual nuatures. cach egg or sperm receives, ai random, one
menher of cach chromosomal pair, In this way, genetic
information is constantly shuffled within a species, but new
DNA molecules are not formed. Special constricted regions of
chromosomes called centromeres have long been known to
play u role in this sorting outl process. Recently, centro-
merie DNA sequences were isolated from yeast. When
included in appropriate recombinant DNA constructions,
these sequences act in yeast cells like true minichromosomes.
They replicate, and the duplicates are properly sorted into
two daughter eells on cell devision.
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The unpaired slinomasomes inepgs ad spern are re-
quently notidentical to the ones received from the originagl
parent. During the process ol maturation ol germ line eells,
putred chromosomes often interchange picees [figure $). OF
course, the two members of a pair of chromosomes are
overw helmingls demical [or homologous), Batoif any mua-
tions or infreguent gene Torms are present on the inster-
chunging picces. it nes combinution of genetic information

Y Sperm

Hew organism

|

New eggs Or sperm
with combination

New eggs or sperm

without recombination

Figure 9

is produced. This kind af’ interchange is called homalugous
recombination and its chemical mechanism depends on the
near identiy of the DNA moleeules on puirs of chromo-
somes. This type of recombination was discovered carly in
this century and it became the primary tool of classical
zenctie analysis,

Figure B shows some additionul recombination mecha-
nisms. Delerions of DNAL amplification of particular seg-

Homolegous C 1 {_- l:-j
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Each bar is a segment of a DNA melecule

Figure 10

ments o mubtiple copics, Insertions of @ segment or a cops
of wsepment Trom a distant region of DNA, and inversion
of DNA segments have heen analveed ot the moleeular
level. Huwever, neither in these cases nor for homologous
recombination is the actual chemical mechamsm known,
Covalent chemical bomls must he broken and new ones
formed. How does this oecur? What ensymes and proteins
are involveld! The nest Tew vears should hring intensive
work on these guestions,

Movable DN A Segnremts

The discovery of DNA segments that move about from
one place to another in genomes (hy insertion] warrants
spevial attention. The existence of movabie clements was
lirst suspected more than 3 years age, on the basis af
classical genetie experiments with corn, This property of
DNA has now heen demonstrated at the molecular Jevel in
bueterin. yeast. and Drosophila. There is good presumptive
evidenee that it oceurs in afl species, including man, Most
often, special DNA sequenees do the moving. Muliiple
copics of these DNA segments are spread throughow
genomes and their own base sequence somehow bestows
the ability to jump from one plaee to another. In some
cises. it is @ copy of the unit that moves. leaving the origi-
nul in plaice. The arrival of 0 movable element in a new
pusition resulls in o mutation if a coding sequence or a
regulatory clement is interrupted. In bacteria. movable
elements sometimes bring along excess buggage in the form
ol neighboring genes. This is one wity to gencerate duplica-
tions of a gene. Probably the same is trie in eukaryotes,
although the facts are not clear, This rather astonishing
property of DNA is attracting much attention. Possible
mechanisms to explain movement ure being tested. But,
most of afl. we are curious to know whether the elements
serve any purpose busides being rambunctious. and also
how frequently they jump about.

Reconibinarion May Play a Role in Evolution

Biolagical evolution is usually thought of in terms of
fossils and changes in the shapes of structures, but it must
refleet the evolution ol genomes. Changes in DNA provide
the variation upon which natural selection operates in evo-
letion. Mutations are caused at random not only by ¢xter-
nal environmental inffuences such us chemical carcinogens,
or X.rays, or by such internal processes us mistakes during
DNA replication. but also by deletians, amplifications. and
insertion of movable segments. In the past, mutations were
generally detected as odd external characteristics or as faulty
aene products—proteins that work poorly. or not at all, or
are not made. Some mutations are of minimal consequence
to the organisn. but others cause lethal genetic diseases.
ke some of the thidassemias described earlier, Naw, recombi-
nant DNA weehnigues allow a direet look at the structure
of DNA within and around specilicd genes. Geaetie dis-
cases can be diagnosed in this way. And, 1o our surprise,
even the DNA ol appureatly normal individuals of a single
species varies a great deal, especially in noncoding regions.
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In many cases. the variation is the resub of deletions and
amplifications of small regions of DNA. It is not euasy to
know what “normal’” DNA is. Arc the vanations of some
subtle consequence 10 the organism and 0 evolution? Proba-
bly. the answer will be “yes and no, depending.” but the
next Few years surely will see increasing attention focused
on the extent and significance of variation, especially in
human DNA.

Examination of the structure ol refated genes has already
shown that new genes arise by amplification of existing
genes: that is, by formation of two or more copies of what
was a single gene, The multiple g-globin genes (figure 8) are
a case in point. Their structures are too similar to have
arisen separately; the more reasonable conclusion is that
they share a single common ancestor. Not all genes with a
common anecestor are clustered together: some have moved
o distant positions on DNA, perhaps by means of mov-
able clements.

If there are two or more copies of an essential gene, the
extra copies arc free to coilect mutations since the required
function is maintained by one copy only. Sometines these
changes lead to a slightly altered function and, in this way.
new genes can arise. There are examples beside the globins,
Actin is an abundant protein required for all movement in
living things, including muscle contraction and perhaps the
separation of chromosomes during cell division. Four or
more genes for actin occur in vertebrates, Some encode
muscle actin, while the others encode slightly different actins
used specifically for intracellular movement. More distant
relationships can be discerned between genes for insulin
and several other seemingly unrelated hormones. The fact
of gene duplication is confirmed by the existence of differ-
ent numbers of the same gene in different organisms: there
are. for exumple. two insulin genes in rats and only one in
humans.

Considerations like these. and others, mean that ideas
about evolution are themselves evolving. Genomes can
expand. contract. and rearrunge information as well as be
changed by simple mutations. It is easier now Lo imagine
how genomes may have been constructed and altered. lead-
ing to the formation of new species.

DNA Rearrangements and Disease

These comings and goings of DNA segments are of much
more than academic interest. Increasingly. it appears that
rearrangements in DNA may prove to be a common ele-
ment in the diverse causes of tumors, including chemical
curcinogens and viruses. Although human tumer viruses
have proved elusive (several are tentatively identifted). such
agents are known to affect many vertebrates. After infect-
ing a susceptible cell, the genomes of tumor viruses are
inserted, like movable elements. into the cell genome (Mg-
ure 11): indeed. the structural orgamization of the viral
DNA is remarkably similar to that of some well-known
movable elements.

Armong the genes carried into the cell by the virus, there
is frequently an oncogene. Oncogenes encode proteins that
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alter cellular funciion drastically and wrn the cell into an
oncogenic cell, thus stariing a tumor. But other lumor viruses
carry no oncogene at all and, while they are less efficient at
causing tumors, they, too, insert their DNA into the cellular
genome and are weakly oncogenic (figure 11}. Chemical
carctnogens. 0o, cause tumors without introducing new
genes, .
What is common to these different situations? Important
clues may be provided by one recent discovery: the oncogenes
of tumor viruses exist in cells cven without the virus. They
are normal cellular genes. In normal cells,'it may be that
expression of the oncogene is modulated to avoid excessive
production of its protein product. But the invading copy
on the tumor virus DNA is regulated by viral control sig-
nals, not cellular ones. An excess of the gene product would
then be made and interfere with the delicate balance on
which normal cell function depends. What of the tumor
viruses that huve no oncogene? They do contain regulatory
signals. It appears that on some occasions these DNA regions
are inserted in such a way that they take over the regulation
of the cellular “*oncegene.” Similarly, it is not difficult to
tmagine a chemical carcinogen or X-rays contributing 1o
aberrant regulatery signals. The net result may often be
similar: excess oncogenic protein and physiological imbal-
ance leading 10 2 wmeor cell. Siill, chemical carcinogenesis
and cancer itself are complex, mulustep phenomena and
are surely more complicated than this simple model implies.
These results provide a substantial new approach 1o a
critical medical problem. At this stage. they raise many
new questions, including how Lhis new knowledge can be
used to develop clinically yseful techniques. It is also inter-
esting to think about how a virus and a cell come to share
genes. Perhaps an ancestral form of the virus recombined
with ceilular genes during some early infection, picking up
the oncogene by chunce in the process. As always. such

- -~interesting problems aitract research activity, and the near

future surely will bring much more information.

Using Recombination as an Experimental Tool

Animal DNA segments or replicas that have been puri-
fied and amplified by recombinant DNA techniques are
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Liken up by annwal cells growing in laboratory dishes. Inside
the cells, the DNA frugments recorbine with eellular 1NA
and beeome a permanent part ol the genome: they are
passed on to daughter cells and their genes are expressed.
Appropriate genes added in this way overcome the defects
o1 mutant genes within the original cell genome. By ultering
promoter signals, or splicing sites in the cloned DNA, rc;;ula-
tory mechanisms ean be investigated while the genc is resi-
dent in ehromosomes. This 1ype of experimient provides a
made! for approuches to therapy for genetic diseases. Already.
foreign genes have heen incorporated into the genomes of
fertilized mouse eggs und the expression of the gene observed
in the progeny {sce also the diseussion of the Ti-plasmid in
chapter 2.

Yery recently. these techmques provided important insights
mto tumor cells. Tumor cell DNA isolated from human or
moetse tumors converts faboratory cells growing in dishes
to tainor cells, The DNA segments responsible Tor this
oncogenic trunsformation were purilied by moleculur clon-
ing. The results so Tar suggest that specific DNA segments
are oncogenice in dilferent tissues. For example, the same
oncogenic DNA (ragment is isolated from tumors of the
colon derived from different humans, Furthermore, several
such DNA sepments are known to be related to the oncogenes
already idemified in both tumor viruses and normal cells
{sce above], Are there many different normal genes that
can turn oncogenic. or is there only a smalt group of such
geaes? Whatt proteins are encoded by these genes? These
experiments have ercated much excitement and have raised
many new questions 1o be probed by the tools of molecular
aeneties.

Recombination in the Control of Gene Expression

The recombinational events deseribed so far have a sub-
stantial element of randomness. The processes encoded in
DNA make them possible, but whether or not a particular
new arrangement of DNA molecules oceurs seems, to a
large extent, to be a matter of chance, Other recombina-
tionul events are specifically directed by progriams in DNA
and play a eritical role during the life of an organism. The
most dramatic, bul nat the only. exitmple is the serics of
events that leads to the formation of antibodies, the pro-
teins that protect (or immunize) humans and other verte-
brates from foreign agents such as viruses, bacteria, and
even cancer cells. For 30 years. the immune system has
been a naigging puzzle. How could a genome of finite size
and apparently fixed structure encode a seemingly infinite
number of proteins, each a specific antibody, to some for-
cign material that the organism had never encountered before?
Data on the structure of antibody proteins themselves gave
some clues, but only when genes for antibodies were cloned
and ¢haracterized did the answer emerge.

While a great many questions remain and are being stud-
ied actively, the major outlines of the explanation can be
stated. In essence, the genes for formation of antibodies do
not exist as such in garly embryos. Rather, the several DNA
segments needed to construct antibody genes are present

bat are not contiguous, Also, there are maltiple bul not
identical copies of some of the segments. Later in develop-
ment. the dispersed scgments are joined together hy recombi-
nation in those cells {lymphoevies] that manulaeture anti-
bodies. Lach developing lymphoeyte assembles a dilferent
set of DNA segments, thereby constructing a distinetive
gene. 11 then multiplies to form a clone of cells, cach of
which can produce the same distinetive antibody, Many
different families of fymphocytes patrol the organism, vach
providing protection against a different foreign invader.
Three or four different coding regions are needed 1o assemble
the gene for cach of the two purts of an untibody protein.
Given the muftiple hut not identical copics of these regions,
muny dilferent combinations are possihle. It is estimated
that about 18 billien different antibodies [in mice, and a

" similur number in humans) can be made. This extraordi-

nury discovery tells us two importunt things. First, the abun-
dunce of specilic antibody responses is no longer & mystery:
with a relatively small amount of DNA devoled 1o the task,
vertebrates are prepared to combat almost any invader.
Sceond. the old dogma thut the DNA in every cell of a
complex organism is exactly like the DNA in the fertilized
egg from which it arose is incorrect, at least for lympho-
cvtes. Similar programs for reshulfling genes are used in
other orgunisms.

An interesting example is the way in which trypanosomes
evade the immunotogical defenses af the humans and domestic
animals they infecl. Trypanosomes are protozoan parasites
widely prevalent in Africa that are spread by tseise flies.
Like some other serious parasitic diseases, irypanosomiuasis
hus a cyclical churacter; the diseuse repeatedly flares up,
quiets down, and then flares up again. At first, antibodies
1o the protein that covers the surfuce of the trypanosome
are formed by the immune sysiem and infection is con-
quered. Then, a new group of trypunosomes multiplies.
The latter trypanosomes are unaffected by the prior anti-
bodies because they have disguised themselves with a new
protein coat, How? There is a family of more than 100
genes that encode different coat proteins und. when one no
longer protects the parasite, it switches over and uses
different gene for a new coal protein. The switch involves
moving the new gene [or a copy thereof] into a distinet and
active position in the genome. These genes. like cassette
lapes, dre normally quiet when held in storage; when they
are moved 1o the active position (like a tape player], they
are wurned on. At a later time, the aclive gene is replaced by
a new insertion und the process is repeated. A related mecha-
nism determines the mating-type (or "sex”’) of yeast cells.

These examples show that evolution has put recombina-
lional programs to work in normal processes. Natural selec-
tion is opportunistic, and we should not be surprised at the
profusion of mechanisms it adepts. How frequently is recom-
bination used to regulute gene expression? There are thou-
sunds of programs and organisms that arc uninvestigated,
and each has evolved to meet the challenges of its environ-
ment. We can expect that they exploit fully the opporiuni-
tics provided by recombination, a
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Development and Ditferentiation

Pevetopmental bisdogy secks to umbersiand the mechanism
hy which a single Tertilized cag develups in an orderly and
progriammed nunner into i comples cukarvote constructed ol
individual. highly specialized cells und tissues. Bees build
bechives and men build airplones, but (hese constructions
are abmost trivial compared 1o the comples job of building
a living organism. Tining is a critical tuctor in develop-
ment: cach event must foltow properly those that precede it
il the finul product is to be correct. Place is also essential;
specific metabadic capacities are called foreh in parliculur
tissues, and anatomicat leatures develop in precise loea-
tions. Onc of the outcomes of development is difTerentiation—
the specializition of some cells to perform certain jobs in
certain places. Bruin cells are needed in the brain, liver cells
in the liver, light sensitive ceells in the eve, and so lorth. As
with so many other problems in hiology, molecular genet-
fes is heing used to probe deeades-old. even centuries-old
questions abont deveiopment and differentiation.

DNA encodes the developmental program. Known muta-
tions are associated with the cessation of devefopment or
with peculiar ditferentiation. Drosophifa, which reproduces
rapidly and develops quickly from external egps in well-
defined siages. is un ideal organism lor these studices. Sea
urchins und, among vertebrates. the toad Xenopus are also
convenient experimental animals.

The overall estublished principle is that some genes are
turned on or oft or modulated at precise times during devel-
opment or in some particular differentiated tissue. We have
already described the five g-globin genes and how they are
expressed at different stages in human development. The
story of antibody gene assembly illustrates a process of
differentiation: the Ivmphogytes become highly specialized
factories for producing a single type ol antibody. 1n cells
that are differentiating into muscle tissue. a whole set of
genes for specific musele proteins is turned on, The same
genes remain silent in other kinds ol tissues. Current work
on these and other systems is concentrating on the regula-
tory seguences that {lank the genes in DNA, Are there

The Genetic Prograwm of Comples Organisims 1|

special DNA signals preceding musele genes? What hio-
chemical events trigger those signals to permit gene expres-
sion al the right time and in the right place?

In kegping with the great fexibility of DNA in supplying
the needs of organisms, gene expression also is modulated
by very different means. In Drosophila and Xenopus. some
gene products are required ot very high levels at certain
developmental stages. Their supply is amplified, not hy
increasing rates ol transcription, hut by 4 transicnt urnplify-
cotion of the number of copies of the genes.

One of the most exciting current efforts is beginning to
unravel the relation between specifie genes and the anatomical
feanures ol Drosophifa, Clussical genctic analysis identified
sets of genes that control the normal devefopment of wings
and legs on the y's thorax as well o8 speciul structures on
the abdomen. Miutations in these genes result in peculiar
MMics. Sometimes, normal appendages are missing: sometimes,
one appendage appears in the wrong place: sometimes,
appendages are addly shaped, Now we know that these
gene sets are clustered on one Drosophila chromosome in a
region at least 200,000 hase pairs lond. Molecular cloning
hus viclded pure DNA segments corresponding 1o a large
part ol the region, and various genes have heen located.
These studies should help us Lo undersiand 1he way in
which specifie proteins direct interactions between cells and,
ubtimately, the formation of the characteristic anatomicaj
features of animals and plants.

Aging can be thought of as part ol the developmental
continuum. Investigation of development at the molecular
level has provoked many new hypotheses about aging. Actual-
ly. we do not know whether the key to aging lies in DNA or
in other biochemical changes. 1T it lies in DNA, we must
ask whether there is an intrinsic program directing the cvents
associated with aging or whether it results from aceumu-
lated random changes in DNA. Is it possible, for example,
that accumulated reassortmaents of DNA by recombination
contribute o the deterioriion of critical metabolic systems?
Active investigation of those and other ideas can be expected
in the next few years,

Outlook

Until the early part of the 1970%s, the direct study of the
structore of genes was essentiafly limited to the DNA of
bacteria und viruses, and even that was restricted. The sheer
complexity of the DNA of planis and animals, some mil-
lions of times lurger than that of simple viruses, precluded
more than o glitnce at its organization and a few hints at
how it functioned. We knew that the vast genetic svstem
encoded in DNA included the information stored in genes
in the form of the genetic code. We also knew that other
DNA segments were important in regulating the time and
the place in Lhe body where the genes yield up their infor-
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mation in the form of the proteins that account for the
structure und metabolic capabilities of cells and organisms,
But we were stymied. Then. with the development of recombi-
nant DNA techniques and, comemporaneously, greutly
improved methods for the manipulation of DNA molecules,
the picture changed dramatically. As a resuli, we have learned
a great deal about the DNA of planis and animals. includ-
ing mun. We have been surprised to learn how differem
these complex organisms are from bacteria. For one thing,
the genes in complex organisms are interrupted by other
extraneous segments of DNA. Somchow, before the gene
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cant [unction, these interruptions must be removed and the
scparite pivees of the gene spliced together, For another,
the DNA segments thai turn genes on and off al particular
times and in particular places in the body are very complex,
oflen being composed of several modules that are not even
close ngighbors of the gene or of one another. And it now
seems that genes themselves make up only a partion of the
DNA. As much as 20, 530, or even 90 percent of the DNA in
diiferent organisms has no known lunction as yel. und
perhaps none at all,

Thirty years ugo, genctic experiments with corn hinted
that some parts of the DNA migh( be in flux, with DNA
segments capable of moving about from one place 10 another
in these lurge molecules. Now, we know that this is a gen-
critl phenomenon and. in some cases, the events have been
studied at the malecular level. Yet, we do not know the
biochentica) mechanisms involved in the movement, nor do
we understand the implications of these jumping DNA seg-
ments, That great biological process, the development of 1
full plant or a complicated animal from a single cell, is now
thought of as a precise program in which dilferent genes
are turned on and off in orderly fashion at different vmes
and in different kinds of cells. In the case of antibody
formation. the developmental progrum incfudes precise rear-
rangernents of the DNA scequences themselves.

ANl of this new knowledge raises more questions than
ever, As tsual, in science. the most important outcome of
th new knowledge is the revelation of unsuspected levels
of ignorance, The next live years are likely to see progress
in understanding splicing. the significance of movable ele-

menls, and the signals that turn genes on and off in response 1o

~genetically programmed changes or altered ecllular envi-

ronments. These processes are of much more than academie
interes(. Increasingly, it uppeirs that the proper regulution
of gene aclivily is Tundamental 1o bealthy organisms, be
they crops, important animal lood sources, o human beings.

Increasingly. it also appears that rearringements in DNA
may prove to be a common clement in the diverse causes of
tumors, including chemicul curcinogens and viruses, Single
genes vhat cause 4 normal ecll to turn into o tmmor cell are
being studied. Many of these are a normal part of human
DNA. What regulatory changes secount [or the conversion
of i normal gene 10 @ tumor gene? We are coming Lo under-
stand that many diseases often have heritable components—if
not the diseases themselves then a propensity toward them,
or an inability to defend the body against them.

The past decade has been marked by an extraordinury
pice of accomplishment. The technigues ure in place and
are being improved constantly. Many of the questions that
necd probing are clear. The next five years will provide
some ol the answers and will surely reveal & new generation
of questions. At the same time. the new knowledge will be
turned (oward imaginative solutions for long-standing prob-
lems. New and better chemicals for manufacturing will be
produced, ncw and better drugs and vaccines will be manu-
fuctured, new and improved planis may be developed, and
diagnosis ol diseases will be improved. With understanding
also may come improved treatments for diseuses that have
resisted past efforts.
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of Plants

The Molecular and Genetic Technology

The recent and ready availability of tools and techniques
for studying how genetic information is stored, expressed,
shuffled. and passed from cell to cell has created an excite-
ment among plant biologists that could not have been imug-
ined five years ago. This excitement centers on the ever-
increasing possibility that. as more details of plant genes
become elucidated. new. faster, and less expensive ways of
breeding crop plants suitable for changing demands and
conditions will be discovered.

Foremost among the changing demands is increased pro-
duction to support the growing population. It appears that
some of the gains in production will have to be accom-
plished on marginal lands—Ilands that are too hot, too dry,
too salty, or too polluted for our major crop plants. Sue-
cessful-use of marginal lands will require the adaptation of
major crops to these harsh conditions and the adoption for
cultivation of some of the underutilized plants, for exam-
ple, grain amaranth and the winged bean. It is not at ail
certain that traditional crop-breeding practices can keep up
with the rapidly changing demands on plants: after all, the
great success of modern agriculture is based largely on
crops that have been known and cultivated for thousands
of years. Therefore, it is of great interest that the inquiry
into the molecular details of plant geneties has reached a
stage where application of the new knowledge and the new
technology to help plants adapt to these demands seems
within reach.
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To see how the new technology apb!iés to plants, it is
necessary to understand the arrangement of genetic infor-
mation in plants.

THE PLANT GENES

General

A green plant carries its genes in three compartments— the
nucleus, the mitochondrion, and the chloroplast. In gener-
al, the plant cel! {figure 1} has one nucleus. This nucleus
may carry one, two. four, or more copies of its genetic
information. Thus, it is said to be haploid, diploid, tetra-
ploid, ete. Each cell has from tens to hundreds of mito-
chondria and each mitochondrion carries several copies of
the mitochondrial genome. Each cell has from one to tens
of chloroplasts, and each chloroplast hizs several copies of
its genome. For the proper functioning of a cell in division,
growth, and development, the replication and expression
of these three genomes must be coordinated. A brief de-
seription of each genome follows.

The Nuclear Genome

Intuitively, one might expect the amount of nuclear
deoxyribosenucleic acid {DNA] per cell to be proportional
to the complexit: of the species in which the cell resides.



Q

E

PAFullToxt Provided by ERIC

RIC

id4 The Five-Year Outlook

Fd
\\
Mitochondria N
o i *‘ ‘./
T, Vo O

T~ Chloroplasts

Nuclgus

Nucleolus

Celi wall

Figure 1 A drawing of a corn plam cell [Zea mays) with the compo-
nents identified. This cell is typical of those surrounding the conducting
tissues [xylem und phloem) of plant veins. Two of the organelles involved
in encrpy production are visible—the chioroplasts and mitochondria. These
bodies, along with the nuclens. contain the plant’s genetic information.
Saurce: Perer H. Raven et al. Biology of Planis. Third edition, New York:
Worth Publishers, Inc., 1981, p. 15,

But this is enly roughly true. Animals, in general, have | to
5 picograms (pg) (10-'2grams) of DNA per haploid nucle-
us, but some salamanders have as much as 100 pg. Plants
have up 10 300 pg of DNA per haploid nucleus, but the
range in the flowering plants is from less than | to 200 pg.
In both ptants and animals, only | to 10 percent of the total
DNA is required to account for all known functions of
DNA. Much of the total DNA consists o7 sequences tens
10 hundreds of base pairs long that are repeated hundreds
to thousands of times and have ny known functions. (See
chapter 1 for a further discussion of this “excess™ DNA
and for an explanation of “*base pairs.”]

Most of the genes that code for specific proieins are
present as a single copy or a very small number of copies.
However, much of the single copy DNA is not transcribed
and may have no function. Those single-copy or few-copy
sequences of DNA that do code for proteins may be inter-
rupted by noncoding sequences—introns. For example, the
gene for at least one of the components of the leghemoglobin

.of soybeans, a protein in nitrogen-fixing root nodules (which is

refated to the ancestral globin gene of higher animals], has
three intervening sequences. Two of the introns are located
in almost exactly the sume place as the two introns in tbe
genes for the mammalian hemoglobin. The gene for the
bean storage protein also has intervening sequences. In
both cases the sequences correspond in several ways to
analogous regions in mammalian genes. The challenge is to
understand the way in which these intruding introns are cut

out in transcribed ribosenucleic acid {RNA) molecules and
how the freed ends rejoin to make a complete message for
the synthesis of a proiein.

The Mitochondrial Genome

Comparative studies of single-celled organisms, fungi,
higher planis. and animals show that mitochondriat DNA
is functionally conservative; that is, it encodes essentially
the same genes in all organisms examined. These include
the genes for the ribosomal and transfer RNA components
of the mitochondrial protein synthesis system. three subunits
of cytochrome oxidase, the apoprolein of cytochrome b,
and one subunit of the adenosine triphosphate (ATP) syn-
thase complex. These last three components are proieins
central to cellular respiration. Although there is an abso-
lute requirement for the expression of these genes in the
biogenesis and functioning of mitochendria, most of the
protein components of mitochondria are ceded for by nu-
clear genes, synthesized in the cytoplasm. and assembled
along with the components made in the mitochondria to
complete the mitochondrial structure.

In view of the functional conservatism of all of the mito-
chondria examined, it was surprising to find that the struc-
ture of the mitechondrial genome varies greatly among the
major groups. The mitochondrial genome of vertebrates
and invertebrates is a S-micrometer (um) circumference of
about 15,000 base pairs of double-stranded DNA, that of
baker's yeast a 25-um circle of 75,000 base pairs, and that
of higher plants ranges up to 200-um circles, or up to 650,000
base pairs. In addition, in higher plants, the DNA sequenc-
es are nol the same in all of the circles. Therefore, the
complexity, or the potential amount of information, is sev-
eral times greater than would be expected if all circles were
identical—as is the case for the yeast and animal mitochondri-
al genomes. It is important, then. to understand more about
the structure and expression of the piant mitochondrial
genome.

It has been found that the genome for yeast mitecheon-
dria contains intragenic and intergenic sequences that are
not present in animal mitochondria. The coding segments
are separated by noncoding sequences. Also, the number of
introns in genes that code for some of the mitochondrial
proteins varies from strain to strain of yeast. In contrast,
mammalian mitochondrial DNA is a model of efficient
information storage. The genes abut one another, with few
or no intergene sequences. There are no introns.

In addition to this tremendous diversity among the major
groups, there are differences—usually smaller—among closely
related species which indicate that some features of the
mitochondrial genome are changing more rapidly in evolu-
tionary time than analogous features of the nuclear genome.
As more and more details of the mitochondrial genome
become available, there is renewed interest in examining
these details for evidence of the postulated bactenal corigin
of the mitochondria. Strong evidence for such an origin
comes from analysis of the base sequences of the small
ribosomal RNA subunit of wheat mitochondria. A much
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greater similurity in seqguence ta the snnll ribosomal RNA
of bucteria than could be expected by chanee is shown,
Furthermore. this similarity occurs in those sequences that
are most conserved in the evolution of the bacterial ribo-
somab RNA. Detenmination of the complete sequence of
the plant mitochondrial genome [the anins Al mitochondrial
genoime is already completely sequenced] would contribute
greatly o ideas about the possible origins of mitochondria,
However, beciuse of the large size of the genome, this
would be 1 monumental ask.

The mitochondrial genome for maize is of special inter-
est because 0 some lines it carries the information that
citlises evtaphasmic male sterility. In the past, these lines
were a boun for the hybrid seed corn industry because they
climinated the necessity for expensive hand detesseling, How-
ever. ance of the lines. the T {for Texas) male sterile steain, is
suseeptible to the toxin of Helminthosporiion maydis—ihe
Southern corn blight. An epidemic of this disease led 10
nearly disustrous [usses of corn in several states in 1970 and
1971, )

The Chloroplast Genome

In the chloroplast genome of higher plants. the DNA is
double-stranded in u closed circle of 40 to 46 um. ybout
135.000 10 150,000 buse pairs. Although each chloroplast
usually comaing tens of DNA circeles. every cirele contains
the same DNA sequence. in contrust to the complexity off
the plant mnochondrial DNA. The chloroplast genome
codes Tor perhaps 100 polypeptides. b also codes lor the
transfer RNA's, the ribosomal RNA’s, and some of the
elongation factors of the chloroplast protein synthesis sys-
tem. Many of the proteins that make up the chloroplast are
coded for in the nuelear genome. Thus, as in the case™ofl
mitochondriit, assembly of a chloroplast requires consider-
able coordination in the expression of the nuclear and chloro-
plast genomes. For example. the small subunit of the pho-
tosynthetie carboxyluse is coded lor by the nucleus and
synihesized in the eytoplasm. The lurge subunit is coded
for by the chloroplast genome and synthesized in the chlo-
roplast. The small subunits must be transported from the
cytoplasm into the chloroplast, where eight of these small
subunits associate with cight of the large subunits Lo make
the functional carboxylase.

Maize and other C, plants are species that have evolved
a special metabolism for the more efficient use of water and
sunlight. In such plants. there are two distinet morphologi-
cal types of chloroplasis—one in the bundle sheath cells
and one in the mesophyll. Although the genomes of the
two kinds of chloroplasts are identical. apparently the genes
expressed are different in the two cell types. Also, the time
of expression of these genes is determined by the develop-
mental stage of the leaf. The metxbolism of the C; plants
has attracted much auention because of their high photo-
synthetic and waler-use efficiency as compared with most
crop plants. Similar attention is being given to control of
the development of their chloroplasts.

As alreadr mentioned. traditional breeding programs for
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crop improvement obviously have been successful and ure,
even it the present, our only certain way to further im-
provement. However, it now seems that we will soon learn
Just how plant gene expression is controlled. At that point,
we can be cautiously optimistic about the possibility of
using this knowledge to transform existing crop plants di-
recily into planis that yre more resistant to stress, more
productive in marginal areas, more resistant Lo disease, und
s0 forth.

TRANSFORMATION WITH
AGROBACTERIUM

There is particnlar interest in the possibility of transform-
ing higher plants by using one or more single gene {raits
thiat would alter the plant in a direction chosen by the
investigator. One sojl-borne bacterium, Agrobacterium
tumefaciens, is already successful at transforming plant tis-
sue. Crown gall disease arises when Agrobacteriumi tumefaciens
injects some of its own DNA into the plant cells 3y wound
sites. The resulling cancerous growth of the plant cells at
the wound produces a gall. Such uncontrolled growth con-
tinues if a portion of the tumor is removed from the plant
and placed on 4 simple nutrient medium. Most cells from
normal or uninfected plants can grow on nutrient media
only if they ure supplied with the plant hormones auxin
and cytokinin, The abnormal growth of crown gall tissue
continues even ulter these bacteria in the excised tumors
are killed. [t was first suggested in the 1950°s that this
altered pattern ol growth—transformation—was caused by
a tumor-inducing principle that passed from the bacteria to
the plant cells.

We now know that the tumor-inducing principle is a tiny
segment of DN A containing several bacterial genes that do
not appear (o be expressed in the bacterium. Infectious
strains of Agrobacterium tumefaciens conwain large circular
DNA molecules (see chapter | Tor a discussion of gene
structure) called Ti-plasmids—tumor-inducing plasmids.
These com prise 200,000 base pairs, enough information for
about 100 genes. About one tenth of the DNA of the Ti-
plasmid is transferred 1o the plant cell during the transfor-
mation process and incorporated into the plant’s genetic
information or genome, where it replicates during plant
cell division ulong with the usual plant genes. This foreign
bacterial DNA, T-DNA, also is transcribed along with the
plant genes into messenger RNA, and the messenger RNA
is trunslated into proteins. Thus, at least some of the bacte-
rial DNA carried in the T-DNA fragment of the Ti-plasmid is
expressed and is thought to be responsible for the pattern
of uncontrolled growth.

Why has the crown gall bacterium developed this trans-
formaltion system? The tumor cells produced by the system
not only proliferate wildly, but they also synthesize amino
acids not found in normal plant cells. These amino acid
derivalives, “opines,” are used as nutrients by the bacteri-
um. In addition, the opines induce conjugation, or sexual
recombination, of the bacteria. Thus, by introducing T-DNA
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into the plint auclear genome. the bacteria induee the plant (o
praduce not anly rapitly growing cells that provide the
space and the substrate for bacterial multiplication. but
also unique chemicals that enhanee the exchange of genctic
infonmation anong the bacleria.

Clearly, it s ol great imporerunce o determine Lhe exact
seyuences ol thase parts of the Ti-plusmid that are required
for tuntor induction. In that sequeice lie the signals that
enable the plant to recognize, integrate, and express the
foreign IDNA as well as signals that cause expression ol
scleeted plant genes. 11 it is possible to attach those signals
to vther genes of our choice, we should be uble to get the
plant 1o incorporate and express g pene related o improved
quality, productivity, or pest resistance. Even withowt exaet
knowledge of those signuls, DNA foreign to both the plant
cell nd the bacterivm has been inseried into the T-DNA.,
This additional IDNA is incorporated into the plant nuclear
genome along with the T-DNA. Up o now. however, such
DNA lias not heen expressed, Still, there is the exeiting
possibitity that the T-DNA can be used as o general vector
or vehicle Lo corry desitable genes into the plant.

TRANSFORMATION WITH
OTHER VECTORS

Veetors other than the T-DNA of the Ti-plasmid of the
crown gull bacterium are also of greut interest. One good
reason 10 seek out other veetors is that the host range of
Agrobacterium tumefaciens does not extend Lo monocoty-
ledenous plants such as grasses, lilies, irises, orchids. and
pulms. Therefore, no cereal grain can be wransformed by
Agrobacrerivn. However, as more is learned ubout how
promoters control gene expression in phants, it ntay be pos-
sible to widen the host range of Agrobacrerium.

What other vectors might be used 10 carry in new genes
to bring about desirable transformations? Current hopes
include the cauliflower mosaic virus, a small double-stranded
DNA virus of abou 8.000 base pairs that is easily cloned in
baeteria and has been completely sequenced. This virus is
taken up readily by plant cells of some species. In facl,
naked DNA separated from the protein components of the
virus particles can be used 10 infect plants simply by rub-
bing the DNA on some part of the plunt; the virus particles
then spread throughout the plant. The viral DNA repli-
cales in the nucleus. probably as a plasmid. It then pro-
duces. via messenger RNA, viral structural proteins.

Bacterial N A has been inserted into cauliflower mosaic
virus, and these modified viruses have been used 1o infect
plant cells. This bucierial DNA, which is foreign both to
the virus and Lo the plant cells, persists in the virus throughout
the viral replication cycle in the plant cells. From these
results, it 18 clear that the canliflower mosaie virus is a
poteatial candidate for introducing desired DNA sequenc-
es into plant cells. To realize this potential, the part of the
viral DN A that cuuses the disease in the plani would have
to be removed and the desired DNA sequences inserted in
its place. 1n addition. there are several other smail, double-

stranded DDNA viruses that dlso could be tried as vectors il
limititions are found in the carrier abilities ol cauliflower
MOsLC viTus.

Unlortunalely. the host runge of the cauliflower mosaic
virus and of other small viruses is nurrow. and veclors
derived from these viruses might have only o limited possi-
ble applicition Lo a few crop plants. Also, movement of the
viral DNA throughowt the plant is possible only when the
DNA is citcapsulated in protein. There is little room in the
protein capsid 10 udd foreign DNA to the virul DNA,

I addition to other unevaluated DNA viruses, there are
RNA viruses and viroids that might Jend themselves us
cacoiers. Iie some of the RNA viruses, a portion of the
genome cin replicate and spread in the plant without being
encupsidated; thus, the size of the added foreign DNA might
be unimportant,

Viroids {small, single-stranded, cireulir, unencapsidated
RNA molecules) are of interest in their own right. They are
the simplest pathogenic agents known. The potato spindle
tuber virus, for example, contains only 359 buses. Viroids
apparently do not code [or protein, and it is not certain
how they replicate or produce discase symptoms. Charac-
teristics which make viroids of interest us possible vehicles .
are that they replicate in the nucleus, they cun spread from

the ite of infeclion systemically and from cell o cell, and

they are trunsmissible through the seed (o the nexa generation.

The development of plant molecular vectors is still ru-
dimeniary, and our understanding of how plant transfor-
matlion occurs is even more so. Nonetheless, we can geL an
idea of what lies ahead for higher plants by looking at what
has been found in yeast. A leucine-requiring strain has
been transformed by cloned homologous yeast DNA. The
incoming transforming DNA integrates into the chromo-
somes and replaces the resident deficient gene. Exogenous
yeast DNA also can transform yeast host cells without
having the transforming DNA integrated into the yeast
nuclear DNA. Autonomous. replicating DNA elements have
been derived fromt yeast chromosomes. Selectable markers
ligated. or attached. to these elements wransform the host
cells with high frequency while remaining outside the yeast
chromosome. DNA sequences isolated from corn also will

" act as sutonomous replicating sequences in yeast. Perhaps

the most exciting behuvior of these sequences is their abili-
ty to link stably with centromeric fragments derived from
veust DNA to form plasmids that are maintained without a
setective pressure, These plasmids have been called “mini-
chromosomes.” and they clearly demonstrate that, at least
in veuast, it is possible Lo “*make” u new chromosome
deliberasely.

THE UPTAKE OF TRANSFORMING
DNA BY PLANT CELLS

Once suititble vectors carrying the desired information are
produced, they can be introduced directly into plant cells in
the lollowing way. Plant cells growing as a cullus on a solid
medium, in suspension on a liquid medium. or. in some
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cides. ohtained direedly from the leaves. are treated with
fungal enzymies that degrade and remave the eell walls withou
damaging the living part of the cell, the protoplast.

Under appropriate conditions. these nuked protoplusts
will fuse with other plant protoplasts. with spheroplusts
(bacterial cells with their walls removed}, with lipid vesi-
¢les. with liposomes (small droplets of lipid materiad that
can carry DNA within them). or with purificd forcign DNA.,
such us the Ti-plusmid. By such fusions, the plant cell has
introduced into it the entire gerome of another plant ecll,
the entire genotne of a bacterial cell, whatever kind of DNA
(or RNA]J one wishes to load into the liposome, or whitev-
cr kind of foreign DNA the protoplast will tike up. Proto-
plasts derived from some plunt species, notahly. carrot,
potato. tobacco, and petunia, will produce new walls around
themselves und divide (1) to form an embryoid that will
develop into g whole plant or [2) to form a callus from
which roots and shoots will det elop. A complete plant can
be produced from these roots or shoots.

The capacity of a singie cell or protoplust to regenerate
into u wholc plant is ealled totipotency, Such totipotencey is
retained by the eclls of many tissuen and organs of plants
and is incontrovertible evidence that differentiation of cm-
bryoniec cells into roots. stems. leaves, and other structures
docs not involve the loss of any of the information needed
to make a whole plant,

In principle, a sittgle plant protoplast can be transformed
with foreign DNA and o transformed whole plant regener-
ated from that protoplast, In practice, Tusions are induced
at random among millions of plant cells and millions ol the
selected carrier agents, By this meuans, erown gall has been
produced in tissue culture by infecting 10bacco cell proto-
plasts with whole dgrobacreriunt tumefaciens cells. by in-
fecting perininkle protoplasts with Agrobacterivm tumefaciens
spheroplusts. or by allowing protoplasts to take up the
Ti-plasmids. Calluses grown from these transformed cells
developed stems which, when grafted onto a sturdy root
stock, praduced flowers. The stable transformants contained
DNA sequences [rom the Ti-plasmid. Furthermore. when
sceds were produced by crossing the transformed plants,
the plants derived from the seeds. although not normal
plants, stll retained sequences from the Ti-plasmid.

THE REGENERATION OF WHOLE
PLANTS FROM SINGLE
PLANT CELLS

As indicated above, it may be possible to introduce into a
whole plant new genes attached 10 a carrier that can move
through the plant vo transform existing cells us well as the
reproductive cells that develop into the seed. For the pres-
ent and the immediate future. however. it seems easier to
attempt to transform plants at the cellular or isolmed pro-

loplast level. Although successful regeneration of a whole

plant from a single cell or from a single protoplast is still
more of an empirical art than a closely reasoned science,
gach year more species are added to the list of planms for
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which regencerition is pussible. U is disappointing tha there
has been little suecess with sumce ol our mujor crops. corn
and soybeuans, lor cxample. Howcver. other crop plants—
potato, allalfa. and carrol—can be regencrated from single
somatic [nonreproductive) eclls or feam single protoplasts
derived from somatic eells. In addition, ¢l cultures of
tobuceo, petunia, periwinkle, rose, and many other species
not of primary intercst with respeet to food and feed pro-
duction have been extremely accommaodating and useful as
experimentul spegics for the development of the tools, ech-
niques, and fundamental knowledge cequired to culture
some of the less accommodating crop specics.

The great’ German plant physiologist. G. Haberlandt,
fiest tricd to culture isolated plant tissues and orguans as
carly as 1902, Fe failed, but correctly attributed his failure
1o not being able to supply the appropriate nutrient media,
The idea that an isolated single ecll could be totipotent ind
regenerile into a whole organism dates to Theodor Schwann
in 1839, Following the discovery in 1928 ol the plant growth
hormone “auxin® {later identified as indoleacetic acid), several
scientists in dillerent countries in the 1930°s and 1940°s
successlully cultured isolated plant organs and calluses de-
rived from various plant tissucs.

In particular. totipotency wus achicved. in 1971, when
whole tobacco plants were successfully regenerated from
isolated protoplasts. the stage was set for today’s advances,

One of the most successful and sustained studies of the
regeneration of whole plants from protoplasts is the regen-
erittion of potato plants from the protoplasts of potato leaf
cells [see figure 2). Prowoplasts were obtained from thin
strips of leaves of Russet Burbank potatoes in solutions
containing cell-wall-degrading enzyvmes from fungi, As the
eell walls are degraded. the leaf cells liest fall away from
ciuch other: as the wall degradation continues, individual
protoplasts are lreed from their surrounding walls. After
being removed from the cellular debris and the enzyme
solution und placed in a suitable culture solution, some of
these protoplasts regenerate walls and begin 1o divide. grow,
and form calluses. After transfer to a different culture me-
dium. the calluses form shoots. Finally. after transfer to
still another culture medium. whole planis develop. Many
of thuse plants are wildly aberrant. probubly because they
are derived from protoplasts that have somehow lost a part
of their normal complement of chromosomes. Other vari-
ants retain most of the appearance and characteristics of
the parent plant and the full complement of 48 chromo-
somes but, nonetheless. are observably different from each
other and from the parent plant. These variants are ol great
interest because some of them appear to show increased
resistance 1o the fungus that causes early blight, while oth-
ers show resistance to the late blight fungus.

The plants derived from protoplasts also varied in wber
yicld. Although none has shown a greater yicld than the
parent plant vet, the expression of yield variation. along
with the reports of expression of possible increased disease
resistince, tells us that quantitative plant traits can be modified
by this technique.
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Figure 2 The cloning procedurz employed [o regenerate a complere
patato plint from a Jeal-cell protoplast is illustrated in this sequence of
drawings. Smal terminal feaves are firy removed fram a young potaio
phant §1). The leaves are placed in o selution containing a combinstion of
ensymes capuble of dissolving the ¢ell wall (2]. Apother substance in 1he
solulian causes 1he protaplasts 10 withdruw from the cell wall and 10
become spherical. 1therghy proweting the living protoplasm during the
disintegration of the wall §3]. Nexi, the isolaled protoplasis are transfer-
red Lo u culture medium (4). where they grow. synthesice new cell walls,
and begin to divide 15). Afler about two weeks' culiure, each protoplast
has given rise to a chump of undifferentiated celiz. called a microcallus (6).
The microcalluses are transierred 10 a second cullute medium. where they
develop inca full-size culluses (7). A1 this stage. che cells of the callus begin
w dilferentiate. forming a primordial shoot [8). The shoor develops ino a
small plant with rools in a third eultuee medium and is Lhen planted in soil
(9). Sowrce: Jumus F. Shepard. “The Regeneration of Poiao Plants from
Leaf.Cell Prowoplasts.”” Scientific American, Vol. 246, No. 5 {(May 1982).
p. 156. Copyright © 1982 by Seienlific American. Inc. All rights reserved.

The basis for the variation is now known. It is not likely
to be due to point mutation—a chunge of u single buse at @
single place in the DNA structure—because the Russet Bur-
bank potato is tetraploid and. therefore. each protoplast
would have had four copies of each gene. Alteration of one
of these copies would not be expected 10 have much effect.
Also. the frequencies at which these variants appear are
much greater than those of point mutations. even if the
mutation were dominunt or if the cells were haploid—having a
single copy of euch gene. There is a possibility that the
variunt property was present atready. but not expressed. in
the Ical cells from which the protoplasts were prepared. or
that its expression was not observable because the expres-
sion was in a single eell only. Such differencesin the somat-
i¢ cells ol @ plant might occur by mutation or by recombi-
niation, an exchange of DNA between homologous chro-
mosomes Jjust belore cell division.

Of course. it is also possible that the varianis are some-
how generated during the rather brutal removal of the walls 1o

produce protoplasts. or that the eulture conditions them-
sclves may impose sufficient stress Lo produce the variants.
Further. plants regeaerited {romt cultured cells and proto-
plasts have many chromosomal rearrangements which muy
be assnciited with the mobilization of transposuble elements.
These are picces of DNA that can move from one portion
of the nuclear genome 1o another and. when inserted at a
given locus. can control genc expression und cituse large-
scale rearrangement of adjacent DNA sequences. Regurd-
less of how the vuriants arise. they offer a great opportuni-
ty Lo study further how the expression of genetic information is
controlicd as well us o long-range possibility of shortcning
greatly the time required 10 find agriculturally important
vitriants,

THE NECESSITY FOR
SELECTABLE MARKERS

The great strength of genetic techniques that use isolated
protoplasts or suspensions of single cells is that one cun
deal with thousands to millions of individuals in one exper-
iment, Because mutations. even when purposely brought
about by mutugenic agenis. are relatively rare events. it is
helpful to be able 10 work with large numbers of individu-
als when one wishes 1o introduce variation by mutation.
Even when variation is achieved by introducing a new gene
through protoplast fusion with a liposome, only a small
[raction [{about one percent) of the protoplasts fuse suc-
cesslully, In such experiments, one would like to use selectuble
markers that would. when the cells were placed in a suit-
able medium, permit the growth of only those eells that
had acquiréd the new genetic information,

If one wishes to select mutants that are resistant tc tem-
perature extremes. extremes of pH, herbicides. toxins. heavy
metals, pollutants. ete., that condition itsell becomes the
selective agent. Only the survivors are of interest. For other
kinds of mutants. one must attach a selectuble marker to
the picee of DNA thit also carries the desired gene plus
whatever promoters are required.

One cluss of selectabie markers is eomposed of bacterial
genes that code for drug resistance. For example, Tn3, a
bacterial truansposon, a mobile piece of DNA conferring
resistance L0 kanamycin in bacteriu. has been used success-
fully as a selectable marker in yeast and in higher plant cell
cultures as well,

Similurly, the bacterial transposon Tn7 codes for resis-
tance 10 the drug methotrexate. it has been inserted into
the T-DNA region of the Ti-plusmid and introdueed into
tobacco cells. The transformed cells acquire 2 resistance Lo
methotrexate that the untransformed cells do not have.
Thus. Tn7 may become a generally useiul selectable marker.

The T-DNA region of the Ti-plasmid carries genes that
can bring about suxin and cytokinin synthesis in the trans-
formed cells. Therefore, the transformints can be selected
by their ability to grow without added hormones. This
selection procedure is of greatest value if the transforma-
tion frequency is 10~ or greater. for luise positives are
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occusionilly seen. The octopine synthase gene in T-DNA
cun be used as a selectable murker for transformations at
frequencey of 10-2=10-2: it conlers resistance to homaoarginine,
a toxie amino acid analogue. .

Another possihility for a sclectable marker lies in the use
of cells that lack the nitrate reductase genes (at least two
genes dre required to hring about the synthesis of i funetional
nitrale reductase). Higher plants obtain the bulk of their
required nitrogen from aitrates in the soil, Nitrate redue-
tase catalyzes the lirst step in the assimilation of this ni-
trate. Cell lines lacking nitrate reductase can be recovered
from cell cultures by stundard tissue culture procedures,
These cells fail to grow on nitrate. However. if amino acids
are added to the culture medium. these same cells [or pro-
toplasts) will grow into calluses and shoots. [t seems almost
certain that these cells could be transformed by adding the
IXNA of the missing nitrate gene {in a suitable vehicle).
Tlus. the nitrate reductase gene would be a powerful
selectahle marker. Only the transformed cells would grow
on nilrate.

In bacterial und yeust genetics. many selectuble markers
have heen generated because auxotrophs [eells that require
specilie substances Tor growth) for amino acids, vitamins.
purine and pyrimidine buses. and so on were produced
casily by mutation. As yel. such auxotrophs for higher
plants are rare. However. a few examples of plants requir-
ing the amino acid isoleucine were obluined by mutagene-
sis of haploid protoplasts. These plants had an absolute
requirement for isoleucine. as did the calluses derived from
those plants. and they had no detectable @ -threonine
deaminase—ihe first enzyme in isoleucine biosynthesis. There-
fore. the plants would be an excellent source of protoplasts
10 be used as recipients in transformation studies using the
« ~threonine deaminase gene as a selectable marker. Pro-
duction of these auxotrophs is one of the skills that must be
developed before truly rapid progress can be made in ap-
plying molecular and genetic technology 10 & wide variety
of agriculturul problems.

THE ADVANTAGE OF HAPLOID
CELLS AND PLANTS

The successful production and recovery of recessive mu-
tants are greatly enhanced by the use of haploid cells rather
than diploid (or higher ploidy) cells. Haploid cell lines have
been produced from the pollen {usually from immature
pollen cells stilt in the anthers of the flowers] of several
members of the solinaceous species (petunia. tobaceo. po-
tato. ete.). and from gingko. belladonna, henbane. rye. bar-
fey. rape. certain genotypes of maize. and many other plants.
For an immature pollen grain to develop into an embryo or
into a callus., it must be diverted from its normal develop-
mental path so thuat it will divide and begin to form an
orgitnized embryo directly or a disorganized callus compe-
tent Lo form shoots and roots. The procedures used to
accomplish this regeneration are strictly empirical. Because
of the importance of corn as a crop. there have been exten-

s
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sive efforts 10 regenerate maize by coltus ng tissue from the
pullen suc. To date. the procedures are fur from routine
and reliable. When cell lines with the desired properties are
found. the numher of chromosomes per cell cun be doubled
by the use of colchicine 1o produce homozygous diploid
cell lincs: from these. homozygous plants are produced.
Thus. fertile plants that breed true can be produced with-
out the kiborious and time-consuming process of backcross-
ing. The Chinese have had some suceess already in produc-
ing improved rice varicties derived from anther culture
techniques.

As mentioned earlier. isoluted plant protoplasts will Tuse
with each other, muking it possible to bring together the
genomes of plants that cannot be crossed by naturat fertil-
ization. The results of such a Tusion yre more complicated
than is immediately appuarent. The new cell produced by
the fusion will hiave two nuclei that may or inay not fuse. IT
nuelear Tusion occurs, the chromosome number will be dou-
bled. This may or may not be an advantage. If the proto-
plasts were derived from haploid cells, as for example from
pollen culture. then the fusion nucleus would be diploid. A
further complication of fusion between nonidentical pro-
toplasts results because each plant cell has three genomes
or three sets of genes: one in the nucleus, one in the chloro-
plasts [or in the plastids of a nongreen cell), and onein the
ntitochondria. The ten chloroplasts and hundreds of mito-
chondria per higher plant cell make it difficult to say how
these nonnuclear genomes would sort themselves out in
subsequent divisions of the fused cell. Nevertheless. proto-
plast fusion techniques may make it possible 1o cross sexu-
ally incompatible plants and thus bring together combina-
tions of genes that cannot be brought together by traditional
meins. At the very least, fusion of nonidentical protoplasts
will provide a new way to sludy the interactions of the
nuelear genome with those of the mitochondrial and chlo-
roplast genome—the cytoplasmic genomes.

Of course, these haploid cell lines also can be used to
preparé haploid protoplasts to be recipients of DNA from
other haploid cells by protoplast—protoplast fusion [para-
sexual hybrids} or to be the recipients of any DNA carried
in by any suitable vehicle.

Implicit in all experiments with mutation and selection
al the protoplast or cell level is the understanding that it
will be possible to regenerate whole plants from the select-
ed cells. Although this is nearly routine for such crop plants as
potato and alfalfa and not too difficult Tor rice. it has not
been possible to regenerate routinely whole plants from
single cells or protoplasts of corn, wheat, and soybeans.
Therefore, much emphasis is being placed on new tech-
niques ol embryoid genesis—the development from a sin-
gle celt or from a smalt aggregate of cells of an embryolike
structure that will grow into 4 mature plant. By empirical
procedures, it has heen found that such lactors as the kind
of nitrogen supplied—nitrate, ammonia. amino acids—and
the relative concentrations of certain hormones. notably
auxin. cytokinins. gibberellins, and abscissic acid. are of
critical importance in embryoid genesis. However, 4 medi-
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um perfeetly suited Tor the generation of embryoids lrom
alfallu cells, for caample, is not secessarity suituble lor any
ather spevies.

For many plants, including the cereul grains and some
legumues. it s pussible to develop routinely whole plunts
[rom callus cultures. Such cultures ire derived by transfer-
ring i small group of eells [an explant) lrom some particu-
lir tissue o nutricnt mediom, Explants tuken from em-
bryos or [rom growing regions—Ilor example, the root apex,
the shoot apex. the axial buds, and the intercalary meristems—
grow readily as catluses in culture, For rice, sorghum., and
mitize. calluses derived rom the scutellar (storage) tissuc of
imnature embryas placed iu culture seem (o be the most

usclul. These calluses can be subeultured many times and
stifl retain somce ambryogenctic or organogenetic capacity
that permils regencration of whole plants from them. Cal-
luses derived from older tissucs ol the cercal grains cimot
be regencrated cusily inta whele plants. 1t is obviously im-
portant 1o learn how to get this capucity expressed for all
crop specics 10 culiures derived from single cells. The ca-
pacity of i callus to produce cells that can regencrate inlo o
whole plant is not only species dependent bui also is very
much dependent upon the particular genotype. Thus, there
is am opportunity to compare readily and poorly regencrat-
ing genotypes to determine what lactors are importynt in
regencration.

Outlook

Application of the new techniqgues of molccular genctics to
plint scicnee offers unigue possibilitics for manipulating
plant genes 1o achicve the fong-ringe objective of agricul-
tural crop improvement. However. that first requires un-
derstanding plunt gene regulation as it relates 1o gene strue-
ware, We cuarrently understand littde of the kinguage in which
instrucitons for gene regulution are encoded. Therclore, a
first objective must be 10 approach this basie probiem through
the study of several important pliant genes that will allow us
1o understand their regulatory signals, With this understand-
ing. we can confront the increased demands for food and
fiber resulting from population increases and improvements in
living standards.

Some of the demand will have 1o be mct by bringing
mitrginal lands into production, The suceessful use of such
land will requirc the development of crops that thrive under
less than idex! conditions and the aduptation Tor cultiva-
tion of plants now underatilized, such as grain amaranth
and the winged bean. Given this rising demand and that
modern agriculture is based largely on crops known and
cultivated thousands of veurs ago. the potential of new
inguirics into plant genctics and development is enormous-
Iy significant,

Indeed. the advances in genetic knowledge of the pust
few years promise ways of brecding new strains of plants
that are faster and less expensive than traditioni) metbhods.
Among these are wransferring a genc trait via a soil-borne
bacterium, Agrobacterivm tumefaciens. or by using viruses
and viroids as vectors o introduce desired genomies into u
plant cetl. The vafue of using such genetic eurriers is that off
transforming higher plants in a planned direction. Howev-
er. for now, the technique has potential but not practice.
The reasons lic in w still limited understunding of plant
genetics. Thus, Agrobacterivm timefaciens injects its own
DNA into plunt cells at wound sites. The result is cancer-
ous growth, producing a crown gall. What is not known is
the structure of the genetic sequence carrying the sequence
required for tumor induction. including the signals respon-

sible lor integrating and cxpressing that sequence in plant
cells. Even without knowledge of these signals. DNA for-
cign both o the plant cell and 10 the bacterium hus been
inserted o plunts, along with the tumor-inducing sequence,
But such DNA has not been cxpressed. With further work
surcly will come the ability 10 use Agrobacterium, or other
curricrs, to inscrt desirable genes into plants.

The satisfactory culmination of these gene transier mau-
nipulations requirces the ability to regenerate whole plants
from single and selected cells or from protoplasts: what is
called 10tipotency. In-principle. a single plant protoplast
can be transformed with foreign DNA and a transformed
whole plant then generated. However, as indicated above,

" deliberate transformation of selected cells is still more po-

tentizad than practical. And the generation of whole plants
from a single cell or protoplast is more of an empirical art
than closely reasoned science. Moreover. while some plunts
cun be generated from individual cells, such as potato, al-
(alfa, and carrol, others. such as corn, wheat. and soybeuns,
cannot. Why some plants are experimentally toupoicnt and
others are not remains inexplicable.

Howuver. cnough is becoming known of the details of
the plant genome that we can begin Lo understand how
viruses und bacteria munipulate the control of gene expres-
sion in the plunt for their own benefit. Enough is also
known so thal we can carry oul some simple genetic ma-
nipulations. This manipulative ability will enable us to learn
how the plunt controls the cxpression of its genes in normal
growlb and development and in response 1o various kinds
of injuries.

The refinement of these techniques and the rapidly in-
creasing knowledge of how genes are translerred have cre-
ated @ great sense of excitement iind new possibilitics among
plant biclogists. Anincreased understanding of how plants
control gene expression will help us 10 continue improving
crop plants and to fit them to our necds more ¢losely tha
ever belore, -
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Neurotransmitters

Cell Receptors for Hormones and

Around the turn of the cenlury. scientists developed concepls
of drug action which postulated that responsive cells con-
tain complementary *receptor’ molecules to which specific
drugs would have Lo bind to'exert their biological effects.
According to this receptor concepl. the presence of an ap-
propriate receplor becomes the basis for a cell or organism
10 be influenced by a parucular drug; conversely, no
receptor—no response.

More recently, the concept of specific receptors has been

extended from drugs Lo other types of signals Lo which cer-
3 Lain cells in our bodies can respond; for example, the detec-

tion of light by the retina and of odors by the nose, the

" _actions of hormones and chemicals that transmit nerve

impulses, the cell regulatory influences of certain lipopro-
teins in blood plasma, and the discernment of antigens that
elicit antibody production by cells of the immune system.
In recent years, several types of receptors have been puri-
fied substantially and, in every instance, have turned out to
be proteins that avidly bind their ligands {the substances
with which they interact selectively to bring about their
biological effects). Studies on receptors have yielded great
insight into the molecular mechanisms by which many ex-
ogenous agents control cellular activities, and into the gen-
esis of several diseases. Receptor research also has contrib-
uted 10 the discovery of certain biomolecules whose existence
was previously unsuspected and to the design and evalua-
tion of new synthetic drugs. This chapter considers current
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and future investigations on receptors and their likely ap-
plications solely in the context of the actions of mammali-
an hormones and neurotransmitlers.

HORMONES AND NEUROTRANSMITTERS

By conveying information between cells, neurotransmitters
and hormones play crucial roles in the harmonious coordi-
riation of the development and functions of the vast array
of specialized tissues in higher animals.

A hormone is 4 chemical messenger secreted by special-
ized cells that regulates the metabolism, and in some in-
stances also the development, of other Lypes of cells. The
cells that manufacture hormones secrete them into blood
plasma or other extracellular fluids, by which routes they
are distributed in the body, usuvally in an indiscriminate
fashion. Some hormones, for example, insulin, thyroxin,
and the steroid hormones secretcd by the cortex (or outer
zonej of the adrenal gland, influence a wide variety of cells.
Other groups ol hormones may affect a more restrictive set
of target lissues. Catasirophic pathological consequences
cin ensue from 4 severe deficiency or from & surfeit of
virtually any hormone.

Neurotransmitters are molecules used by most nerve cells
{neurons) to transmil signals across specialized contact sites
called synapses—the tiny gaps between the end of a nerve
fiber and either another neuron or some other Lype of cell,
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such as that of skeletal e enrdine musele, At fiest glanee.
neurotransmitters and hormoenes appear to be very dilfer-
ent from one another, Nearotransmitiers need diffase over
a distenee of only 3 x 1078 centimeters across synaptic spice,
while Rormones usually ure transporied vin tbe cireulation,
in which they travel an averape distanee of roughly (0
centimeters o reach their target cells. Neurotransmitter
actions aceur in thousandths of o second. in marked con-
trast 10 the minutes, hours, or even days that may clapse
between the administration of 4 hormone and compleie
manilestation of all of its biological actions. Yet the dis-
tinction between o newrotransmitter and o hormone is a
somew hat arbitears one, since the basie Tanction ol bath
groups of subslances is o transmit signals between cells,
Morceover, eertiain neurotrapsmitter modecules also can ucet
as hormones outside the nervous systemy in the same organisim,
Ay narally oveurring or synthetic drugs can cither
mimie (axomsts] or prevent {antagonists] the responses of
cells to hornones or neurotransmitterisSome of these sub-
st 1ees Jiwve heconne vatuable probes for reeeptor functions in
addition 1o their important medieal applicalions.

DISCOVERY AND PROPERTIES OF
HORMONE AND NEUROTRANSMITTER
RECEPTORS

Nothing was known ibout the chemical nature of hormone
or neurotransmitter receptors until two decades apo. pri-
marily becasuse no methods were available to idemily re-
ceptors in ecil-free systems. Beginning about 1960, proce-
dores became uvailuble to introduce radicisotopic atoms of
extremely high specilic radiouctivity into various positions
of endagenous hormone snd neurotransmitter molecules.
or their corresponding unnatural agonists or antagonists,
with no daeccompunying loss of their biological activilies.
With the aid of these radioactively lagged substances, it
wos pussible to investigine their binding 1o isolated cells or
subeellular components.

The process ol hunting for neurotrunsmitier and hor-
mone receptors using labeled wgonists or antagonists as
probes is vulnerable to many experimental pitfalls: a major

one is that the ligands often bind nonspecifically 10 many

other mircronolecules in tissues besides their receptors. Never-
theless, the approuach followed hus been remarkably lruit-
[ul. Using specific binding ussays in conjunction with ad-
vanced techaiques for purifying proteins of very [ow abun-
dunce in cells. investigators reeently have succeeded in
obttining highly enriched or, in a few cases, apparently
pure preparations of various receptors. These have been
used for turther churacterization, There is now consensus
that receptors have the following propertics in common.

Receptors Are Proteins

All known hormone and neurotransmitier receptors are
protetns which, in some instances. have specific carbohy-
drate or lipid substances attached 1o them. In responsive
cells. receptors are present at very low levels, often less

than 20,000 reeeptor melecules per cell. Receplors that have
been punfied extensively have moleeubar weights that range
from 70.000 10 250,000, and some of the farger receplors
contait more than une type of protein subunit, Reeeptors
for ull neurotransmitters, wnd lor all hormones that are
polypeptides or citecholamines. are embedded predominantly
in ecil membranes, with their ligand-binding sites exposed
to the vuter surfaces of target eells, This suggests that hor-
mones ingd seurotransmitters that interict with these sorts
of membrane reeeptors need not penctrate cesponsive eclls
to generaie at least their short-teem effects, By contrast,
receplors for all steroid hormones are present both in the
soluble part of the cytoplusm and in nuelei. and the
steroid—reeeplor complexes shuttle between these two cellular
compartments. Thyroid hormone receptors are found mainly
in nuclel, but they also are vssociuted with other cell struc-
tures. Steroid und thyroid hormones act inside cells, where
they regulute gene expression processes.

The Two Functions of Receptors

Reeeptors have dual lunctions. One is 1o recognize and
bind u purticular type of hormone or neurotransmitter out
ol i sca of countless other molecules thut encrouach upon
cells. The other is 10 transduce the informational signal
inherent in the ligand—receptor complex in ways that alter
the rates of preexisting biochemical reactions in the target
cetl. In other words, it is the receptor in union with a
specific neurotransmitter or hormone—rather than the free
chemical messenger—ithat serves as the actual regulatory
multerial. 1t is hypothesized that, when their binding sites
are occupied by appropriate agonists, receptor proteins under-
go changes in conformation 1n their overall moleculir shape,
intparting 1o the receptor complexes the capacity to influ-
enee the responding cell's biochemical machinery. Hormone
and neurotransmitier itntagonists are believed to bind Lo
the same receplor sites as the corresponding agenist mole-
cules but in such a nonproductive fashion thut the antagon-
istl—receptor complexes are incapable of initiating biologi-
cal effects. The exquisitely specific binding of hormones,
neurotransmitlers, and their antagonists o heir receptors
is usually extremely tight but, nonetheless, reversible.

Signal Amplitication

Numerous intracellular biochemical mechanisms that am-
plify signals generated by receptor complexes have been
described and, doubtless, many more remain to be eluci-
dated. Most receplors are nol enzymes—ihat is, they do
nol themselves catalyze any of the reactions of cell metabo-
lism. In the case of many. but not all. receptors whose
binding sites arc exposed 1o the exterior of cells, occupancy
of the binding sites by agonist ligands enables the receptor
complex to influence an adjacent membrane regulatory pro-
ein, This protein stimulates a closely associated enzyme
[adenylate cyclase), operuling on the inner surfuce of the
membranc. That enzyme synthesizes the “second messen-
ger’ substunce, eyclic AMP (cAMP; or 3%, 5'-cyclic adenylic
acid).
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Subsequent aceumnlation of eAMP i the eytoplasm pro-
vokes caseades ol cnsvmitie transfers of phosphate groups
1o seleeted proteins {inctuding other cnzymes) whose functions
are altered by such phospliorylation in ways that determine
the altimate biological responscs. The formation of recep-
tor camplexes fur other types of hormones on cell surfaces
is coupled with uther incracellular amplificatory biochemi-
cal events. such as changes in the levels of caleium inside
the eells or vther enzymaltie processes thit are independent
of fluctuations in cAMI,

In the case of various steroid—receplor complexes. a major
cetlular amplificatory process is the regulation of the tran-
seription of ribusenucleic acid [RNA] copies of specific
penes on the naelear chromatin, that transeription eventu-
ally leading W production of new proteins in the cytoplasm. In
many cises. the formation of neurotransmitter—reeeptor
complexes resnHs in the rapid opening or closing of ion
channels in nerve eell memhrines, In turn, this ciuses changes
in the Muxes of sodium, potassium. or chloride ions, there-
by cither triggering or depressing clectrical action poten-
t:als in nerve fibers, -

Receptor Formation and Turnover in Health
and Disease

From the foregoing, it follows that the regulation of cell
function via a receptor mechanism necessitates not only the
areival al appropriate locations in the target cells of ade-
quade amounts of a particular hormone ot ncurotransmit-
ter. but also the presence of adequate numbers of unoccu-
picd functional reeeptors in the proper cellular districts:
integrity of the various postreceptor umplificatory reactions
ulso is necessary, Since receplors ure proteins, instruetions
for their hiosynthesis are encoded in corresponding penes.
Thus. the production and turnover of receptor molecules
can be influecnced by countless genetic and environmental
factors that affect the cxpression of their genes.

In several disease states, the symploms mimic those of
liaek ol o given hormone in the face of normaul circulating
concenirations of the hormone. The basic lesion seems Lo
be the result of either inadequiate numbers of functional
receptors in the target tissue, or of a receptor gene muta-
tion that results in the production of abnormat receptor
proteins with deranged hormone-binding characteristics or
conformutions that altenuate the capacily of the receptor
complex to relay signals to the ceil’s biochemical machine-
rv. Such recepior dysfunctions usually render the animal or
patient insensitive 10 the effects of even high doses of the
same type of hormone,

In certain other endocrine or neurological diseases in
which hormone or neurotransmitler production is essen-
tially unimpaired. the symptoms reflect the formation of
autoantibodies 10 the corresponding receplor proteins.
Depending on the circumstances. the receptor autoantibodies
can work in two ways. Either they can prevent receptlor
ligand binding and transducer functions (for example, with
respect to Lthe neurotransmitter acetylcholine in myasthenia
gravis. i degenerative ncurological disease). or they other-
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wise can mimie the agonist actions of hormones that acl
through o purticular reeeptor mechanism (such as in cer-
tain hyperthyroid conditions in which the svmptoms are
reminiseent of exeessive output of the thyroid-stimulating
hormone by the anterior pituitary gland]. Also of medieal
vitlue has heen the development of tests, based on mea-
surentent of the content af appropriate reeceploss in certain
types of cancers. that have proved 1o ve relinhle guides for
the selection of endocerine modalities of cancer treatment.

Other Practical Applications of Receptor Research

Correlations between the chemical strueture of ligands and
binding characieristics in experiments using receptor prep-
arittions have contributed to the design ol new drugs that
are sgonists or antagonists for various classes ol neuro-
transmitier or hormone receptors. The potential activity of
new comipounds can be assessed from quantitative cstimates of
their ability Lo displuce known radioactively lobeled ligands
from high-affinity receptor binding sites. Comparable pro-
¢edures have been invaluable for the detection and, then,
the purification ol naturally occurring substances with opi-
ale or other pharmacological actions. Despite all this. it
must be underscored that, Lo date. very few receptors for
hormones and neurotransmitters have been completely pu-
rificd. In most instances, the primary structures (the amino
acid sequence) of receptor proteins or their subuatits, or the
precise chemical configurations of the ligand binding sites,
remain to be deciphered.

The rest of this chapter illustrates in greater depth some
of the foregoing principles with respect to a few selecied
tvpes of hormone and neurotransmitter receptors.

RECEPTORS FOR GONADAL AND
ADRENOCORTICAL STEROID HORMONES

The steroid hormones emanating from the testis, ovary,
and adrenal cortex are classified into five categories on the
busis of their biological properties:

* Estrogens ure secreted extensively by the ovary and,
to a much lesser extent. by the testis; they control pri-
marily the development of female reproduetive tissues.

Progestins are secreted by the corpus luteum formed in
the ovary as a resull of ovulation; they affect such
organs as the uterus and mammary gland and are es-
sential for the maintenance of pregnancy. Natural proges-
tins are precursors for the biosynthesis of androgens
and estrogens in the gonads, and of the various adre-
noeortical steroid hormones.

* Androgens stimulate the development and functions of
male reproductive tissues. Testosterone is the principal
powerful androgen secreted by the testis, and weaker
androgens are pul out by the adrenal cortex in both
sexes. Androgens also are biosynthetic precursors of
estrogens.

# Glucocoriicoids of the adrenal cortex regulate various

37




PAFullToxt Provided by ERIC

26 The five-Year Qutiook

reactions of protein and carhohydrate metabolism and
faeititate adjustinents of the orguaism to chronice stresses,

¢ AMineralocorticoids from the adrenal cortex inltuence
sodivm and potassium ion fluxes weross cell membranes
ind contribute to the regulation of water balance.

Scpurute types of receptors Jor cuael of these classes of
steroid hormones are found inside responsive cells,

The following is a briel summary of currently aceepied
coneepts of Lthe role of receptors in estrogen action, Estro-
gens eross eell membranes by passive diffusion or pechaps
hy transport mechanisios in certain physiological situations.
On arriving inside target cells, the estrogens combine, without
being changed chemically. with unocetpicd eyvtoplasnsic recep-
tor proteins, Binding of the hormone permits the receptor,
prohably as a result of a conformational change. to under-
go an activalion process That procceds optimally ut body
temperature and appirently gives rise to a complex of two
receptor molecules with attached estrogen, The activated
estrogen receplor complex is then taken up by the nucleus,
in which it beeontes associated with the chronmtting consist-
ing of nuelear deoxyrihosenueleic acid (DNA) combined
with histones and other proteins.

The "“acceptor™ substances on chromatin with which
¢stropen reeeplors interact appear 1o be muinly certain nonhis-
toite proteins. By unknown mechanisms, the activated re-
ceplor complexes influence the synthesis in nuclei of RNA
muolecules that are complementary to various regions of the
DNA genetic material. and especially the production of
sefected messenger RNAs that code flor the biosyathesis of
corresponding proteins. The estrogen-regulated RNA' then
emerge (rom the nueleus into the cyloplasnt where, without
hormona! intervention. they ure utilized for the new syn-
thesis of specilic proteins whose wccumulation in the cell
determines the physiological responses,

Until a short 1ime ago. our knowledge of the occurrence

" und distribution of receptors lor estrogens and other ste-

roid hormones sus bused exclusively on experiments osing
radicactively labeled hormones as markers for their recep-
tor proteins, Recentiy, i« novel approach to receptor detec-
tion that does not depend on the presence of bound ligands
hus been developed. It was made possible by an availability
of monoclonal antibodies that very specifically recognize
and bind to discrete amino acid sequences in a given type
of receptor protein. Monoclonal antibodies have been pro-
doced that bind avidly with estrogen—receptor complexes
and uiso with unoccupied estrogen receptors. These antire-
ceplor antibodies have been exploited as the basis of sever-
al techniques for estimation on ultramicro scale of receptor
protein levels in cells and their subeellular compartments,
These procedures have many practical advantages for both
laboratory and clinical research. and they may soon replace
older methods for receptor detection that are bused on the
binding of rudioactive hormones.

Specific progestin receptors are foond in the cytoplusms
of cells from uterus, oviducts. vagina. mammary gland,
anterior pisoitary. and other tissues, The progestin—receptor
complexes are translocated to the nucleus, where they en-
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hance the formation al certain messenger RNA's. An in-
teresting feswure of progestin reeeptors is that their num-
hers in the eytoplasm of mammalian uterine and chick
oviduetal eells are greally inereased by prior administra-
tion of estrogens. This estrogen induction of progestin re-
ceptars meets u requirement lor estrogen priming of female
reproductive tissues for full manifestation of responses to
progesting. '

Separate reeeptur proteins that bind glucocorticoid und
mincealocorticoid harmoanes are found in many tissues. These
reeeptors alse translocite from cytoplasm 10 nucleus, where
the receptor—-hormone complexes influence gene-directed
synthesis of specific RNA moleeules,

The role of distinet receptors in mediuting the biological
actions of androgens is complicuted. In some responsive
cells. cireulating wstosterone is guickly converled to a re-
futed sabstuance known as 5@ -dihydrotestosterone (DHT)
by the cnzyme steroid 5« -reductase. 1n those organs such
as the prostate gland and penis in which DHT production
from testosterone is extensive, the cytoplusmic androgen
receptor binds prefecentially to DHT, undergoces uctivation,
it trunslocates to the auclear chromatin, In other androgen-
sensitive tissues in which DHT formation is negligible {cer-
tain muscles, kidney). the androgen receplor in union with
testosterone is retiined in the nucleus. It appears that there
exists only a single species of androgen receptor that binds
DHT even more tightly than testosterone. In several bioas-
sy systems, the poteney of DHT is greater than that of
testosterone.

Steroid Sex Hormone Receptors and Disease

Rescarch on steroid hormone receptors has proved 1o be of
considerable medical significance as swell as basic scientific
importance, Two examples are cited.

The first concerns the value of estrogen receplor deter-
minatlions as guides to the reatment of cancers of the human
femule breast. These and a vuriety of other tumors are
frequently “hormone-dependent™ or “hormone-responsive™ in
the sense that their grosth in the hody is either diminished
by maneuvers that deplete blood plasma of appropriate
hormones or by hormone antagonists. or otherwise may be
influenced by the administration of exogenous hormonally
active substunces,

About 30 percent of women with actively growing mamnia-
ry carcinomas hive substantial quantities of cyloplasmic
estrogen receplors in their primary and metastatic jumor
masses. The other 70 percent of patients are “receptor-poor.”
that is. estrogen—receptor levels in their cancer cells are
either undetectitble or fall beneath a very low value. Receptor-
poor patients—those whose breast cancers would not be
expected to be estrogen-responsive—hardly ever benefit from
endocrinologic trentments such as surgical removal of the
adrenud glunds or the anterior pituitary. excision of the
ovaries in premenopausal women. or treatment with estro-
gen antagonists. Yet, roughly two thirds of patients whose
tomors are rich in estrogen receplors undergo at least tem-
porary objective remissions lollosing endocrine therapies.
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Thus. on the husis of estropen receplor measurements. in-
dividuals with receptor-poor inoperahle breast cancers may he
scleeted for immediate nonendocrine chemotherapy and
spared from useless surgical removal of endocrine organs
or the administration of estrogen antagonists. High levels
of buth estrogen and progestin receptors in the same mamna-
ry carcinoma are said Lo represent an even betler eriterion
for the seleetion of patients for endoering treatments, Simi-
larly. the possible value of androgen reeeplor deternina-
tions #s markers of the well-known responsivity of miny
human prostate cancers to androgenic hormones is under
investigation.

A sceond example of elimical interest concerns the in-
sights that have been obtained fromn androgen—receptor
studies into the genesis of certain rare birth defects known
as male pseudohermuphroditism. A ffected individuals have a
normal male sex chromosome identity, the XY pair, and,
wlso, testes instead of ovaries, yel their other bodily sex
charaeteristies develop in a feminine direction. Such disor-
ders can result fromt o number of endocrine dysfunctions,
some of which relate to disturbanees in androgen receptors.

The diseases inchuded in androgen-insensitivity syndrorics
[also called testicular feminization) appear 10 result from
defective androgen- -receptor proteins. Qur comprehension
of these conditions is based on the mechanisms of the ini-
tial dificrentiation of male extragonadal reproductive or-
gans during fetal life, which takes place after the formation
of fetal testes. Relatively early in development, the mam-
mahan fetus contains four structures that look alike in
both mule and female letuses of the same uge [aboul the
eighth week of conception in the human}. These are:

* The two Wolflian ducts (precursors of the epididy mis,
vils deferens, and semvinal vesicles in males. and which
involute during female letak sex development).

* The two Miilierian ducts {which develdp into oviducts,
uterus, and upper vagina in females. butl disappear
during male sex differentiation),

* The urogenital sinus (from which the male prostate
gland and the lower segment of the female vagina are
derived].

* The external genital primordia (destined to become
the penis and scrotum in males or the female vulva).

Normal fetal female sex development does not require
any hormones from the fetal ovary or from the mother’s
circulation. By contrast. the fetal testis produces at critical
stages of development 1wo hormones that are mandatory
for normal male sex differentiation. One of these letal tes-
ticular hormones is a protein. known as the Miillerian
duct-involuting hormone, which prevenis the formation of
oviducts, uterus. and upper vagina. The other hormone is
testosterone. which is essentizl for the Wolffian ducts 1o be
maintained and 1o differentiate into epididymis. vas defer-
ens. and seminal vesicles via mechanisms that do not entail
conversion of testosterone to DHT. Likewise. the forma-
tion of the penis. scrotum. and prostate gland are utterly
dependent on fetal testicular testosterone which, in these
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instances, is largely changed into DHT in the fewal precur-
sor tissues. These hormonal actions are summarized in fig-
tre 1. In line with all of this, the aforementioned male
structures can be produced in lemale fetuses by the admin-
istration of testosterone or DHT,
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Figure 1 Diflerentintion of th¢ mdmmalian genilo-urinary tract in ntates
and females. In the process of differentiation in the fetal male. siruciures
requiring 1estosterone for differenliation are in italics; 1hose requiring
Sear-dihydrolestosierone are boxed. Source: W, [ P. Mainwaring. “*The
Androgens.™ in Reproduction in Mammals: Book 7: Mechanisins of Hor
mone Action. Edited by C. R, Auvstin and R, V. Short. Cambridge: Cam-
bridge Universily Press. 1979, pp. 118139,

Human patients with the so-called complete form of the
androgen-insensitivity syndrome have testes in the abdo-
men or inguinal region. have no ovaries, are devoid of
other internal reproductive organs of either sex (they [ack
epididymis, vas deferens. prostate. and seminal vesicles,
and also any ulerus. oviducls. or upper vaginal, and pre-
sent externally a typically lemale vulva leading into only a
short vaginal pouch. At puberty, menstruation obviously
does not commence. but the florid breast development of
the normal adolescent girl is usually evident. In adulthood.
these patients’ tesles secrete almost normal male levels of
testosterone (which is readily converted in their |ybial skin
fibroblasts into DHT) and excessive amounts of estrogens.
These bizarre developmental mishaps are now beginning to
be understood. Assume that the testis in fetal life produces
a Millzrian duct-involuting hormone that prohibits dil-
ferentiation of oviducts. uterus. and upper vagina. and also
testosterone. but that all tissues are refractory to the an-
drogen because of disturbances in the production and function
of androgen receptor. The patients are incapabie of respond-
ing nct only to their endogenous testosterone, bul also L0
this hormone or DHT given exogenously in huge doses.
Three varieties of the androgen-insensitivity syndrome, in-
volving various disorders of androgen receptors, have been
characterized recently.

In another syndrome of male pseudohermaphroditism.
characterized by deficiencies in the enzyme steroid 5 e -re-
ductase but with no attendant defects in androgen recep-
tors. the patients exhibit feminized external genitalia and
very small prostate glands but have well-developed epidid-
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sidis, vits dvlerens, and sennnal vesicle tissues, This elinicil
preture aecords with the alorementioned reguirement for i
conversion of westoslerone o DT in appropriate precus.
sOr tissves st Lthe time af emhryonie male sex dilTerentizntion
of the prostate and the external genitalia, but not in the
WollTim duet when it develops into the epididymis and
seminal vesicle.

Thus, Lthese very uanconunon disorders of male sexual
development have wider seicniific implications. They pro-
vide telling evidence in lavor of the theory, backed by ex-
tensive eaperimentad studies 1 faborulory apimals. that in
all wmammals, inclutling man. there is a bias lor the repro-
ductive 1ract 1o dilferentiate during emmbryonic fife in o
female dircetion unless the fetal testis produces harmones
that also stre cupuble of acting on approprisic embryonie
precursor Lissues o induee the formation of ¢hiaructeristi-
cally male structures. Fhis is trae regardless of thie sex chromo-
sunial status of the individual. The concept hus revalution-
ized our understanding of how development of the physieu)
attributes of museulinity wand femininity is determined in
the feos.

INSULIN RECEPTORS

Insulin is @ protein hormone of molecular weight close to
6,000 that is scereted by the g-cells of panereatie islet tissue,
Insulin enhuances the transport of glucose aeross the mem-
brines ol several types of cells. Towers Moed sugar, and

profoundly influences a host of celfulur reactions involved
in carbohydrate, fat, and protein metabolism. Highly spe-
¢ifie reeeplors that bind insulin tenaciously are present on
cell membranes and can be extracted from tham by appli-
cution of nonionie detergents. Salubilized insulin receptors
huve been purified more than 250.000-fold by methods that
include adsorption of the hormone onto inert supporting
materials 1o which insulin was attached chemically and
which bind the hormuone selectively: the 1nsulin then can he
removed by treatment with suitable reagents. There 1s a
westilh of evidence thut specific membriune receptors medi-
wte the majority of the cellubar effects of insulin. but the
mechanisims by which insulin—receptor complexes on mem-
brane surfaces trunsmit signals 10 the biochemical machinery
of responsive cells remain nebulous. despite a plethora of
hypotheses.

A severe lack or absence of insulin or. alternatively, the
inubility of insulin to work properly, has long been consid-
ered o cause of diabetes mellitus (hereaflter referred to as
diabetes). Inits multiple clinical variants, this is by lar the
most common of the endocrine diseases, afflicting hundreds of
millions of people. The symptoms of diabetes include ab-
nornily high blood glucose levels {even in the fasting state),
constant loss of targe amounts of glucose in the wurine,
inadequate utilization of glucose by certain lissues. count-
less abnormalities of fut and protein metabolism. and often
disastrous degeneration of blood vessels. In its severe forms,
diabetes produces dehydration and coma, which, if untreated.
kill the paticnis.

A mmority of diabeties [H)Y 10 20 pereent) are able 1o
secrete ondy timy amounts of insulin heeanse there are oo
few functional insulin-secreting cells in their pancereatic is-
lets. These individuals require treutment with inswlin 10
remain alive, A small nomber of diabetie patients harbor
mutations 1hat resull cither in defeets in conversion of the
precursor proinsulin moleeule to insulin during biosynthe-
sis of the hormone in the panereas or, very rarely, in pro-
duction ol a structurally abnarmil insulin in which a wrong
amino aeid hecomes inserted at a defined position in the
hormane moleeule. with resultam atlenuation of its biolog-
jcal effects. Many diubeties can seerele considerable amounts
ol normal insulin, although not in sulficient amounts to
meed their metabolie demands, so that insulin treatment
¢un be of ameliorutive value in the individuals. 1n some of
these patients, und in eertain other discase slates, derange-
ments i insulin receplors seem Lo contribute o the symp-
tomalogy.

Certain diabetic patients exhibiting elevated insulin concen-
tritions in hlood plasma and a diminished sensitivity to
injected insulin olten also lve abnormally low numbers of
msulin reeeptors in several tissues, The degree of insulin
resistunce is proportional to the decrease in insulin recep-
tor levels: wreatments that lower blood insulin and decrease
the resistance 1o insulin tend to raise the tissue contemt of
the receptors. Obese individuals who are not diabetics [re-
guently have high bleod insulin levels and a decrease in
insulin receptor content of blood and fat cells thut corre-
Jutes with an insensitivity 1o insulin. This “down-regulation™ of
insulin receptors by insulin itself also can be demonstrated
in cultured cells. 1t seems to involve the internalizalion of
insulin—receptor complexes originally formed on the cell
membrane with their eventual destruction inside the cell, 1n
a rare disorder known as Type B extreme insulin resistance,
associuted with acanthosis nigricans (a skin lesion], a strik-
ing diminution in the binding of insulin to its receptor is
somelimes associated with the appearance in blood plasma
of antibodies that specifically interact with the receplor
and block its ability 10 bind the hormone, The disease
therefore appears 10 be an autoimmune condition in which
the patients manulacture antibodies directed against their
own insulin receptors,

CHOLINERGIt E=CEPTORS

Acetylcholine, a fairly simple biomolecule, serves us i neu-
rotransmitter at o variety of locations in the peripheral and
central nervous system, and at motor endplates of skeletal
muscles innervated by motor nerve fibers. There are two
types of cholinergic receplors.

The one whose functions we know the most ubout is the
nicotinie receplor, responsibie for trunsmission at the
nerve—muscle junction, and it is this receptor which is the
subject of the following discussion. The nicotinic receptor
binds acetylcholine at a site that alse can accept the plant
alkafoid nicotine, which ucts like acetylcholine. The same
receptor sites ure anlagonized by d-tubocurarine [the active
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ingredient ol carare, o South American arrow paison) and
certain snuke venam ncurolasins, Eaceptionully rich sour-
ces of nicotinie chulinergie reeeptars are the cleetric organs
(electraplaques) of such clectrie fish as Torpedo and cleetrie
cels like Elecerophorus which, when excited by thetr cholin-
ergic nerves, peneratle enormous voltages that can be lethal
ta other ereatures, :

Some hasie festures of neurotransmission hy acetyleho-
fine across synapses at neuramuseular junctons are dii-
gramed in figure 2. Acctyleholine is synthesized from cho-
line and acetyl-CoA by the enzyme choline acetyliransferase
located in the eytaplasm ol the presynaplic nerve ending.

Release

Nerve site

terminal

Figure 2 Diagram of o nevromuseular junclion. Vesicles (V) discharge
acets leholing |ACh] at spevialized release sites. After crossing the synaplic
spage {puith dndicated by arrow}, ACh reaches the nivotinic cholingrgic
receptors, which are mosc densely sioaued a0 the peaks of the junctiona)
folds (JF}. Aceivleholing esterase [ACRE] in the clefis rapidly hydrolyzes
aceylehaline. 3 denotes milnchondria, Sonrce: Daniel B. Drachman,
“Muasthenin Granvis.”" New England Journal of Mfedicine, Vol. 2938, No. 3
[January 19, 1975}, n, 13

The neurotransmitter is stored in membrane-bounded vesi-
cles in the nerve terminal. and cach comiins roughly 10.000
acetylcholine molecules. Transmission of the nerve impulse
lo the musele involves release of acetylcholine from storage
vesicles at specialized release sites into the synaptic space,
Aliter crossing the synaptic cleft. acetylcholine binds to the
receplor that is most densely situated on the outer surlaces
of the memhranes at the peaks of the junclional folds,
When acetylehaline binds to the receptor. the latter undergoes
a conformational change that produces a transient increase
in permeability of the membrane to sodium and potassium
ions. resulting in clectrical depolarization of the membrane.
which triggers muscular contraction. A similar series of
events occurs in cholinergic neurotransmission across syn-
apses between two nerve cells, with generation of a nerve
impulse or action potential in the responding neuron. Ace-
tylcholine esterase. the extremely active enzyme present in
the synaptic cleft in neuronal synapses and the junctional
folds of motor endplates in muscles, rapidly bydrolyzes
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mueh of the neurotransmiter to choline and acetie veid
and Lhereby facilitates termination of the neyrolransmission
PToCess,

Snuke venom neurotoxins are small basie protetns that
antagonize the binding of acctyleholine 1o nicolinte cholin-
ergic reeeptors. These untagonists bind to the reeeplor very
tightly. Radivisotapically libeled venom neurotoxing cian
be used o mark nicotinie cholinergic reeeptors in studics
on recepror puritication. Alter solubilizuion from fish electrie
argans by treatment with nonionic delergents. the receptor
has been totally purified. This was accomplished by teeh-
niques that ineluded the use ol affinity chromatography on
columns of inerl supports 1o which neurotoxing had been
attiached. which specifically and sclectively bind the recep-
tor. and frony which clean receptar can be recovered by
clution with appropriaje reagents. The nicotinie choliner-
gic recepror of Torpedo electrie organs was shown to be an
acidie glycoprotein complex. with a molecular werght of
about 250.000. made up of four different types of glycopep-
tide chains. only one of which actually binds acetylcholine,
The receptor molecule appears by electron microseopy as a
rosette of subunits around u core. which presumably repre-
sents the jon channel. When acetvlcholine attaches to the
binding site. it induces o conformational change in the re-
ceplor molecule that resubts in increased transport of cations
through the channel. One ucetylcholine molecule opens
receptor channel that allows 10* sodium ions 1o cross the
membrane n a millisecond. The channel is designed Lo
remiin open [or only a very short time belore the acetyl-
choline—receptor complex undergoes a second conforma-
tional change that closes the ion channel.

Research on antibodies direcled against chelinergie nic-
otinie receptors has illuminated greatly our understanding
of the discase myuasthenta gravis. This condition, whose
prevalence -is about | in 20,000. is characterized by exten-
sive muscle weakness, anatontic changes in the thymaus gland,
and -increased production of a variety of awoaniibodies
and autoimmune symptoms. There is profound weakness
and fatiguability of skeletul muscles. with a tendency for
inereased weukness with exercise and renewed strength with
rest, Very frequently. the extraocular muscles of the cye are
affected. resulting in ptosis—a drooping of the upper eye-
lids. But weakness of many other muscles often sets in,
afflicting the arm and legs and causing poor function of
chest muscles involved in breathing. which cun result in
death from respiratory lailure,

Myasthenio gravis is essentially a disease of synaptic truns-
mission ut neuromuscular junctions. In 1973, it was ob-
served that rabbits immunized with purified nicotinic cho-
linergic receptor developed symptoms that in many ways
mimicked myasthenia gravis. Further research disclosed
abnormalitics in the postsynaptic membrane of neuromus-
cular junetions, as visualized by ¢lectron microscopy. and
also an appurent deerease in the number of cholinergic
receptors in neuromuscular junctions in patients with my-
asthenio gravis, It is now widely believed that the defects in
neurotruansmission and muscular weakness encountered in
this discase are brought about by binding ol asttoantibodies 1o
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the receplor it nenresnscular junetions. lixactly how such
autoantibodics excrt their etfects remains unanswered, al-
thaugh a cesultant increase in the cate of cholinergic recep-
tor degradation that exceeds the rate of receptor synthesis
and thus produees @ decrease in the net receptor levels
appears likely: su does an astttendant endplate membrane
injary. Improvement of atients with myasthenia gravis by
treitment with immunosappressive drugs has been impres-
sive, although short-term ameliorative therapy with inhibi-
tors of acety lcholine esterases remains o standard form of
treatment.

ADRENERGIC RECEPTORS iN RELATION
TO CATECHOLAMINES AS HORMONES
AND NEUROTRANSMITTERS

‘The term eatecholamine is used widely to denote theee nat-
urally oveurring substances that arc closely related chemi-
wittly: dopanmine, norepinephrine (noradrenzfin} and epineph-
rine (adrenaline], Norcpinephrine and dopamine act as neuro-
trunsmitlers in certain Joeations in the brain and the pe-
ripheral nervous system. Epinephrine and norepincphrine
are refeased from sympathetic nerve endings into the gen-
erul cicculstion. and rom the adrenal medulla in response
to countless acule siresses. Substantial amounts of dopa-
mine are secreted into blood plasma from the adrenal me-
dulla only in certain species. The catecholamines of adrenal
medullary origin that enter the bloodstream exert hormon-
al actions op a wide varicty of tissues. Dopamine produced
by certain neurosecretory cells in the hypothalamus gets 1o
the anterior pituitiory gland via a local system of portal
blaod vessels and there serves as a hormone to depress the
release of the prowcin hormone prolactin. A substantial
proportion of the norepinephrine in peripheral bicod plasma
originates from sympathetic nerve endings that innervate
blood vessels and other cells in many organs and the rest is
derived from the adrenal medulla: in contrast, the latter
lissue provides nearly ali of the epinephrine in the circulation.

Catecholuminges synthesized in cells in the adeenal me-
dulla or sympathetic nerve endings are stored prior 1o their
release in specific. membrane-bounded cytoplasmic gran-
ufes, in conjunetion with adenosine triphosphite (ATP)
and special binding proteins. After their release. catecho-
lamines cin be removed by re-uplake by sympathetic nerve
terminals. This is one process by which catecholamines

“have their action as neurotransmitters lerminated: another

is by metabolism of the catecholamines in certain tissues lo
pbarmacologically inactive derivatives. Parenthetically. it
may be noted that the re-uptake process is inhibited by
certain so-called tricyclic antidepressant drugs such as de-
sipramine its welt us by amphetamine (both of which have
medically important psychopharmacologic effects), and also
by cocaine.

The pharmacodynimic and metabolic actions of cate-
cholamines are fegion. Recent research has permitied rec-
ognition of several classes of adrenergic receptors (denoted
as o, and a 2, g, and ;) and separate dopaminergic recep-

tors, These adrenergic receptars are embedded in the meni-
branes of respunsive eclls with their ligand binding sites
expased to the exteriar, In some situations, both o and 3
receptors ire present an the memhbrane of the sume cell {for
example. in Lt liver, and pancreatic istet g cells) in unequil
praportions from a functional standpoint. When appropri-
dle agonist substances bind 10 & - and g-adrenergie reeep-
tors in the same cell, they [requently elicit opposing physio-
lagical effeets,

In many instances, oecupancy by agonists of the hinding
sites on g-adrenergic receptors activates adenylate eyclase
enzytes present in the same cell membrane, with resultant
aceumulation of eyelic AMP in the cytoplusm of the re-
sponding cell, This nucleotide then acts as a "second mes-
senger™ intermediale to elicit innumerable cellular biochemical
events. which are entirely independent of the haormone-
receptor complex and which underpin the biclogical respons-
es. By conlrast. o -adrenergic receptor-mediated effects
are associated with & decrease in tissue cyclic AMP levels,
whereas o ; reeeptors do not appeur to be coupled to ade-
nylate cyclase action but, rather, to chinnds in the cell
membrane that transport calcium,

Drugs that act sclectively as agonists or antagonists of
various Lypes of adrenergic receptors have had therapeutic
applications. Parkinson’s disease, which usually begins in
the clderly, is characterized by periodic tremors, disturbances
ol spontaneous and voluntary movemcnts, and defects in
posture. There is cvidence that, in this disorder, there oc-
curs increased cholinergic and deereased dopaminergic
neurotransmissions in the basal ganglia, which lie beneath
the cerebral cortex and close to the dorsal thalamus region
of the brain, Attempts have been made 10 treat Parkinson’s
discase by the administeation of amichelinergic drugs and
especially by pharmacologic mancuvers aimed al increas-
ing dopamine coneentrations in the basal ganglia, Since
dopamine itself. when given cxogenously, dogs not get into
the brain, the substance levodopa {L-dihydroxyphenylaka-
nine—Ii-dopa). which does penetrate the brain and is con-
verted into dopamine therein, has been used successfuliy in
the therapy of Parkinsonism. Unforiunately, the treatment
has unpleasant side effects, including nausea, vomiting, and
disturbances of the heartbeat.

Certain antipsychotic drugs, such as chlorpromazine, are-
powerful antagonisis of dopaminergic receplors, and this
may account, at least in part, for the benefictal effeets of
these substances in certain types of psychosis. Propranolol,
a drug that blocks the binding of catecholamines 1o both
subelasses of g-udrenergic receptors and thereby influences
neurotransmission at sympathetic nerve endings in blood
vessels in the heart and elsewhere, has a valuable place in
the trcatment of certain types of hypertension. Bromocryptine,
a chemically modificd ergot alkatoid derivative, is a power-
ful agonist for dopamine receprors and can. as a result,
depress the outpul of prolactin {the main stimutus to milk
secretion by the mammary gland} by the anterior pituitary,
Thus. bromocrypline can be used for the treatment of vari-
ous disorders in which there is excessive secretion of pro-
lactin into the general cireulation. These disorders include
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decreased poradal fmction und loss of libido in men and,

nonpregnant ol nontactatsng women associated with ea-
cesaively high prolactin levels in blood plasma, and also
galuctorrhea, an exeessive Mlow of milk that ean oceur in
mathers who have ecased nursing and even in women without
children,

LOOKING INTO THE FUTURE

Delimitive researeh on receplors. which hegan anly about
20 vears ago. has expanded into an extraordinarily vigor-
ous fcld. Yet our andersianding af the strueture and functions
of reeeptors rennains all too seanty. The dual demonstra-
toas that reeeptors are bona fide moleculir entities that
represent the kev components of the biochemical machin-
eray by which eells respond to harmones and neurotrinsmit-
ters. and tha reeeptor nuilfunctions are implicated in the
zenesis of severul diseases, have riaised many more ues-
tions than they husve answered. To elose this overview with
w mere litany of the muany important vnsolved problems
would be of dubious value considering that prediction of
progress it any branch of scienee is alwiays huzardous and
frequently fruitless. Nevertheless, u few vistas of future de-
velopments in receptor physiology merit brief” consideration,

Until one can define in Tull detail the chemicul architec-
wure of the various receptor molecules involved in neuro-
transmitter and hormone actian, it will be impossible
comprehend properly how the reeeptors recognize and bind
their specifie agonists or antagonists, or how the ligand—
receplor complexes interact with those wrget ceil compo-
nents than transduee the regulatory signals 1o generate patr-
ticular phystological responses. The exceedingly low con-
centration in which receptors are usually present in warget
cells has heen o major stumhling block to isoluting mast
receplors i completely pure state iind in sullicient quan-
tities to enable their primary steuctures (amino acid sequenees)
and their confornuttional properties Lo be deterntined. Howev-
er, it seemis sale o predier that several other types of recep-
tors besides the nicotinie cholinergie recepror will be puri-
fied completely in the near future, Thus, affinity chroma-
tographic procedures, based on scleciive absorption of
receptors to speeitic monaclonil antibodies attuched 10 inert
supporls, promise a productive apprasch to reeeptor puri-
fication on a large scale. Another tantalizing way o obtain
substantial amounts of pure receptors on their subunits
would be the development of cultures of mutant eells that
nught overproduce certain types of reeeptors.

Now thit recombinant DNA echnology has progressed
so tremerwdously, perhaps it will soon be possible 10 clone
messenger ribosenueleie acids (mRNA's) that direet the
biosynthesis of various neurotransimitier and hormone re-
cepiors. This might open the door to such advances as the
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svnthesis af large amounts of mammaliun reeeptor by bue-
teria, and Lo determination of the nueleatide sequences af
the infarmationid segments of cognate mMRNA molecules
[rom which the amino aeid sequenees af the corresponding
receptor proteins could be deciphered. Pure receptar ntRNA's
also would he invilushle for probing intw the structure of
the corresponding DNA genes, which one suspects would
contain a larger numher of nueleotide sequencees than those
of the corresponding receptor mRNA malecules. Knowl-
edge of reeeptor gene strueture also waunld he very useful
for further rescarch an the mechanisms hy which the pro-
duction of specific receptor proteins are regulated in living
eells,

Finully, there can he no doubt that studies utilizing iso-
lated receptors have immense potential for inereasing the
suteeess and cost effectiveness of the scarch for new thera-
peutic drugs of mturul or synthetic origin, Prior o the
advent of simple test tube procedures that can quickly de-
termine the capacity of a particular substance 1o bind to a
given type of reeeptor, the phurmacological activities of
any new chemical suspeeted o wel via receptor mechitnism
aften hud 1o be sereened by observing responses in relatives
by large numbers of experimental animals or whole-organ
preparations. For such purposes, it olten has been neces-
sury for chemists Lo prepare 23 grums or more of the com-
pound which. like the biotogical assays, cun be very tedious
and expensive. By contrast, a large number of iests on
isolated receprors usually can be performed with less than a
milligram of the sume chemical and in a much shorter time.,
Furthermore. il several substances were active in assays on
intact anintals. it was hard to judge whether one compound
wus more potent than ynother because of greater affinity
for the receptor, decreased metabolism 1o inactive deriva-
tives, or seleclive associmion with wrget organs. This made
it difficult for rescarchers 1o design more potent and selec-
tive drugs.

Even though direct binding of a chemical 10 any particu-
lar receptor obviously does not necessarily vouchsale that
it will be pharmacologically cffecs’ve in whole organisms,
recéptor screens surely will be applied on an increasingly
wider scale to enhance the scientific vigor and diminish the
expense of drug development. In this context, it is notewor-
thy that the enkephalins—a small group of polypeptides
produced in the nervous system that regulate the mecha-
nisms by which sensations of pain are generated—were
discovered in siudies on opiate receptors that recognize

morphine and related substances from plants that act as

pain killers, Further work on chemical modification of
enkephalins as guided by opiate receptor studies promises
the development of more potent and perhaps nonaddiclive
drugs Jor the control of intractable pain.
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Hormones and ncurotransmitters coordinate the develop-
ment and (unctions of the many specialized tissues ol high-
er amimal organisms by acting as chemieil messengers that
canvey information between cells. These messengers bring
ahout their biologicad effeets by first combining with speeilie
receptor molecitles in responsive eells.

All known acurotransmitter and hormone receptors are
proteins. 113s the attachment of the messenger Lo a particu-
lar receptor protein that provides the actual signal to a
respomsive eell, In some cases. the same hormone mity com-
hine with more than one type of receptor and therefore ean
send cclls difleremt messages, If the appropriate receptor

eeli s lacking or defective, then the physiological responses

Wit hormane or newroteansmitier will be ubsent or uttenuated,

Receptor studies huve increasingly important medical appli-
citions, Tesuing the ubility of aew chemical substanees to
hind (o specilic receptors provides rapid and inexpensive
sereens Tor drugs that may potentially mimic or antagonize
the actions of varfous hormories Or pevrotrinsmitiers in
living orguanisms. This may aid vhe develapraent of thera-
peutically vithsable drugs, Indeed. receptor studies contrib-
uted to the development of certain drugs of psychophae-
macologieal importance. and of propranolol for the effective
treatment of hypertension,

Sinee it 15 3 combination of 4 messenger and its specific
receptor that actaally cues a cell’s behavior. it is conceiv-
uble that eertain diseuses in which the symptoms resemble
the result of 100 littke or too much of u given hormone or
acurotransmitter might actvally reflect abnormal numbers
or funclions of u particular receplor, perhups for genelic or

other reasons, Certain rather uncommon forms of diubetes
do, in fact, seem to be associated with defective insulin
receplors rather than abnormaily low levels of eirculating
insulin. Comparably, the ncurological disease myasthenia
gravis is apparently caused by the blockude of one cluss of
neurotransmitter receplors by untibodies against these re-
ceptors that are manufactured by the patient’s own immune
syslem.

Genetically determined defects in receptors for male sex
steroid hormones are ussocialed with some rare disorders
in which the patients have a normal male complement of
sex chromosomes and develop esticles that readily pro-
duce testosterone, yet often develop other bodily sex char-
acteristics that are female in uppearance. Studies of these
diseuses, and of comparable disturbances of male sex de-
velopment in animals, have revolutionized our understand-
ing of the mechanisms by which male or female reproduc-
tive organs are formed in the embryo and develop lurther
after birth and at puberty. Tests based on estrogen receptor
determinations are of value in selecting allernative treat-
ments for cancer of the human mammary gland. Research
on receptors in relation Lo cancers responsive Lo several
other types of hormones is now under way at many institu-
tions in the United States and abroad.

Studies on hormone and neurotransmiller receptors in
relation Lo the cause and treatment of human diseases are
still very much in their infancy. There can be no doubt that
this important new field will develop wremendously over
the coming decade.
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4 Psychobiology-

Psychobiology is the scientific field that investigates the

biological foundations of behavior and mental activity. T

i a basic tenet of this research that all behavior originates
in electrical und chemicua! events in the brain, which cun be
probed by 1the methods of modern biology. Similarly. such
mental processes as perceptions, thoughts, and feelings are
considered 1o be products of highly intricate but ultimately
specifiuble patterns of activity within the brain. The unrav-
cting of these briin—bchavior relationships is shedding light
on fundamental questions about human nature and is lead-
ing 10 betler ways of treating the serious neurological, com-
municative. and behavioral disorders that afflict a signifi-
cant fraction of the world's population {see wable 1j.
Psychobiology is. of nceessity. an interdisciplinary en-
deavor. since the muitifaceted properties of the brain must
be studied with a wide variety of techniques. Researchers
with a buckground in chemistry investigate the chemical
composition of the nerve cells in the brain ind their secre-
tions. anatomists cxamine the internal structures of the
nervous system and their interconnections, while physiolo-
gists study the clectrochemical processes by which nerve
cells communicate. Psychologists and other behavioral sci-
entists are charged with ¢classtfying and measuring the ex-
pressed behaviors and mental states and linking them with
specific events in ‘the brain. Through concerted efforts on
all of these fronts. rescurchers are beginning Lo glimpse
some of the biotogical mechanisms responsible for the most
refined of the brain's products—Ileasning. thinking. conscious
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Table 1.
Disorders of communicative processes and
the nervous system

Numnber of
people afflivted”

2.,000.000
11.000.000
300.000
1.400.000
10.000.000
2,500,000
2.500.000

Condition

Deafness
Scriously impaired hearing

Blindness
Seriously impaired vision

Aleoholism and drug dependency

Canvulsive disorders (e.g.. epilepsy?

Stroke

Mental returdilion due 10 congenitul defeets
or hirth injuries

Psychoais (e.g.. schizophrenia)

Denientia [deterivration of mental abilily)

Speech impairment {number of children in
speciul scheol progrums)

Aphasia [loss of bainguage ability due to
brain injury} .

Heud injury with resultant inypairment

Parkinson’s diseuse

Mulliph: sclerosis

Bruin tumors

2,500,000
2.500.600
2,000,000

1.400.000

1.000.000
600.000
300,000
200.000
200.000

* Approximate numbers of people with these conditions in the United
Suates, out of a wital populmion ol 220,000,000,

Saurces. Murk R. Rosensweig and Arpold L. Leiman, Plsiological Psy-
chology. Lexinglon, Mass.: D. C. Hesth and Company. 1982, p. 4. From
National Research Strategy for Neurslogical and Compumnicative Disorders.
MNIH Publication No. 79-1910. June 1. 1979,
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awireness, and brguage. This report considers recent
achiicvements in these areas and prospects for fulure progress.,

AN OVERVIEW OF THE
NERVOUS SYSTEM

In vertebriates. the central nervous systent [CNS) consists
ol the brain and the spinal card. the latter mediating be-
tween the brain and the body. The human brain is o vast
assemblage of some 50 billion individual cells ¢alled nea-
rons. together with an even greater number of supporting
cells known as neurogliz, The major subdivisions of the
brain {see figure 1) imelude the cerchellum. which helps o
coordinate bodily movements: the hypothalamus and pitu-
itary gland. which regulate basic needs and instinetive be-
haviors: the thalamuos, a relay eenter for sensory and motor
infurmation: and the paired cerebral hemispheres. covered
with an extensive and deeply furrowed sheet of neurons
some 2 millimeters thick, the cerebral cortex. The cortex
shows @ massive expansion in the more highly evolved mam-
puals. particularly in the human brain, and eontains much
ol the neusul apparatus responsible for kinguage and intelleet.

Fornix

Septum pellucidum Cerebral cortex

Superior and
inferior colliculi

Hypothalamus
Onptic chiasm -
Hypophysis
Mammillary body
Midbrain { Medulla
Fons

Fourth ventricle
Spinal cord

Figure 1 Midline cross-sectional view of the human brain. showing
sotne O the pringipal stevtuzal fentores, The medulla. pons. and mid-
firin are divisions ol the brain stem, Source: E. R. Kandel and J. H.
Schwarte, Principles of Newraf Science. New York: Elsevier Science Pub-
lishing Co.. Ine. 1981, p. 7. Copyright ' 1981 by Elsevier Scienge Publish-
ing Co.. lne. Reprinted by permission of the publisher,

Neurons

Neurons. the elementary units of the brain. are cells spe-
cialized for communication, Multiple extensions of the neu-
ron’s cell body. called dendrites, are designed to receive
information from sensory cells or from other neurons. Also
projecting from the cell body is a fiber that can be quite
long (several feet in humans) called the uxon. which trans-
mits informution to other neurons or (o targets outside the
CNS. including the museles {sec figure 2). By far the most
connections made by neurons. however, are among them-
selves; o single neuron may receive inputs [rom hundreds

Apical
—dendrile

Call body

Initial

segment Basilar

dendrite

Node of

+- Postsynaptic +}+—— Presynaptic cell
cell b

Cell body

Figure 2 A s¢hematic diageam of a Iypical nesron with its dendrites.
ason, and cell body. The beesk in the axon signifies that it may extend for
very long distunees in refation Lo the size ol 1the eell body. Source: E. R.
Kandel and }, H. Schwaris. Principles of Newral Science. New York:
Elsevier Svignce Publishing Co.. Inc.. 1981, p. 16, Copyright *© 1981 by
Ebevier Science Publishing Co.. Ine. Feprinted by pernvission of the publisher.

or thousands of axons and send its own message to dozens
of other neurons. From this point of view, the brain cun be
seen ds an immensely vast and intricate network of inter-
connecting neurons. Recently developed neurcanatomical
technigues that allow precise visualization ol nerve cells
und puthways are providing new insights into the ways
neurons are assembled inko larger structural units, In faet,
using the new technigues of Lthe neurosciences, more nerve
circuits tave been established during the past 10 years than
have been defined in the entire history of brain research.
Yet. this involves only a small fraction of the immensely
complex structure of Lhe brain.

The messages transmitted among neurons are in tbhe form of
brief surges of electrical current traveling along their outer
membranes. Small currents in the dendrites and cell body
may trigger larger action potentials that pass down the (ull
length of the axon 1o influence the activity of target cells.
The timing of aclion potential dischuarges represents a "'code™
that significs how strongly a neuron has been alfected by its
inputs. As described below, neurophysiologists are attempting
1o decipher the more complex codes thual represent sensory
experiences, thoughts, and feelings by recording the pat-
teens of these electrical potentials in the brain,
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Neural Systems

The brain is urganized into i number of systems ol inter-
connected neural structures that are responsible for per-
forming specilic adapive [unctions. Sensory systems transnit
informition about the environment or states of the body o
speciatizad regions of the brain hy wiy ol sensory reeeptors
m the eve car. tongoe, skin, cle. Motor systems ol the
britin are responsible for producing acenrate and timely
movements of the body. Muscles ure under the direet con-
tral of mator neurons in the spinal cord and brain stem,
which in tarn are controlled by specialized metor areas ol
the brain, including the cerchellum, basal ganglia, and motor
cortex.

The limbie svstem is o set of brain struetures and path-
ways that regnliates motivational and emotional influcnees
on hehavier, Included in this system are the hippocampus,
amygdal, and hypothalamus. all aneienm structares obsery-
able in primitive vertebrates as well as in man, Clasely
alfiliuted with many limbic structures is the reticalar acti-
vating svstem. a diffuse network of neurons in the brain
stem and thalamas that regulites states of arousal and the
sleeping/waking cyele.®

GROWTH AND DEVELOPMENT OF
THE BRAIN

In the early stages of embryogenesis, the brain develops in
all of its structueal complexity from a very thin sheet of
neurans. Under the influenee of the genetic readout and
through cell-o-cell interactions, these embryonic neurons
proliferate. migrate 1o their proper paces in the developing
architeeture of the brain. and make appropriate connce-
tivns with other nearons or with target organs outside the
CNS. Onc of the fundamenial questions being asked about
brain development is how neurons seek out the correct
target cells with which o interconnect. The emerging view
is that the outgrowth of axons and dendrites and the for-
mation of new contitets between cells oceur in a highly
specific fashion rather than through random growth pat-
terns. [t has been shown, for example, that neurons in the
reting of fishes grow into the visual sensory areas of the
brain amd ¢reate a point-to-peint mapping of the cye upon
these brain centers, The growing axons of retinal neurons
must find their way over a consideruble distance, bypassing
numerous other neurons until they reach the cells thag have
the correct “identity™ Lo make a permanent altachment.
is suspeeted that chemical codes guide this growth process,
but their nature is unknown. A “nerve growth factor™ hus
been identified that initiatles the oulgrowth of processes
from certain classes of neurons. It is likely that the diffu-

= A more dewiled presentation of the busie arganizuiion of the brain can
be found in Lhe seetion on acurosticnce in Science and Technology: A
Five-Year Qutlook, a report by the National Academy of Seiences pub-
tished by W, H. Freeman and Company in 1979, and in (he olher sourees
listed in the bibliography.
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sion of such chemical factors may act over considerahle
distunees (o guide growing nerve fibers 1o their appropriale
turgets,

The developing nervous system is particularty vulnerable
to such environmental insults as drug exposure, birth traama,
malnurition, and infections disease. Cerebral palsy and
mental retardation are among the conmman disorders that
cin result from these agens, Through basic rescarch on the
neural and chemical factors that influence brain growth. it
15 hoped that new treatments will be devised o correet
these and other developmental disorders. For examiple. it is
estimated that the incidenee of miental retasdation can be
reduced considerably over the next 20 years by applying
the principles learned from rescarch to genctic counscling,
carly diagnosis, improved nutrition. und appropriate envi-
ronmental stimulation.

In the mature nervous system, cell multiplication and
growih largely come Lo a standstill. The destruction of cen-
tril neural tissue by discase or injury is not normally lol-
lowed by an orderly regrowth of neurons 1o repair the
damage, particularly in manunals. A long-term goal of re-
scarch on developmental mechuanisms is 1o discover meth-
ods of reactivating cflective neuronal growth in the adult
brain and for initiating the formation of functional connec-
tions to compensate for injury o the CNS. Recent experi-
ments have shown that severing the normal input pathways
to the hippocumpus in the adult rat may lead to the growth
of other neurons into the denervated regions and the for-
mation of aew connections. Continued research on neural
“plasticity™ in the adult brain should lead ulimately to
ways of improving the recovery of function following brain
dumage.

Exciting new prospects have been opencd by experiments
showing that transplunted nervous tissue from the brains
ol young rodents will “take hold™ and make connections
with neurons in an adult animal’s brain, These transplant-
cd tissues also can serve as o bridge to guide the regrowth
ol severed axons, Current experiments with rats have at-
Lained success in restoring capabilities for learning and memo--
ry that were lost following lesions 1o the hippocampus by
implanting futal nerve cells at the site of the lesion. The
possibility ol replacing dumaged brain areas and correcting
associated chemical deficiencies (as in Parkinson's disease)
by implanting appropriate neural tissue may thus be real-
1zed in the not oo distant future,

NEUROTRANSMITTER SYSTEMS
OF THE BRAIN

Neurons connect with one another at clese-fitting junctions
called synapses. In most cases. communicalion 4mong neu-
rons is mediated by chemicals called neurotransmitters. When
an electrical impulse in the transmitting cell arrives at the
synapse, tiny sucs [vesicles) of neurotransmitter are releaset
through the eell’s membrane into the junction and impinge
upon specialized chemical receptors on the surfuce of the
reeeiving eell. The transmitter induces elecirical currents in
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the receiving cell that iy enhanee ar suppress its generi-
ton af aetion potentials, Lach neuron weighs the halanee
ol these excitatory and inhibitory inputs and modulates its
action potential discharges aceordingly,

The nearotransmitters have been classified into several
chemicably disiinetive groups. There appears Lo be nothing

unique in the gquantity or propartion of particular trans-

mitters that sharply distinguishes the human brain from
that ot other mammals. In fuct. the neurochemical systems
encountered so [ar in mammalian brains and their general
mechanisims of aetion seem 1o be quite similir 1o those seen
in invertebrate nervous systems. The implication is that
principles of nervous trunsmission derived from research
on invertebrate nervous systems will have broad applicabii-
ity to higher animals. including man.

l-or sume neuratransmitter substances. the precursor chem-
icals as well asrhe intermediate stages of chemical synthesis
have been identified. The chemical pathways by which “used”
neuratransmitier is either inuctivated or recveled Tor further
use also have been worked out. Rescareh on these mecha-
nisms is vielding enormous dividends beeause most of the
drugs used to treat psychiatric and neurological conditions
have their impact an one or another phase of synapltic
transmission. '

Role in Mental illness

Evidence is aceumulating that differem forms of mental
discise. including schizophrenia and depression, are asso-
ciated with abnormalities in specific neurotransmitter sys-
tems. Research on schizophrenia. the most severe and wide-
spread of the psychotie discases. has implicated an abnor-
maliny in the neurotransmitter dopamine. Antipsychotie
drugs such as chltorpromazine, which are helpful in treating
schizophrenia. reduce the action of dopumine in the brain,
suggesting that vhis syndrome results from an overactivity
in some portion ol the dopamine sysiem. A disorder called
Gille de Ji Tourette syndrome. which produces grossly in-
appropriale speech and movement in children, also can be
improved by drugs that reduce dopamine transmission. Al-
fective disorders such as manic-depressive ilinesses have
been corrclated with abnormalities in the astivities of the
transmitters norepinephrine and serotonin.

Drug therapies for these severe mental illnesses are being
developed and improved continually as a result of research
on the basic mechanisms of neurotransmission in the brain.
Given the rate at which new information is being acquired
on neurotransmitters and their actions (the list of naturally
oceurring brain chemieals that mect the scientific criteria of
neurotransmilters has more than tripled in the past five
vears], continued progress is to be expected. However, bet-
ter animal models of these mental disorders are urgently
needed to facilitate further breakthroughs in their preven-
tion. alleviation, and cure.

Role in Neurological Disease

Several types of serious neurological disorders bave been
linked with deficiencies of specific neurotransmitter sysiems.

Parkinson’s disease. which produces abnormally slowed
movements and tremors, results from the degeneration of
newrans that use dopamine as a trunsmitter in certidn strue-
tures of the basw! ganglia of the brain. Great strides have
been maude in treating this disorder in recent years because
of advunces in our knowledge of the anutomical relation-
ships of the key bruin struetures and the identification of
neurotransmitter delicicney, 11 is now possible 10 treat Parkin-
sonism effeetively by correeting the dopamine deficieney
through oral administration of a precursor drug (L-dopa).

Huntington's chorea is a hereditary disorder that also
involves the basal gunglia and manifests itself in uncontrol-
luble jerky movements feading ultimately to mental deteri-
aration and death. Reeent experiments suggest that chorea
may result from excessive dopamine activity in the basal
ganglia (the converse of Parkinsonism) und. henee, its symp-
toms may be ameliorated by drugs that bloek dopaminergic
neurotransmnission,

Scnile dementia s a condition of profound intellectual
decline and personality change that occurs in some persons
as they grow older. 1t s estimated that as many as [0 o 15
perecent ol persons over the age of 65 are affected, making
this an increasingly serious problem as life expectancies in
our socicty are extended. Studics of the brains of persons
sullering from senile dementin und Alzheimer's disease {a
1ype of dementin occurning in muddle age) have revealed
well-defined structural changes within the neurens and, in
the pust few years, marked decreases in the activity of the
important central neurolransmitter acctylcholine have
been documented. A substantial research efflort is currently
directed towurd improving intellectual funclions by com-
pensating for this neurotrunsmitter deficiency, bul the effi-
eucy of this approach is still uncertzin, Other mechanisms,
including viruses and vascular diseases. also are under ac-
tive investigation.

Role in Pain Reduction

One of the most importani discovertes in recent years has
becn the identification of peplide neurotransmitters that
occur naturally in the brain and have the same effect on the
nervous system as the opiate drugs (for example, heroin
und morphine) in allevialing pain-and producing euphoric
states. These endogenous, morphinebike substances (termed
cndorphins) have their impact at specific sites in the brain
and spinal cord that moedulate sensitivity Lo painful stimuli,
Electrical stimulation of the brain at these opiate-related
sites lowers the intensity of pain experiences, in part by
interrupting the fiow of pain messages from the spinal cord
10 the brain. There is evidence thal 1he ancient procedure
of acupuncture, the insertion and rotation of needles in
specilic Jocations of the body for blunting pain, may work
by triggering the release of endorphins in the brain. This
line of rescarch into the neural basis of pain is likely 1o
produce new therapies for individuals suffering from the
chronic pain associated with muny forms of disease and
injury. While scientists are very optimistic about these dis-
coveries in relation Lo pain, it has not been possible yet to
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eatiblish how or whicther the cidorphin systems have any-
thing direetls 10 do with haman opiate addietion,

Role in Behavior

Most neurotransmitter systems are widely distributed in
the brain and probubly serve i number of behavioral Fanctions
but. in some cases, there appear to he speeific nvolvements.
IFor cxumple. an importinet funetional syseem has been identi-
fied in a small noucleus of several thousand nerve eells in the
brain stem region. the locus cocruleus. Neurons from this
locus use norepinepbrine as their transmitter and muake
connections with the full extent of the cerchrul cortex. the
sensory nuelei that relay information 10 the cortex, and
mainy other brain regions as well, This small nucleus is thus
in i position 1o exert a prolound regulitory influcnce on
the entire brain, Current evidenee has implicated the locus
cocruleus in the modulation of states of arousal and the
sleeping /waking eyele. us well as in sensory inlormation
processing. The sensitivity of neurons in the cortex can be
enhuneed by activity in the locus, making them more reeep-
live to pew sensory inpuls. This could be an importamt
mechanism for allowing the brain 1o pay attention 10 se-
lected sourees ol information, Studies of this brain system
may lead vo technigues for correcting deficiencies of atten-
tion and learning that are seen. for example. in hyperactive
children.

In some species of primates. the transmitter dopamine is
partictlarly abundant in neurons of the frontal lobes of the
cortex. Recently, it has been shown that the removal of
dopamine from the frontal lobes by chemical techniques
results in ;1 severe learning disability in monkeys. making
them unable to remember locations where rewards are being
dispensed, The removal of other neurotransmitters does
not secem to have any effeet, suggesting that the dopamine
neurons are essential for this type of learning and memory.

HORMONES

Many types of behavior. particularly expressions of aggres-
sion in sexuality. are strongly influenced by chemical sub-
stances {hormones) that are secreted into the general circu-
lation ITom specialized glands. Much has been learned in
recent years about the regulation of hormoni seceretion by
meitns of complex chemical messenger systems and about
the mechinisms by which hormones influence behavior.
Specialized populations of target neurons have been identi-
fied in the brains of many vertebrates. gencrally within the
limbic system. which respond to particular hormones and
instignte the appropridte behavioral tendencies. One cluss
of horinones consists of peptides that couple with receptor
sites on the surlices of targer neurons in the manner of
neurotransmitlers: in contrast, the sieroid hormones inter-
det primarily with receptors inside the neurons to modify
the cell's metabolic activities {see Chapter 3. Cell Receptors
for Hormones and Neurotransmitters). Studies of these
cellular mechanisms are leading 1o new concepls ol how
the genctic machinery of neurons is switched on and off by
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hormonces 1o modulute complex behavior patterns.,

In addition to theic immediate effects on behavior, many
liormaones act on the developing nervous system Lo produce
lang-term alierations in brain steueture and lunetion and.
ultimately. in behavioral traits. For example. adult sexual
behavior in many mammalian species is determined in part
by the impuct of hormonal secretions on the brain near the
time of birth. A signiliccon amount of current rescarch is
aimed a1 discovering how harmones influence the carly
development of critical brain cirevits and how they initiate
claborate behavior sequences through their actions on the
turget cells,

Another important research goal is 10 disentangle the
contributions of heredity, learning, situational fuctors, and
hormanes to the expression of behavior. This work has
obvious social implications for understanding the factors
that affeet reproductive behavior in humans, as well as the
causes of aggression and violence.

NEURAL BASIS OF SENSATION
AND PERCEPTION

A great deal has been learned in recent years about the
brain’s sensory reception systems lor sight. hearing. 1ouch,
and pain and how these systems are organized 1o produce
specific sensory perceptions. The principal method of in-
vestigation has been Lo record the activily ol single neurons
at different levels of the sensory pathways by means of tiny
clectrodes. The central finding has been that individual
neurons are selectively responsive to a particular feature of
u sensory stimulus, such as its color, location, shape, ete.,
or 1o a specific combination of features. This has led to the
coneept of " feature analysis™ as o fundamental mechanism
of sensary processing. In this analysis. a complex stimulus
is "“broken down” into its constituent (eatures, which are
encoded by individual neurons and then transmitied 10
higher levels of the brain. The cortical sensory areas play
an essential role in the ultimate perception and recognition
ol sensory signals. For each of the sensory systems, there
are multiple arrays of neurons that contain an orderly map-
ping of the spatial locations and other important features
of the stimuli present in the environment,

Vision

The mechanisms by which the retina of the eye unalyzes
features have been delineated. The retina consists of a large
sheet of light-sensitive receptor cells affixed to the rear of
the eyeball. upon which the optic image of the world is
focused, and two layers of nerve cells that analyze the in-
formation from the receptors. Connections between the
color-sensitive receptors {cones) and neurons in the retina
determine our capabilities for perceiving the normal range
of color sensations. Color blindness results when one of the
three light-detecting chemicals in the cones is either missing
or not sufficiently distinet from the other two. The infor-
mation about colors und contours in the world is transmit-
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ted Irom the retna by bigher levels af the brain by way of
the oplic nerve.,

The rofe of the visual cortex inanalyzing the informution
reecived lrom the retini has been demonstrated in an ele-
gant fashion, Most neurans of the viswal cortex iire pirticu-
Fardy sensitive to the straight lines within a visual seene:

dilTerent columns ol these neuwrons register hines ub o par-

ticutar skt and position. The sheet of neurons that mukes
up the primary visual cortex containg an orderly mapping
of the viswd lields. with inputs from the two eves juxtae
posed i adjacent “oculur Jominanee ™ eolnmns, Some of
these neurons are particularly responsive o moving lines,
athers Lo colored Hnes, sod stith others ka lines at dilferent
distitnees Trom Lhe eyes, giving rise to the pereeption of
depth.

This research advanees our understanding of the neural
husis ol pereeplion, ol many eriticat questions remain un-
answered. In particulur, we stll peed 1o lind out how the
mdividual Teatures of a stimulas are “eombined™ to pro-
duce unified pereeptions of whole objeets and seenes und
conseious awarencess of the viswal world, New coneeplual
approaches may help to answer this guestion: for example,
1t has been suggested tha the visual svstem analyzes seenes
according to their “spatial frequeney™ components (a mathe-
matical way ol representing its light/dark patterns] rather
than simple stimudus features.

The orderly growth and development of the line-sensitive
cells of the visual corex may be permanently disrupted by
abnormal sensory expericnee duning eritical periods of child-
hood. [n experiments with cats, it was found that raising an
animal in a visual environment that contained only. say,
verticil lines resulted in a loss of function ol the cortieal
cells sensitive 1o horizonwat lines. An analogous clfecet is
seen in children who grow up with severe oplical defects
[Tor example. astigmatism) that make lines al some orienta-
tions appear fuzzy. If their vision is not corrected carly in
tife. they develop a permanent disability in detecting lines
at those skants. The normal connections of the visual sys-
tem abso can be deranged if the two eyes are not aligned
properly during the early childhood years. in which case
the cells responsible for binocular depth perception may be
lost, This rescarch underlines the importance of early de-
eetion und correction of visunl sensory disorders, and the
samie 18 true for other sensory disorders,

Innovative ways of compensating for some Torms of blind-
ness may emerge from basic research on the visual system.
One approach 10 replacing the loss of sight is 10 stimulate
the visuul cortex clectrically, thereby producing sensations
of light that appear in a particular zone of the visual field.
While these techniques can only create crude visual sensa-
tions at the present time, we inuy expect nwre refined visu-
al experiences to be made possibie as more is learned aboug
the neural codes for visuual pereeption.

Hearing

Reseireh in the past 10 vears his greutlynincreused knowl-
edge of the peripheral anditory system and is leading to

new prosthetic deviees for overcoming dealness, The mecha-
nisms by which the reeeplor eells (hair cells] of the inner
eur sre wned w0 speeific sound frequencies and how they
trinsmit information 1o the brain by way of the auditory
nerve hive been worked o in eansiderable detail. Destenetive
changes in these delicate structures caused by such trau-
nuatie agents as intense sounds are being investigated with

the aim of understanding the meehunisms of hearing loss.

Ta compensate Tor severe dealness resulting from inner
cur damage. a new form of therapy is heing investigited
bused on the prineiple of eleetrieally sumulating the audi-
tory nerve when it remains intact. In this procedure. a
microphone picks up environmental sounds and controls
the nerve stimulator in order 10 provoke auditory sensa-
tioms in the hrain. While the quality of hearing made possi-
hle by this technigue remains poor, it does open a world of
sound to patients long deprived of uny auditory experience.
Further advances in understanding the “codes™ for specific
sounds in the neurons of the auditory patbways (particuluarly
for speech-related sounds) should improve the Nidelity of
hearing using this procedure.

Significant advances in the early diagnosis of hearing
disorders have been nutde through computerized record-
ings of brain activity in the auditory pathways in man. The
small brain potentinds evoked by sounds in the auditory
neeve and central pathway can be detected by electrodes
placed on the sealp, thereby giving a direct measure of how
elTeetively the peripheral auditory system is (unctioning.
This test can reveal both the severity and type of hearing
disorder and is particularly valuable in diagnosing bearing
loss in infams before they begin to speak, Corrective mea-
sures such as hearing aids can then be initiated, before the
development of speech is irrevocably retarded.

The Somatic Senses

Sensory information from the body (lor touch, pain, posi-
tion sense, etc.] is refayed through the spinul cord 10 the
brain stem and ultimately 10 the cerebral cortex. Specific
sets of small nerve cells and fibers in the spinal cord are
desizned 10 carry pain messages (10 the brain. The activity
of these pain-transmitting neurons can be modulated or
suppressed by stimulating other classes of nerve libers, es-
pecially the larger ones that relay touch and vibratory sen-
sations. These observations have led 1o the recent devel-
opment of "' neurostimulation’ techniques for pain control:
by applying electrical pulses or mechunical vibrations to
specific zones of the body, chronic pain may be suppressed
in some [but not all} patients. For example, il injury to a
nerve in the hand resulied in severe chronie pain. electrical
stimulation applied to the artn through a “cuff™ may pro-
vide relief. '

Further studies are needed 1o find owt which patients uare
best uided by the pharmacological treatmenis for pain men-
tioned ubove and which will respond best 10 neurostimulation.
Advances in the neurophysiology of pain mechanisms also
should make it possible to deliver electrical stimuli in the
most effective pattern ind location to optimize pain relief,
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LEARNING AND MEMORY

The sueeesslul aduptition of an animal (o its environment
or of i person to society s eritieally dependent upon learn.
ing. The ubility to profit [rom experiencee is o charucteristic
of afl animals, but the emergence of human language sys-
tems, eultwral traditions, and technolpgical devices is a1 canse-
Juenee of the vnigue learmng capabilities of our species.
By the sume token. individuils whe are delicient in basic
learning skills wre especiully handicapped in coping with
the complexities of modern living,

Mechanisms of learning are being investigated by psy-
chobiolagists @1 o number of levels. Some evidenee fuvors
the view that learning mvolves alterations in the synaptic

interconnections wmong neurons, but we need to find ou

much more about the underlying chemieal and structural
changes i individuat nerve eells, the locations in the briin
where such chunges tuke place, and the mechanisms by
which informition is ~ntered into and retrieved from the
memory storage arcas. The essential nature of the memory
trice. whether it as localized to a few speceifie neurons or
widely distributed in the brain, is stll a mystery,

Llementury forms of learning have been investigated with
considerable sucecess in such relutively simple animals as
worms, slugs, and inscets, where the relevant nerve cells
can be viswilized and manipulined readily. These animals
habituite to repeated stimuli in much the same manner as
higher vertebrates do—that is. their initial startle or with-
drawal response to a novel stimulus declines progressively
as the onee-startling event continues to recur, This modifi-
cation ol behavior results [rom a progressive decline in the
amount ol peurotransmitter released from the neurons reg-
istering the oceureence of the stimulus, In contrast, a change in
behavior known as “sensitization™ [in which the presentai-
tion of ane stimulus makes the ammal more reactive to
anuther] oceurs because ol an ingreased release ol trans-
miiter [rom the same. modifiable synapse where habitua-
tion veeurs, These synaptic mechanisms that mediate be-
huvioral change muy well apply on a1 wide scale, since there
appedr to be no essential differences in the structure or
chemistry of synaplic transmission between simple inverte-
brates and higher mammals, A Tuit understanding of the
chemical changes responsible for learning may lead 1o the
diseavery of substances that can be administered to jm-
prove these functions,

The learning of new material takes place in at least two
distinet phuses in both animals and man. Newly aequired
information is retsined Jor the first few minutes in a tem-
porary memaory store that is vulnerable to disruption by
such vutside agents as a severe blow to the bead. After
several minutes o in hour or so. items that are well learned
¢an be transferred 10 o more permanent lorm of memory
that is fess vulnerable to disruption and lorgetting. Studies
ol patients who received electroconvulsive shoek wreatments us
a psyehiatrie therapy indicate that memories become more
and more firmly established, even over periods of yvears.
This accords with the common observation that. as a per-
SO lges, remote events are at times remembered more
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vividly than reeent happenings. Research along this line
should lead to greater understunding of cognitive chianges
across the lifespan.

Several regions of the humin brain have been implicated
as plaviag eritical coles in learing und memory storage.
Swudics of brain-dumaged patients who have difficulty re-
membering newly leiened material have shown that strue-
tures within the temporal lobe, notably the hippocumpus,
are important for the conversion of temporary memories
inte more permanent form. Patients who sutter damage 1o
brain structures in the thalamuog and hypothalumus as o
resule of chronie aleoholism also have difliculty forming
strong memory traces and require extensive Leaining before
learning can oceur. Interestingly, injary to cither the tem-
poral lobe or thalamic regions impairs thé learning of spe-
cilie facts to a greater extent than the learning of motor
skills or problem-solving strutegices. These studies of mem-
ory mechanisms are importunt lor understanding the nu-
ture of mental retardavion and senile dementia,

Cognition and Language

One of the greatest challenges facing psychobiologists is to
understand the brain processes responsible lor such higher
copnitive activities as thought, language, and conscious
awarcness, Most cureent knowledge has come I'tom studices
of puticnts who have suffered injury to the brain or who
have had neurological surgery. In recent years, the moni-
toring ol ongoing brain activity through clectrical record-
ings and mapping of blood flow patierns has added 10 the
understanding of how different bruin regions participate in
mental activitics.

Right—Left Asymmaetries in Brain Function

A striking feature of the human brain is the specialization
of the left and right cortical hemispheres lor dilferent cog-
nitive. pereeptual, dand language functions. The left hemi-
sphere {in most right-handed individuals) contains mecha-
nisms (or the expression and comprehension ol lunguage,
lfor making logical deductions. and for mathematical skills,
In contrast, the right hemisphere exeels at visual percep-
tion, at judging spatial relationships, and at certain other
nonverbal functions, This pattern of luteral specialization
has been found in the vast majority of right-handed per-
sons but, among the left-handed population. there is an
increased proportion of persons having lunguage functions
in the right hemisphere or in both hemispheres. According-
lv. brain discase or injury that affects the right or left side
ol the brain is associuted with predictuble impairments in
language and cognitive functions that depend in part on
the patient’s handedness. Reeent experiments involving electri-
cal stimulation of the language areas during brain surgery
in alert patients have provided further insights into how the
cortical wrcus of the left hemisphere are organized for the
expression and comprehension of speech.

The different functions of the right und left hemispheres
are illustrated dramatically in persons whao have undergone, as
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a Lreatment For epilepsy. o sorgical wtrinsection ol the hand
af nerve fibers that interconnecets the two hemispheres. This
“split-brain™ operation resulls in the emergence of twa sepa-
rite spheres of mental activity within the same brain, The
isolated lefuside of the hrain is cupable of speaking fluently
and of understimding spokcen and writlen kinguage. but is
delicient at recognizing such complex visnal stimuli as a
person’s faee. The suegically scparated right hemisphere.
on the other hand. has o linvwed capicity for understunding

language. hut it succeeds admirably at the perception of

sputiat relationships.

Asvimmetries and Anciomy

Investigations during the past 10 years have revealed
that the pattern of eerchral speeialization seen in man has
delinite neurvanatomical corrclates. The associalion cortex
ol the temporal lobe that participates in the understanding
ol speech is expunded in the left hemisphere in most brains.,
while the frontal lobe s wider on the right, These brain
asyimmctries vary with a person’s handedness. The tempo-
ral lohes of the great apes [ehimpanzees, gorillas. orang-
utansj have feft—right asymmetrics less marked than those
of man, while these asvmmetries are completely lacking in
severil species of monkevs. Thus, from monkevs to apes 1o
man. there appears 10 be o progressive inerease in the de-
gree of asymmetry of the brain areas that are critical for
thought and language. There has been much debate about
the evolutionary significance of kateral hrain asymmetries,
particularbe in light of the highly asymmetrical brain orga-
nization for singing seen in certain species of birds.

In recent years. techniques have been developed lor study-
ing functional hrain asymmetries in normal persons by pre-
senling stimuli in the delt or right sensory ficlds. These
methods take advantage of the fact that sensory inpul to
the right side of the body. the right ear, and the right half of
the visual field is projected predominantly o the left cere-
bral hemisphere. and vice versa for left-sided stimuli. For
example. it hias been shown that, when spoken words are
presented simultaneously in both cars. the word in the right
ear tends Lo be recognized more accurately. presumably
becuuse of its preferential access 10 the lunguage-dominam
left hemnisphere. Simikarly, words flashed 1o the right side
of the ficld of view can be identified faster than words on
the left. The brain asymmetries revealed by these newly
devised tests are providing a more complete picture ol cog-
nitive functioning in normal persons, and comparisons with
individuals having sensory and intellectual impairment are
under way in many laboratorics.

Studies of lateral asymmetries in the human brain have
important implications for helping persons who suffer from
l[anguage disorders. learning disabilities. and other mentai
handicaps. An understanding of how the 1wo hemispheres
eooperate in producing these complex behaviors should
tead to improved training techniques and educational envi-
ronments for overcoming these deficiencies. Ultimately, this
line of research should allow us to design more optimal

&
cducational experiences W hring forth the full intellectual
cipacitics ol cach individual.

ORGANIZATION OF THE
CEREBRAL CORTEX

The human hrain is distingt@iished hy @ massive cluboration
af the assockation arcas™ of the cortex, so designated be-
cause they do not appear to have specilic sensory or motor
functions, kU is commonly assumed that mankind’s intellee.
tual and linguistic capabilities derive in Jarge measure from
the activities of thesc cortical arcas. The specific cognitive
functions ol the assocition itreas ol the parictal, fromal,
and temporal lobes of the cortex are being clarified through
studies of hunwn paticnts with cortical damage and of monkey
species that possess homologous brain arcas.

In the parietal association cortex, sensory inputl converges
from vision. hearing. and touch 1o form a spatial map of
the environment and of the person’s body within it. This
region gives us the ability 1o orient ourselves with reference
1o external objects—for example, 10 read maps and find
our way from one place to another, to visualize spatial
relationships in three dimensions, and to link auditory and
visual forms of information (as in reading). Within the past
few years, it has been found that neurons within the pari-
etal lobes ol monkeys seem 10 play o special role in direct.
ing attention to events in the external world, Visual stimuli
that eapture the animal’s altention activate neurons in this
cortical area. while events that are ignored do not. Damage
to these critical areas produces attentional deficits, such
that significant objects in the environment may be neglect-
ed. This research is shedding consideruble light on the mecha-
nisims by which atiention is focused upon important stimuli
in the environment,

The apparent role ol the temporal lobes and hippocam-
pus in memory storage has been described already. 1n addi-
tion. association areas of the temporal lobe participate in
the diserimination and recognition of complex auditory
and visual stimuli. The enormous association areas of the
(rontal lobes allow a person to solve problems in a flexible
and creative fushion and to make plans for the future.: The
ubility 1o follow rules and adapt to sociely’s constraints is
dlso dependent upon frontal brain areas. We are still a tong
way, however, lrom understanding the neural mechanisms
by which these intellectual functions are carried out in the
association areas,”

ELECTRICAL ACTIVITY OF THE BRAIN

As information is processed in the vast neural networks of
the brain, the electrical potentials from millions of individ-
ual neurons are accumulated to form the “*brain waves™ of
the electroencephulogram (EEG), recorded through thein-
lact sealp. The rhythmic volluage oscillations of the EEG
vary in frequency and amplitude according Lo a person’s
level of urousal, consciousness, and sleep. EEG recordings
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have demonstrated the existence ol twa distinet forms of
sleep. I slow swase sleep.™ the 1EG is ol high amplitude
and Jos Trequency, while in “rupid eye movement [R1EM)
sleep.”™ the EEG shows an inerease in frequency, resem-
bling the pattern seen in alert witkefulness, Studies during
the W68Fs revenled that most deeaming takes place ditring
RIM sleep.

While the biological functions of these two forms of sleep
are still nol well understood. i great deal has been learned
about 1he brain regions and the neurotransmitter sysiems
thut control them, There is good evidence that slow wuave
sleep s iniliated by the release of the tramsminter serotonin
From a small group of neurons in the brain stem, while in
REM sleep. the locus coeruleus becomes virtually silent.
Recent experiments huve isolated chemical tactors that pro-
molte sieep fram the hody loids of both animals and hu-
mans. This finding may represent o breakthrough in the
long seurch for u chemical “sleep substance™ that builds up
in the body o induee steep. More research should lead to a
better understaading of the numerous varietics of sleep
disorders. )

The wuking EEG in mun is characterized by the alpha
rhythm (of about 10 cyeles per seeond), which increases in
amplitude during mental reluxation, particularly with the
eves closed. This “idling™ rhythm is suppressed by a startle
stimulus thut requires aitention or by mental effort applied
1o some task. The degree of alphu suppression i a purticu-
lur brain region [for example. in one hemisphere) appears
10 be related 10 its level of information-processing activity,

Sensory stimuli elicit characteristic patterns of activity in
both the sensory pathways and the cerebral corlex that can
be detected in the Torm of small voltage chunges in the
seulp-recorded EEG. These “eventerelated potentials™
{ulso catled evoked potentials™) provide measures of how
effectively sensory informuation is being delivered 10 the
brain und of the perceptual and cognitive processes trig-
gered by the stimulus, For example, when a person listens
to speeetl, eieh word elicits o sequence of event-related
potentials that signifies the transmission of the messuge
from the inner ear to the cortex, the degree of attention
thut is puid 1o the words, and the person’s understunding of
their metsting.

New diugnostic tests ol sensory and neurologicul disor-
ders have been developed using event-related potentials re-
corded from the sensory pathways, By meusuring the speed
with which these potentials arrive at specific bruin centers.
it is possible to determine the extent to which the transmis-
sion of sensory information is impaired. The diagnosis of
diseases that gileet the sensory pathways, such as mulitiple
seferosis und peripheral nerve disease. has been facilitated
greitly by these eleetrical techniques, In many cuses. the
objective evidence from the brain potentiads is a more sen-
sitive indicator of brain disease than are conventional neu-
rological tests.

Some event-related potentials triggered from one 10 sev-
cral tenths of a second alter a stimutus seem (o be markers
of specific cognitive setivities. An carly negative potential
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is enfarged when o person’s attention is directed towied o
souree of stimuli in the cnvitonment (such as o voice or a
ftashing tight]. Current swudies of this brain wave compo-
nent are aimed at understanding the causes iand character-
isties of utlention-deheit disorders in children, Other types
of event-related potentials are praduced when a person
reeagnizes a familiar stimulus, makes o deeision, is sor-
prised by i povel event, or has difficulty understanding a
message. These potentials provide a continuous record of
the timing of a person’s mentil acts and should lead lo new
insights into the structure of human cognition.

The recent development ol highly sensitive magnetic de-
tectors now makes it possible to measure the weak muagnet-
ic fields emitied by the human hrain. The surges ol minute
cleetrie currents in active populalions of neurons induee
magnetie ficlds 1o Mow through the intact scalp, making it
possible to loculize those neurons more preeisely than is
possible with electrical reeordings alone. This technigue
shoutld aid in specilving which brain regions participate in
various modes of sensory information processing.

Mapping of Regional Brain Metabolism

Recent technical udvances have made it possible 1o visual-
iz¢ the distribution of nerve cell activity throughout the
human brain as dilferent mental processes are carried out.
By injecting an inert gas labeled with u radiouctive trucer
into the bruin’s blood supply. a two-dimensional mupping
ciun be produced of those brain regions which ure receiving
higher tevels of blood flow as @ result of their increused
metabolie and information-processing activity. Originally
designed to examine cerchral blood ow in patients with
brain discuse. this procedure ulso can be used to charl the
bratn regions that are aetivated during sensory perception,
voluntary novement. and more complex functions such as
speaking, reuding. and computation. Ditlerent mental ae-
tivities hatve been found Lo be associated with charucteristic
patierns of regional brain metabolism within the cerebral
hemispheres (see figure 3). Swudies of sehizophrenies have
shown abnormul reductions in the metabolic activity of 1he

Figure 3 A gruphic representation of blood flow through different re-
pions of the cortex as u function of what the person is perceiving. Al the
left, the eyes are scanping u pictute, tesulting in greaier blood Aow (lighis
shading] through The visoal association cores. At the right, the aoditory
corticl areas of the lemporal Tobe bécome aclive as the person listensioa -
spoken message, These patierns of cerchral metabolie activity were re-
vealed by injecting o radivuclive compound into the bleod streim and
measuring its distribadion in the brain with an array of deleciors oulside
The shull. Sonreer Niets AL Lassen ¢t al. “Brain Fundlion and Blood Flow,”
Seivntific American, ¥ol. 239, No. 4 (Ociober 1978).p. 63,
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frantad Jobes, wineh may aceount in part for their disor-
desed thought processes,

A mare line-grained mapping af the distribution of ae.
tivity within the human brain has been achieved hy inject-
ing a radio-labeled sugar that resembles the brain's prinei-
patl souree of energy metabolism, giucose. The more active
brain regivos accumulate this tracer and emit radioactive
particies (posilrons} that can be deteeted ut the sculp. This
PET [positron emission tomography) scun allows the con-
struction of a full, three-dimensional pictee of the brain’s
angaing activity, Using this mahed. it is possible, for ex-
ample, o visualize the increased processing of information
in the visual arcas of the hrain when a person is actively
examining a pictorial scene: in contrast, patients with diun-
age 1o the visuad puthways show reductions of activity, This
tethod is sensitive enough to distinguish the respective
metaholic activities ol the gray mattes (containing the nerve
cell hodies and their synaptic junctions} from those of the

white matler feantaining the insulited axons that connect
distant perve eells), PET sean measurements are made with
a very fow fevel of exposure ta radioactivity and minimal
risk to paticnts,

These new technigues for neurometabolic mapping show
exeeptional promise for revealing the brain areus that are
malfunctioning in a variety ol psychiatric and neurological
diseuses. Abnormal patterns of metubolic activity have been
abserved already in dementia of the Alzheimer's type, leav-
ing littke doubt that these techniques will be of value in the
diagnosis and elassificstion of age-related mental deficiencies,

In addition to their clinicad utility, studies of regional
cerchriat metabolism are enhancing our knowledge of the
enurmously intricute patterning ol brain activity that un-
derlies normal perceplion dand eognition. The combined
use of cleetrical, magnetic, und metabolic mapping tech-
niques will continue to sharpen the psychobiologist’s con-
cepts of how mental activites are orgamized in the brain,

Outlook

The fundamental seientifie chatlenge for psychabiologists
is to discover how the biological mechanisms of the brain
give rise ko complex adaptive behaviors and associated mental
processes. While the refationship between mind and body
remilins, in many respeets, as mysterious today as it was to
the uncient philosophers, there has been an explosive growth
in recent yeirs of knowledge ahout how the brain is organ-
ized anatomically and how it fanctions it the biophysical.
biochemical, and physiological levels to produce behavior.
This research is producing new insights as to how the brain
accoinplishes complex mental acts such as learning, re-
membering, pereeiving, and understanding, and how (hese
funetions become disturbed in mental illness. Indeed, the
realization thut mental and behavioral disorders can be
linked 10 abnormalities in brain chemistry and physiology
has led rescarchers (o investigate biologically based thera-
pies Tor a wide range of nenrological, psychiatric, commu-
nicative. and cognilive disorders.

In the past few vears, the principles that guide the devel-
opment of the embryonic nervous system into the adult
bruin have been defined more precisely. Substances have
been isolated that promote the growth of nerve cells and
their interconnections. The transplanting of viable nervous
tssue {rom one brain to another has been realized. It is
likely that these discoveries wilk make it possible 10 com-
pensite for many types of brain injury as well as for the
developmental disorders that result in impaired behavioral
functions. At the fur end of the life span. specific changes in
the structure and chemistry of nerve cells have been linked
with the profound intellectual decline (dementia) that oc-
curs in some persons as they grow older. While we are a
long way from being able 1o intecvene in the normal aging

of the nervous systent, there itre good prospects for devel-
oping cffective treatments for some forms of dementia over
the next few years,

The chemical mechanisms by which nerve cells commu-
nieate are now undersiood in considerable detail, as are the
modes of action of muny neurotransmitler substances. This
knowledge should result in more effective drug therapies
for the many ncurological and psychiatric disorders that
are associated with abnormalitics in specific neurotransmitler
systems. The recent discovery of naturally occurring pep-
tide neurotransmitters that exert the same effect on the
brain as the opiate drugs, {or example, morphine, has al-
tered substamiially current conceptions of the neural basis
for pain perceplion. Research on these endorphin neuro-
transmitters and on the neurophysiology of the pathways
that mediate pain is leading to improved methods for alle-
viating chroni¢ pain associxted with injury or disease,

The brain’s ability lo learn and remember underlies the
development of both normal and abnormal behavior, since
the majority of our intellectual and emotional characteris-
tics are either learned or modilied through life experience,
Experiments on simple forms of learning in animals have
revealed both the neural pathways involved and the ceilulur
changes that make behavior modification possible. Investi-
gations with human subjects have identified the brain strucwure
critical for the formation of new classes of memories and
learned skills. While there ure stll many gaps in onr knowl-
edge. these lines of rescarch are converging toward a com-
prehensive understanding of how memories are stored and ....
retrieved in the brain, and how they come to be expressed
in thought and uction.

New methods have been developed toward visualizing
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the intrieate puttern of clecteicat and metaholic activities
. that forms a hasis far higher cognitive Tunctions. Complex
mental aels such us speaking, seading. and paying attention
huve bheen associaled with the charucteristic patterns of
etergy metabolism and neural-elecieie activity in the ariin
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that can be detected through the intact sealp, The com-
bined use of these mapping techniques in conjunction with
precise belavioral neasurements should lead 1o new con-
cepluay advances tn understanding how mentil processes
are orchestrated in the myriad pathwavs of the beain,
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5 Surface Science and Its Applications

Surfuce science deals with the few layers of atoms at the
surfaces of solids and (he marked effects these layers exert
on the behavior of the solids themselves and on their inter-
actions with gases, liquids, and other solids. Basic investi-
gations in surfuce science have multipiied rapidly during
the past 15 years: during this time, we have learned most of
what we now know about solid surfaces at the atomic level.
The vigorous efforts to acquire this knowledge have been
notably sustained by the fundamental importance of sur-
face phenomena to the many technologies that, for a vari-
ety of reasons, rely on solids.

Solid-state microelectronic devices, for example, are fab-
ricated by the controlled growth of crystals a1 surfaces to
form solid—solid junctions or interfaces having specific elec-
tronic or opticuf properties. The broad and important field
of heterogeneous catalytic chemistry involves the interac-
tion of gases with surfaces and the chemical transformation
of molecules on surfaces. Technologically important solids
increasingly must have large ratios of surface atoms to
nonsurface or bulk atoms. Miniaturization of electronic
devices means that a greater proportion ef the aloms in a
device lie on surfaces or at imerfaces. Similarly. catalysts
with large surface areas involve small, supported clusters of
atoms #s the active cutalytie agents. The-phenomena of
corrosion and embrittlement of materials as, well as such
importunt technologies as nuclear energy, fossil fuel con-
version, and solar energy extraction all present fundamental
problems involving surlaces.
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The tools of surface science have progressed remarkabiy.
The chemical composition of surfaces can be determined
with o sensitivity of 1 atom in 1,000 by techniques such as
Auger electron spectroscopy (AES). Methods based on elec-
tron diffraction and the absorption and scatlering of X-rays
can determine distances belween atoms at surfaces to bet-
ter than 0.1 angstrom {0.01 nanometer). Tunuble synchro-
tron radiation enables us 1o distinguish the chemical envi-
ronment of a surface or interface atom from that of a butk
atom. A technique called molecular beam epitaxy, used to
construct the crystal architecture of microelectronic devices,
can deposit a layer of material 100 atoms thick that varies
in thickness by only one or two atoms over the entire layer.

The outlook for improved understanding of surfaces and
surface interaction phenomena is bright. Studies of chemi-
cal eeactions at surfaces will be advanced by methods being
developed Lo put interacting molecules from the gas phase

into specific vibrational andTotational states and 1o deter-
mine these states as molecules leave the surface after
interacting. Higher resolution methods involving infrared
absorplion and alom-beam scattering will improve grealtly
our ability to determine molecular conformations on sur-
faces. More intensc and more readily available synchrotron
light sources. in both the ultraviolet and the X-ray regions
of the electromagnetic spectrum, will refine our ability to
probe both the geometrical and the electronic structures off
surfaces and solid—solid interfaces.
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THE NATURE OF SURFACE SCIENCE

Solids are one of the three traditional phases of nuter—
the others being liguids and gascs—ol which we und the
physical uitiverse about vs are composed. All solids. whether
natursd or manmitle, have surfaces. In the interaction of u
solid with its environment, the action to a very lirrge extent
15 al 1the surfuce of the solid. 103s possible Tor X-rays and
nueleir and cosmice radiations w interaet importantly with
solid matter without mwch regard to the surfuces. Bul the
character of the surfiuee of 4 solid ean influence profoundls
the cleetrical and chemicat behavior of the interior of the
sobid and cor be the determining Factor in the interuction of
the salid with eleetromiugnetic radiation and the guscous,
liquid. und solid phases outside it.

The surliee of a solid eun be defined as the atoms that
mitke up the few. say three to five, outermost atomice layers
of the solid. These layers differ appreciably in geometric
and ciecironic structure rom those in the bulk, the deep
intterior of the solid. The surfuce livers may consist only of
atoms of the bulk solid. but they also may include forcign
atoms that cling to, or are sdsorhed at. the outermost layer, or
they iy oceupy other specilic positions in the surfiice
region, which is sometinies called the selvedge {see fipure 1),

The basic understanding of surlaces is really o parnt of the
sciencee af condensed matter. The supfuces of solids. how-
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Figure 1 Schematic diagram showing a planar cut into the near sueface
region of a cristalline sulid (the selvedge] thatis affeeted ervsiallographi-
cally innd electronically by the presenee of the surface. Foreign mems i
varous positiens are ideotified by o cross in the cirele sepresenting the
alam. Aloms in posinon: §oand 2 are adsorbed o the surefice in two
modes of tinding. Atoms in posilion 3 are absorbed or incorperated into
the surlave monoluyer; atoms in positions 4 and 6 are subatitutionally
absorbed; these io positions 3 and 7 are interstitially absorbed inwe the
sehedge and buik, respectivels,

ever. have been more difficult to study than bulk solids for
severad reusons. For one, many susluces having differing
structural. chemical. and clectronie propertics can be cul
from the sume bulk eeyvstalline material, 17or another, pro-
viding an atomicully clean surfuce and keeping it clean long
enough to do an_experiment reguires @ vacuum several
factors of 16 better than those usually aviilable in the laho-
catory, Thus. surluce studics. slthough under way for as
long as hulk studies. have lagged well behind them uniil
recently. Still, busic knowledge of simple surfaces and sur-
Face interactions.is a neeessiry prerequisite o understand-
ing in atomistic terms the structure and behavior of com-
plicitted and technologically very important surluces,

Reeent growth in surface studies has been ascribed by
many Lo the development ol convenicnt and commerciully
availuble vacuum pumps, some of new design, as well as
analytical tools and metal parts [rom which an ultrahigh
vacuum apparatus can be constructed. Equaldly, or perhups
morce importint, surfuce experiments performed in glass
apparatus and the theory of solid surfaces had begun o
demonstrite thut a basic surface scicnee wus possible. Also,
the growth of surliace scicnee his been profoundly affected
and accelerated by the vita) technotogical importance of
surlaces.

Morce than one definition of “surface science™ is possi-
ble. Viewed broadly, the term would include ail work that
hus contributed in any way Lo our understanding of surfuces
and surface processes. Much of this work has been empiri-
cul and not coupled to detailed atomisiic understanding:
nevertheless, it hus very great scientific and technological
value, We will discuss here, however, those investigations
in surface science that are avempting to achieve understanding
at the atomic level, involving the concepts of quantum me-
chunics where appropriite, It is this aspeet of surface sci-
¢nce that has blossomed during the past 13 years, The work
is aimed ut understanding and characterizing the chemical,
geometrical, electronic, and motional propertics of the atoms
that make up the outermost few layers of & solid. One ob-
jeelive is 10 extend such informition 1o solid—solid and
solid—liquid interlaces where possible, O course, such in--
formation about the nominally static surface is obwained by
interacting with the surluce in some way. But, beyond this,
surlace seientists want to underestand at the atomie level the
inteructions of surlaces with molecules from the gas phase
and the interactions among atoms iand molecules adsorbed
to the surfice,

SURFACE EXPERIMENTATION

The experimental investigation ol surfaces poses a number
of peceliar problems. Surluce probes that can distinguish
the surlace from the underlying and intimately connected
bulk must he devised. Surface experiments must be per-
formed in ultcahigh vacuum—that is, in a pressure of re-
sidual gases in the runge of 1072 Pascal (Paj. or one wenth of
a millionth of & millionth of an atmosphere (atm]. The
sitefirce scientist must prepare. anadyze, and study surfuaces
in ultrahigh vacuum because an atomically clean surface,
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onee achieved. is usually highly reactive chemically and so
tv covered quivkly with Javers ol adsorbed atoms or mole-
cules. Fhus, rescarch on surfaces tukes un d quite diflerent
aspect from much of the research on hulk solids, 1T we
imagine creating twa surfaces hy cleaving a solid along an
appropriate pane, we realize that chemicad bonds between
what sere butk hut now have hecome surlace aloms are
broken. These broken bonds provide the high chemical
reactivity ol atomically clean surfaces,

Thus. the first task of the surlace seientistis (o prepare
the surluee 1o be studied in a vacugum ol such guality thsa
the prepared surface will reniiin essentially unchanged during
the course of the cxperiment, An atomically clean metal
surfiee in g pressure ol adsorbable gas of 4 x 10-2 Pa, o5 4 x
10-% aum, will adsor approximately 10 pereent of a monoluy-
cr in one hour, Clean semiconductor surlaces are less reac-
tive by a fueror of ahout Hror more. ls many experiments,
the surface to be studied will involve the Tormation ol a
two-dimensianal mesh ol forcign atoms adsorbed 10 Lhe
surfice. The mesh must be lormed by admitting the requi-
site gas or vapor quickly cnough so that the linal surface
structuee does nal include an appreciable amount of un-
wanted forcign materiad from the omnipresent background
guses, In muny cases. such o superstructure will satisfy the
hroken surtaee chemical bonds at the surtace, resulting in a
much jess reactive surfaee that requires reconstruction per-
haps only every few hours.

SURFACE COMPOSITION

The chemical identity of an atom is determined by the
clectric charge on its nueleus. The nuclear charge. in turn,
hears o one-to-one relationship o nuclear inass, neglecting
the complication of isetopes, These principles are the baosis
ol three methods Tor determining the chemical composition
of surfaces, Each method is sensitive 1o approximately |
atom per 1000 surface atoms,

One ol the methods involves bombardment by high-energy
(I megaelectronvolt—MeV] helivm jons. which strike and
are seatiered by atoms in the surface. The kinetie energy of
a hetium jop before and after callision. and the angles of
incidencee and scattering. wniguely determine the nuclear
mass and thus the chemical identity of the atom struck.
This method. known as ion scattering spectroscopy (158).
is nondesteuctive and provides @ quantitative measute of
chemical compoesition in the outermost monolayer of sur-
Face wtoms, )

The other 1vo methods determine nuelear charge. and
thus chenneil identity, by measuring the Kinetic energies of
eleetrons gjected rom surlace atoms. These clectrons, when in
the wtom. ire core electrons—those that orbit closest to the
nucleus of the atom. In X-ray photocleetron spectroscopy
{XPS). also known as clectron spectroscopy for chemical
analysis (ESCA). the clectron is gjected by absorption ol ian
X-ray photon ol known cnergy. In Auger clectron spec-
troscopy [AES]. the clectron is ¢jected in a process of clec-
tron rearcangement in the gtom that follows the removad of
a tightly bound core clectron by high cnergy (3 kiloclee-
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tronvoltis—KkeV) dectron bombardment, Zach ol these meth-
ods allows one to deduce the spectrum of binding energics
of aomic core cleetrons, Binding encrpy—the strength ol
the bond that ties (he care clectron to the nuclens—is the
lingerprint of chemical identity. Conveniently enginecred
apparatas Tor identifving surfuce atoms hy XPS and AES
are available commercially and used widely, bath in basic
scientilic experiments and in technological applications.

SURFACE GEOMETRY

The surlace scientist is vitally interested in the relitive posi-
tions of woms in g surface, whether it is crystalline or
amarphaus, The surfaces of crystalline salids are ordered
in repetitive arrangements of atoms in the two dimensions
ol the surface plane but not in the direetion perpendicular
to the surfuce. Amorphous surluces display no long-range
arder in any direction, but the local structure around a
surlace atom is nevertheless ol interest and can be deter-
mined. Detuiled knowledge of surface geometrical strue-
ture s lundimental 1o any interpretation at the atomic
level of surface cledronic and ehemicil phenoriena,
Atoms at all soiid surfaces are shifted from the positions
they would oceupy in the bulk solid. Such surlaces are said
10 be reconstructed, The simplest reconstruction occurs at
many clean metal surluces where the atomic arrangenent is
thut of the bulk solid up 10 and including the outermost
luyer exeept lor the movement of this layer as @ whole
perpendicular to the surface. wsually 10ward the bulk. Metal
surfaces adsorb foreign atoms prelerentially into surface
sites, cilled hollow sites, where the number of nearest-
neighhor metal atoms in the substrate is maximized, The
distannce hetween the adsorbed atom and a nearest neigh-
bor metal arom. the bond length. tends 10 be near that in
butk compounds or in molecules imade up of these atoms.
The geometry of the surface of i clean semiconductor.,
an example of a ponmetal, differs signilicantly from that of
the buik. This large reconstruction occurs because semi-
conductor lattices arc open struetures with the atams far-
ther apart than in metals. making energetically fuvorable
rearrungements ol the broken but directed atom-to-atom
bonds wt the surface more probable. Displacement of atoms
from the positions they normally oceupy in the bulk solid
can be large und involve atoms several layers into the crystal,
A partial overlaver of foreign atoms adsorbed 10 4 solid
surfaee [atomic bydrogen on tungsien. atomic oxyge? on
nickel, Ter example) can assume dilferent ordered ar-
rangements called two-dimensional surlace phuses. The study
of transitions wmong these phuses, us determined by sur-
luce coverage and termperature, is « fascinating addition to
a growiag licld looscely known as two-dimensional physics,
Order—order transitions benween ordered phases are ob-
served. as are order—disarder transitions involving the ¥melt-
ing™ of the two-dimensional erystal. Some clean surlaces of
metals and semiconductors also undergo phase transitions
as temperiture is varicd with ne foreign wtoms present,
Some phase transitions between ordered Tatiices of adsorbed
lorcign molecules also involve displicive reconstruction ol
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the surlace itams of the metal substrate. In mare weakly
bound systems, ome exasiple heing hielivm atoms adsarbed
on graphite al Jow tentperatare, we abserve commensurate
phases, those in registry with the strocture of the underls-
ng substrate, as wellas incommensurate phases and transi-
tions berween them. Studies of surfaee phases iand (ronsi-
toss among them provide information on the nature of
long-range ardering amd niclting in (wo dimensions and on
how these are related to the charaeteristios of the forees
hetween atomns within the twa-dimenstonal luyer and the
[orees between the adsorbed atoms and the substrate.

Che surliee scientist now has avatlable a variety of nicthods
[or derermining sttomic positiaons in the surface regions off
solids, botly metals and nonmetals, Some are discussed brielly
fhere,

The most widely used of these methods is eleetrom dif-
fractien. The o versions af the method are low-energy
[30--200 ¢leetronvolis—eV | clectron difTractwn (LEED) and
high-energs [ 20--50 keV) eleetron diffruction [HEED), In
cither, @ beam of eleetrons strikes and is dilfracted or re-
rihiated by the sarlaee, The dilfracied beams produee char-
acteristic patterns of spols or lines on a phasphor sereen.
Front these patterns. one can determine the ssmmetry wnd
size of the basie repetitive unit from which the geometrical
arcangement of atoms at the surfieec is constructed. The
meihod also can deteet surface defects like those shown in
ligure 2. The varintion of the intensity of fow-energy dil-
[tacted beams with the energy of the incident clectrons is
compared with campulter caleulutions biased on specifie sirue-
Lurid models o obtain interatomie distances. Low-energy
cicetron difTraction is the method used most frequently Tor
structural studies of clean surfitees and studies ol chemica!
reactions on surfuees, High-energy eleetron diffraction is
ideal for vbaerving the surfuce af o growing erystal. as in
the fubrication of clectronie deviees hy molecular beam
epitaxy. Diffraction from surfuces of positrons, us opposed
to clectrans, ulso has been observed and studied.

The seattering Trom suelaces of atomic particles, such as
helium wms §1er) at high energy (| MeV) and neutral
hehitnt atoms it thermil ciwrgics (60 MeVY, also cunt pro-
vide intormation on Juslate géometry. Seattering of a fust

Terrace
Monatomic step riser

Step adatom

Terrace
vacancy

Figure 2 A ~chemapie representation ol & stepped surface with several
hinds of structurad irregularities, Awsms are represenied by cubical spaces,
Pihe step treade ar rerraee, i have ddomic vacangies in ity top kiser or
additional adsorbed awoms {adatoms} above this laser, The step riser ean
have bk and soached step adatoms. Source; After G. AL Somurjoi,
“Catalvss amd Surlace Science.” Surface Science, Vol 89, No. (=3 (No-
vember (979, p, 506,

1on beam aligned along a specilie direetion in o erystal ean
deteer the displacement of surface stoms Tron the bulk
nositions. Using a shadowing teehnigue, the positian of an
adsorbed atom abave a surfuce can be determined hy find-
ing the direetion o the ineident beam that cases the emerging
scattered beum, which is scattered from i substrate atom,
1 be blocked by the adsorbed atom. Neutral belivwn atoms
scaltered Jrom semiconductor and adsorhate-covered metal
surluces produce dilfriacted beams whose angular variation
with direction of the incident e depends oo the strrange-
ment of the surluce atoms ol these atomically corrugated
surfaces, Specilic sdsarption geametries have heen idendi-
ficd in this way.

Strueture in the immediate neighborhood ol a surfuee
atom can he determined by a methad caulled extended X-ray
absarption lne structure [EXARS). This webhnique depends
on the gjectiun ol eleetrons, by X-ray absorptlion, from
lorcign surluce itoms such as iodine adsorhed on 2 metal
surface. As a result of the seattering of the gjeeted electrons
by acighboring mewl atoms hack toward the “central™
iudine utam.-the probability of X-ruy absorption varics
perindically us the energy of the X-ray is varied. Interprets-
tion of this variation determines both the number of nearest-
neighbar metal atoms, which idemifies the iodine adsorp-
tion site, and the length of the bond between the todine and
these metul atoms.

The diffraction of X-ruys from solids is the most power-
ful tool Tor determining bulk erystalline structure, s ap-
plication to surfaces is made difficult by the weak interac-
tion of X-ruys with surface atoms and the consequent masking
of the sorlaee diffraction by dilfraction from the bulk. Re-
cently. hbowever, it has been shown thal the structwres of
ordered surface luvers of cither elean or adsorbute-covered
substrites cin be determined using X-rays that strike the
surfitee at a gliemeing angle—less than one degree off parul-
lelism with the surfiee plane. The weakness ol the interac-
tion is then an advantage, sinee interpietation is easier than
for a strongly interacting probe, such as the clectron, for
which multiple scottering events must be considered,

Theoretical calenlations of parameters of erystalline semi-
conductors have vielded information on semiconductor sur-
face geometry. One such parameter is total crystal energy.
The procedure is 1o calenbate this energy as a Tunclion of
the positions of surface atoms and to viry these positions
until & minimwm cncrgy. which the crystal normally uas-
sumes, is demonstrated. Specific positions ol surface atoms
imd interatomic bond directions, which differ appreciably
from the corresponding leatures in the bulk. have been
determined for clean surfaces of both clemental and com-
paund semiconductors such as silicon. germanium ., gallivm
arsenide. and indium phosphide. Another parameter is the
distribution in energy of the utomie electrons in the surface
region, (he swurfuee electronic structure [see below), Com-
parison of ¢xperimental measurements of this distribution
with theoreticul caleulations for o varicty of surface geo-
metricil models also yvields information on the positions of
surface dtoms.,
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Some methods of removing or desorbing atoms Itom
surlices provide struetural mlormation. Bombarding with
cleetrons or light photons can in some instapees desorb
wntized atoms in preterential directions that relate to the
geametry of the bonding of the atom o the surface, Under-
standing ol the detailed nature of the cleetronic processes
thut stimulite such desarption also illuminates the eharae-
ter of the chemical bonding.

SURFACE ELECTRONIC STRUCTURE

The electronie structure of any atomic system denotes the
distribution ol ats eleetrons both in space amd in energy.
Distribution in space ol electrons al all energies is the spu-
tial electron density: it is measured in clectrons per unit
volume. Distnbution in energy of electrams in o specified
spaitial region fthe surfuee region, for example) is the num-
ber ul clectrons per unit encrgy runge al u givep energy.
This quantity is called the energy density. or simply the
densiy . ol eleetronic stiates. The energy here may be thougit
of as the clectron’s hinding encrgy. the energy required fust
to remove it [rom the atomic system,

The most weuakly hound electrons in a solid, the valenge
electrons of the constituent atoms. are those that provide
the chemical bonding (hat holds the atoms of the solid
together. The eleetrumie structure involving these eleetrons
atlects profoundly the ehemistey that can oceur at the solid
surface and the electronic churacteristics of surfices und
interfuces in clectronie deviees. We must understund-sor-
lace eleetronic siructure i we ire w design surfaces having
specilie glectronic churacteristies, Catadylic activiwy, for ex-
ample, hus been correlated empirically with the electronic
characreristies of the eatalyst. Control of surface electranice
states that act as clectron traps is essential wo the suecesstul
design ol electronic deviees,

The valence electron states of a solid are arranged in
hunds on the scale of binding energy: the bands are sepa-
rated by forbidden energy waps in which ne clectronie states
enist. The eleetronic strictare of a bulk solid is signilicanily
altered i the surlice region, even lor clean surfaces har-
boring no loretgn atoms. For example. the surlace states
mentioned abave condine electrons 1o the surfuce region at
energies in the lorbidden gaps ol the bulk solid. Forcign
atoins ditached o surlaces also modify the surlace elee-
tronic structure significantly.

Surface experimentalists determine surlace electronic strue-
ture by various cleetron spectroseopics. in which cleetrons
are ¢jected from the solid hy an external agent. The kinetie
energy distribution of the gjected clectrons, and in some
ciases also theie angular distribution, are measured. The
most important and commonly ased agent is the light pho-
ton, which is emploved in a method known as photoclec-
tron speetroscopy. Svnchrotron radiation, because of its
variuble energy. polarization propertics. and high intensity,
is the most versatile souree of photons. Other eleetron
spectroscopics involving the use of high clectrie fields. inci-
dent tons, or metastably exeited atoms alsp have been de-

JAruitoxt provided by ERic

Surfuce Science and lis Applications 49

veloped, Energy loss of seuttered eleetrons and absorption
of light vield information on the clectronie eluracteristices
of surluces. Theorists have developed powertul methods of
citleulating both the spatial density of cleetronie charges
and the density of electronie energy states both ut surfaees
and at imterlaees.

Caore cleetrons of atoms in a solid have almost the same
hinding energies as thev do in a free atom. However, the
smabl shifts that do oceur on incorporition ino the solid
are signiticant becaase they indicute the cleetrostatic chir-
ieter of the chemical bonds w the atom. The same applics
w surfuee utoms. where altered core-level shilts indicate

conditions peculiar to the surlace,

SURFACE ATOMIC MOTIONS

The motioas of surfuce atoms of interest to the surlace
seicntist are of 1wo types, difTusive motion and vibration:
motion. An example of diltusive motion is the movement
of atams seross u suefuce, Such motion has been siudied
extensively hy both held emission and field ion microscopics,
The latter can image the surlice with atomie resolution.
Riflusive motion wlso may be tuken 10 include passage
through the outermost luyer of atoms 10 positions in, for
example. the seeond or deeper layers. Evidence for such
muauon is obtained using cleciron spectroscopies that de-
termine chemicatl composition and the structure of clectron
energy levels, Of great importance in surlace seience is the
dilfusion of impurity atoms frem the bulk into the surface
region of the solid and their segregation there.

We may distinguish two types of surinee wtomic vibra-
tions. For a clean surface. there are modes of periodic
motion ahout an cquilibrium position. The [requencics of
these vibrutions can be measured by the ubsorption of in-
frared light and by the transler of energy and momentum
w surface vibrations by scattered electron, atomic. or mo-
lecular beams at the surlace. Infrared absorption and high
resolution eleeteon energy loss also vield information on
the frequencies of the several possible modes ol vibration
ol a foreign aom or molecule adsorbed 1o the suelace.
Dctermination of the frequencics of several of the possible
modes of vibration is sufficient in many cases w0 determine
the bonding structure of the atom or molecule at s ad-
SOTpLion site.

SUR™ACE SCIENCE AND TECHNOLOGY

Basic knowledge of surfaces and interfaces is eoitically im-
portunt in several technologics based on surfuce or inter-
fuce phenomenu. Hereo three examples of the impact of
surfuee seicnee on technological problems will be discussed.

The first coneerns a technology of crystal growth that
developed direetly out of studies in surface science und that
could not exist belore surluee-scicnee technigues were pur-
[eeied. This technology, molecular beam epitaxy (MBE],
hias made possible a number of startling innovations in
crystal growth, interfuce formation, and surfiee treatment

60




PAFulToxt Provided by ERIC

50  The Five-Year Outlook

leading (o several new cleetronic und electroopuical devices.

The second involves the impact of surfuce scienee on i
well-established and vitally imporwant technology, betero-
gencous catalysis of ehemical reactions. This technology is
highly developed on the hasis of more macroscopic meth-
ods o1 study and procedure, in many cases involving a large
clement of empiricism. Several important steps are being
tuken o bridge the gap hetween basic surfuce science and
catitlyst design and operation.

The third desceribes the widespread application of surfuce
analytical techniques to u variety of technologicul prob-
lems. An example of such o problent is (he deleterious
segregation of impurity atoms at surfuces, interfaces, and
grain houndarics of technologically imporwant materials,

Molecular Beam Epitaxy

Epitaxy is erystal growth in which a crystalline substrate

determines the erystallinity and orientation of the luyers ol -

atoms grown upon it. The materials needed for crystal growth
are most commonly deposited (rom vapors or liquids in
processes called vapor-phase and liguid-phase epitaxy. In

molecular beam epitaxy, however, all of the atoms nceded

10 grow mulliatomic c¢rystals are supplied via moleculur
heams. The beams are produced by effusion from ovens in

a cold-wall, all-metal vacuum system, pumped Lo ulirahigh’

vacuum and equipped with basic surface characterization
wols. Moleculur beam epitaxy has been demonstrated to
be a versatile technique, capable ofgxtreme dimensional
control that makes possible the growth of layered struc-
tures with precise elecirical und optical properties.

The essential components of an MBE apparatus are shown
schematically in fligure 3. In an ultrahigh vacuum appara-
tus. heated ¢ffusion ovens, as many as six, produce beams
of the constituent atoms incident on the heated substrate.
Euch beam is controlled by u shuuter. Achievement of high
crystalline and semiconducting quality requires the main-
tenance of a clean vacuum and a substrate sufficiently hot
to make surface atoms mobile enough to migrate to the
proper crystal sites. Also shown in figure 3 are the oblique-
ly incident electron beam und fluorescent screen used in the
continuous observation. by high-energy electron diffraction
(HEED). of surface crystalling structure as growth proceeds.
This capability is extremely important in controlling the
conditions of crystal growth and is unique to MBE.

As an example of the use of MBE, consider the growth
on a gallium arsenide (GaAs) substraie of luyers of either
GaAs itsell or of the mixed crystal aluminum gallium urse-

nide, abbreviated (Al.Ga)As (figure 4). The growth ol gallium -

arsenide layers on o gallium arsenide substrate requires the
incorporation of equal numbers of gallium und arsenic atoms
in each layer. The means of doing this grew out of the study
of the interaction of gallium atoms and arsenic molecules
with the atomically clean gallium arsenide surface. It was
shown that the surfuce lifetime of gallium atoms on gallium
arsenide is greater than 10 seconds at a surfuce lemperature
ol about 500° Celsius. while arsenic molecules quickly de-
sorb unless gallium is present. When both gallium and ar-

Untrahigh vacuum

Healed ellusion ovens

.Fluorescent
screen

Electron beam

Starting

L substrate

(AL GalAs
GaAs

Heating block |

Flgure 3 Schematic representation of Lhe essential features of an appa-
ratus used to grow epitaxial tayers of gallivm arsenide (GaAs} and alomi-
num gallivm arsenide {|ALGa)As] by molecular beam epilaxy and 15
observe the growth by means of the dilfraclion of high-energy elecirons
striking the surface obliquely. Source: After A. Y. Cho and J. . Arthur.
“Molecular Beam Epitaxys™ in Progress in Solid State Chemisiry, Vol. 10,
PL. 3. New York: Pergamon Prass Inc.. 1976, pp. 157—191.

senic beams impinge on the hot substrate with the atomic
arrival rate of arsenic greater than that of gallium, one
arsenic atom will remain on the surface for each gallium
atom provided. In this way, stoichiometric gailium arse-
nide can be grown.

The best mechanicaily or chemically polished GaAs sub-
strates, when observed by electron dif(raction (HEED], are
seen to be rough. HEED can detect the roughness because
the obliquely incident electron beam actually passes through
the hillocks on the surface and, in the process. undergoes
three-dimensional diffraction. Three-dimensional diffrac-
tion produces a pattern of isolated spots on the fluorescent
screen, whereas two-dimensional diffraction from an ideal-
ly smooth surfuce produces a pattern of easily distinguish-
able vertical Ines. An extremely important aspect of MBE
growth is that it smooths the surfuce us it proceeds. With
the newly condensed constituents filling the valleys of the
rough surface.

A second important characteristic of MBE is that auxil-
iury effusion owvens can be used to incorporate impurity
elements into otherwise stoichiometric layers. Thus. one
can control the electronic conduction mechanism of any
given layer, Incorporation of impurity elements (dopants)
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having w greater or smaller number of valenee electrons
than are needed in the chemiensl honding produces *“n™ type
conduction kayers. in which conduction . - curs via clectrons. or
“pTtype layers. in which it oceurs via holes [eleetron va-
cieneies). Winat is more. the concentration of the impurity
wloms can be controlled precisely hy the intensity of the
malecular heam and can be varied through a given layer
according to u speeilic profiie. When the relative intensitics
of the constituent beams striking the substrate are chunged
suddenly. an ahrupt junction is formed. 10 such a junction.
the electranie and optical characteristics of the material
change in a very shon distance.

The control of ervstal growth provided hy malecular
heam epitaxy is such that a Jayer of gallium arsenide thai is
100 atoms thick will vary in thickness hy only one or two
atoms over the entire taver. MBE is the first erystal fabrica.
ton teehnigue 1o achieve this level of control. Gallium.
arsenic. and dopant atoms also may he deposited on a
heated substrate in a method Known as metal organic chemical
vapor deposition (MOCVI1)). This deposition oceurs as part of
a chemteal reaction among metal-organie molecules at the
hot substruate. The method shows great promise for grow-
ing thin erystalline lavers in which compasition and thick-
ness ure controlled precisely.

Single-erystal. wultilayered struetures with component
layers differing in composition hut not in geometrical lat-
tice structure forny the hasis for semiconductor deviees in

Figure 4 These pictures taken with a scanning eleclron microscope
show Lhe precision of molecular beam epilaxy, an emerging method for
labricating ¢lecironie and electrooplical devices. The banded areas are
alternating lavers of gallium arsenide and gallium alwninem arsenide.
The thickness of each laver i3 0.22 gm—slightly more than two-tenths of u
millionth of 4 mweter, Source: W. T. Tsang and A. Y, Cho, “Growth of
Gallium Arsenide—Galliem Aluminum Arsenide (Ga,.xAlyAs) Over
Preferentiuliy Etched Channels by Moleeular Beam Epitaxy: A Technique
for Two-Dimensional Thin-Film Definition.” Applied Phyvsici Letiers.
Yol. 30. No. 6 {March 15, 1977). pp. 293-296.
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which both light and current earriers can be manipulated.
The douhle heterostrueture laser is an example of a three-
luyer device. In it clectrons from one layer comhine with
holes in the adjacent layer 1o produce light. which is then
channeled in the adjucent layer.

Multilayer structures of alternating. sharply defined layers
of semiconductor material of differing properties form what
are known as superlattices. in one such struclure, aliernate
layers of aluminum gallium arsenide containing impurity
atoms that donate conduction electrons. are interleaved
hetween layers of pure gallium arsenide. Electrons donated
from the doped (AL Gua)As layer “spill over™ in1o the pure
GuAs luyer. where their velocity at low temperature can be
100 times greater than in material uniformly doped 1o a
compurahle concentration level. where the clectrons are
slowed by scattering off the atoms that donated them. This
new, high-mobility material. with donor atoms and donat-
ed clectrons separated. is useful in the design ol high-speed
eleetronie devices. Gullium antimonide (GaSb} and indium
arsenide {InAs) also have electronie structures sufficiently
different that alternate. sharply defined layers of the two
will produce a high-mohility compositional superlattice.
hut without the use of specific dopant atoms. Electrons in
the GaSh layers spill over into ihe InAs layers, while holes
migrate from InAs 1o GaSb.

The motion ol electrons in the extremely thin layers of
multilaver materials like those discussed above is of great
interest to the fundamental scientist. Here, he has the op-
portunity to observe und study the behavior of a two-
dimensional electron “gas™ whose properties differ startlingly
fromn those of the “gas™ of electrons found in three-dimen-
sional solids. Thus, technology that has produced new ma-
terials with the aid of basic science has in turn enriched
haksie seienee.

Heterogeneous Catalysis

A catalyst is a substance that acecelerates a chemical reae-
tion without itsell being consumed in the process. In a
common type of heterogeneous catalysis. the catalyst is a
specially prepared solid surface thut enhances the ehemical
reaction of gaseous constituents. The general character of
the sequence of steps involved is known. Gaseous mole-

. ¢ules are adsorbed on the catalyst, where they can be bro-

ken into fragments. The adsorbed molecule or its dissociat-
ed fragments diffuse over the surface of the catalyst and
react chentically with it or with other species adsorbed from
the gas phase. These processes produce surface intermedi-
ate specics and. finally. & product species that is desorbed
from the catalyst into the gas phase. The design of catalysts
by chemists has involved ingenious approaches based on
both physicat and chemical knowledge and intuition. It has
included carcful measurements of reaction rates and speci-
ficity, as well as the characterization of the catalyst so de-
signed. using a variety of physical and chemical methods.
Becuuse of the complexity of the problem, these semiempirical
methods will continue to be important design modes.
Basic surface science has contributed much in recent years
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to our understanding oF the various steps or conmponent
processes invodved in catdytic reactions. Adsorption and
desorption ol moleeudes Trom surfaces have been character-
ized at the womic level. Struetures formed by adsorbed
materials have heen determined. Muoleeular rearrangements
veeurring on surfaces also have been jnvestigaied, Al of
this work thit has enbhanced our itomistic understinding
of eutalyvtic processes hus been done in the low-pressure
runge [around 108 Pa, or 107" aum), where the hew ana-
Iytiesd taols operate. Commereial cialysts, on the other
hand, operate at pressures in the millions of Pascids (wens
of atmospheres]. This pressure gap must be bridged if our
hasic understanding of catalysis is 1o proceed.

Experimentitl apparatus has been developed in which it
is possible, at low pressure, 10 characterize the surface 10 be
used iy o cnalyst and, ot high pressure, to perform a cutalytic
reaction. The essential Teutures of one such apparatus are
shown schematically i {igure 3. At the left. with the isola-
tion member e position a, the model catalyst. a single
ervstitl of smalk surfiee arca (1 square centimeter], ¢an be
charucterized by surlace-seience teehniques, Samples of differ-
ing nuuterial iand of various surfaee erystallographic arien-
tation may be employed. Stepped surfiaces with either lin-
car or kinked risers between the terraces or treads, as illus-
trated i figure 20 have been studied,

The high-pressure catalvtie reaction is performed in the
small enclosure abowt the sample surface formed by lower-
ing the isolition member 1o position b. as seen at the right
in ligure 3. Reactant gases at pressures as high as 107 Pa
{100 atmf nuwy be circulated over the sumple and the changes
in gus composition determined by standard techniques as
the catalvtic reaction proceeds, Mennwhile, the low-pressure
region i kept it low pressure. The catalytic reaction may
be stopped at uany time, the gases pumped out. and the
isolation cell opened. permitting the catalyst to be analyzed

— Surtace characterization ports

Isolation members

8

, &
{ {
Low-pressura High-pressure
region region

Figure 5 Schematie representation of an apparaius in which a surlace
can be characterized by several low-pressure technigues {conliguration a
left] and alsw operated as o catalyst in 2 high-pressure chemicil reaction
chamber {configuration at right]. Source: After G. A, Somorjai. “Ctalysis
and Surface Scienee,” Surface Science, Vol. 89, No. 1-3 [November 1979). p.
a7,

again at bow pressure. Struetural madilication and adsorp-
tion un the eatalyst’s surfaee can then be evaluited.

This apparatus has been used, for example, 10 study hy-
drocarbon reforming by which high-octane gasoline is made.
It also has beent used to study madification by hydragen
addition to praduce new hydrocarbons, It has been shown
tha! reiction rates on platinum surfices are sensitive 1o
spectlic surface structural characteristies. The roles are faster
an some erystal fiwees than on others and are affected by
such surface structral irregularities s those iilustrated in
figare 2. There is evidenee that surface steps, for exumple,
can ilfeet the ability of u surface 10 dissociate certain chemical
bonds us molecules adsorb. Chemical changes on surfuces,
such as the lformation of it carbonaceous layer on platinum,
are impaortiant in determining catalytic reaction rates. Sim-
ilur sensitivity to surfuee geometrical structure has been
demonstrated in the iron-catalyzed synthesis of ammonia
from hydrogen and nitrogen.

Polymetullic cluster catalysts have an important place in
petroleum refining. Recent advances in understanding the
structure ol such highly dispersed systems hive come through
the use of high-resolution electron microscopy and extend-
cd X-ray absorption fine structure in conjunction with the
more traditional use of selective chemisorption and model
catalytic reaclions as probes. In some cases, one compo-
nent is found to segregate Lo the surfuce of the cluster und
thus 10 dominate its chemicul behavior. Studies using model
catalysts constructed by adsorption of one component on
the ervsialline surfuce of another corroborate this conclusion,

Thus, basic surlace studies are providing extensive new
knowledge of the various individual alomic and molecular
processes that together constitute the phenomenon of het-
erogeneons catalysis. Gaps in our knowledge persist, how-
ever, particularly because we cannot apply atomic surface
analysis techniques during the high-pressure catalytic pro-
cess, Still, it is not unreasonable 1o expect that the knowl-
edge surfiice sefence is providing at the atomic level about
surfuce chemical reactions will lead to improved catalyst
design, which hitherio depended in many instances on
semiempirical methods.

5
.

Surface Analysis

One of the most important influences of basic surfuce sci-
ence on technology has come from the development of
surface chemical analytical tools with spatial resolution of
a few atomic monolayers. These are the techniques for
chemieal identification discussed above. Primary among
them is Auger electron spectroscopy. AES is sensitive to
the outermost few atomic layers. can detect elements of
both high and low atomic number [except hydrogen) to the
limit of 0.1-0.5 atomic percent. and can be arranged 10
have good spatial resolution at the micrometer level. When
combined with the slow removal of material by ton bont-
buardment [sputiering), AES provides a means of profiling
chemical constitution to near atomic resolution through
bulk material, including solid—solid interfaces of junclions
in semiconductor devices.
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Sceondary ion miss spectrometry (SIMS] . in which ions
geeted from the surlace by primiiry ion hombardment ure
mass-anitlyzed 1 mass speetrometer, also has technologi-
cal uses in deteeting trace elements and in analyzing the
surfaces of insubinors. X-ruy photoelectron spectroscopy
(XS or ESCAJ has the requisite surfiaee sensitivity and
provides hoth clemental chemical analysis and information
on the chemieal state of the arom analyzed. lon scattering
spectroscopy has spatial sensitivity to the outermost layer
of aloms only and can be used for clemental analysis of
hoth condactors and insulators. SIMS and 1SS have not
lound as wide usage as AES and XPS, but they have their
own unigue and uscful characieristics. .

With particnlar eonphasis on Auger electron spectrosco-
P it may be said that the capabilities of clemental analysis
with o depth resolution of a few monolayers of utoms have
bad 4 profound cllect in scveral ficlds, The three most
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important of these are solid-state cleetronie deviees, metal-
lurgy. und catalysis,

Depth profiling provides the means of evaluating the
suceess af failure of several semiconductor processing pro-
cedures. Among them are the generation of specific impuri-
1y chemical profiling, interface or junction formation. uand
surlace passivation, Failure of devices is traceable in many
instances to the incorporition of unwanted impurities at
specific und determinable positions in the device, In metal-
lurgy. surface analylical wechnigues have alfected profoundly
the clueidation of difTusion and-segregation at internal in-
terfaces. which lcad to cbrittlement and structural fail-
ure. Fractured surfaces can be analyzed and intergranular
corrusion phenomena studied. Similarly, spatial chemical
compuosition and modification of newly designed catalysts
can be evaluated. and possible poisoniag {inactivationy of
citalysts can be evaluated alter their use in catalytic reactions.

Outlook

Surfice seience has made great strides during the past de-
cade or two in its ability 10 provide detailed understunding
at the atomic level. But much remains to be done, both to
continue the development of the science itself and to pro-
vide a strong base lor the important technologies in which
surfuce phenomcena figure prominently. Suceessful contin-
ucd development of these technologies is vital w the eco-
nontic growth. competitive abilities, and security of the
United States.

One of the most important tasks facing the surfzce scien-
list is 1o build detailed understanding of chemical reactions
at surfaces. The preparation of chemicul reactants in specific
vibrational and rotational staes and the resolution in time
of surfuce processes are new meuns 1o this end. Consider-
able reftnement of our techniques for determining the geomet-
rical, electronic, and vibrational structurces of both the sur-
face and the species adsorbed on it is in the offing. Im-
provement in catalytic and cnergy efficiency can be expected,
for example, in such diverse catalytic processes as the pro-
duction of fertilizers, polymers, refined petroleum, and syn-
thetie fucls.

Another important facet of surface science concerns the
role of the geometrical and electronic properties of surfuces
tn the design. Tabrication, and operation of high-speed in-
tegrated electronic circuits. The technology wilk involve further
development of multilayer struetures having high electron
mobility, interfaces of junctions of improved electrical proper-
ties. and means of rendering specific surfaces of the new
miterils passive. Central to an emerging high-speed inte-
grined cireuit technology is the fabrication. by molecular
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beam epitaxy. of transisiors involving well-defined kayers
of dilfering alomic compesition tbat are thin enough 10
permit appreciable spillover of clectrons between layers.
This new technology will provide logic circuits for higher
speed computers. for example. Similarly, optical commu-
nication systems will be improved by the extension ofl MBE
techniques to produce semiconducting structures required
for lasers and optical detectors of previously unoblainable
but desirable characteristics.

Our understanding and control of many metallurgical
problems of great import Lo society will be advanced by the
use of surface analytical tools. Chemical corrosion, uas an
example, is a very costly phenomenon oceurring on bridges
und in nuclear reactors. Detailed knowledge of the process
15 essential to the design of corrosion-resistant materials or
corrosion-preventing coatings. Expensive, empirical, trial-
and-error solutions must give woy 10 ideas based on under-
standing of the relevant phenomena at the atomic level,

The science of surfaces and interfaces 1s a multidiscipli-
nary endeavor fundamental to many important technolo-
gies in addition Lo those Louched on in this brieflook at the
future. le tends to break down walls between physicists,
chemists. metallurgists, and technologists, Often, it is diffi-
cult to detect what is science and what is technology and
which of these in any particular instance is more important
to the enrichment of the other. In any event, it is essential
that the United States maintain a position in the forefront
of scicntific and technological development in this broad.
vital, and expanding field.
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6 Turbulence in Fluids

Fluids in inotion. whether gases or liguids. play a vital role
in human affairs: in the performance of aerodynamic struc-
tures and ships: in the oil flowing through pipelines from
the North Slope of Alaska: in the pollution of our wir and
rivers: in the restraints on our activities and occasionally
the threat to our lives imposed by the vagaries of atmo-
sphere and oceun: even in the drifting continents as they
fuel uand trigger a4 Mt. St. Helen's eruption. Fluids in motion
ilso are characteristically turbulent. Thus, an understand-
ing of turbukent flow is essential in many endeavors. both
scientific ynd technological. '

What we now know of turbulent flow is almost entirely
empirical. In more than 100 years of scientific study. negli-
gibly few quamitative predictions of turbuience have been
deduced rom theory. But recent discoveries in experiment
and theory have created promising new directions for research
on the pature of the turbulent process in fluids. Progress
will not come rapidly. but the siakes are high. More basic
understanding of turbulence should lead to marked gains
in practical activities that include the design of aircraft.
compressors. turbines. chemical reactors and mixers, and
numny other products: prediction of flow fuctors for off-
shore and onshore structures: and improved prediction of
weather and ocean currents.

Fluid dynamicisis define turbulence as continuously dis-
ordered flow, Inside a turbulent air inass or river. for example,
the speed and direction of movement of the fluid a1 any
point ure changing continuously and erratically: the bulk
of the fluid, meanwhile, moves on in its appointed direc-
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tion. The development of turbulence in a smoothly flowing
fluid is a sequential process: one or several initfal instabilities
trigger the onset of disordered flow. which continues Lo
intensify unuil it reaches a point of high disorder as fully
evolved turbulence.

A bumpy ride in in airplane and a boat that will not
hold its course are manifestations of turbulence. In more
technical terms. turbulence dramatically enhances the trans-
pott of particles. heat, and momentum in fluids. Such
enhancement may be desirable. as in the mixing of chemi-
cals or the transfer of heat in industrial processes. or it may
be undesirable. as with the drag on [luids flowing in pipes
or turbines. In any event. the ability to control or predici
the effects of turbulence is an eminently practical goatl.

THE ORIGINS OF TURBULENCE

Observations of turbulence have suggested two distinct prob-
lems to the fluid dynamigist. One is to understand the
instabilities in a smoothly flowing fluid that lead 1o the
onset of turbulence. The other is to understand the behav-
ior of the fluid when wurbulence is fully developed. Instabilities
responsible for the transition to disordered motion ¢un arise in
shearing flow. which may be visualized as luyers of fluid
sliding across each other. Instabiliviesleading to turbulence
also can be produced by heating a-fluid from below. The
two types of instabilities are different. und the resulting
flows have come Lo be labeled shear turbulence and ther-
mal turbulence. The former is illustrated by the invisible

66




PAFulToxt Provided by ERIC

56  The Five-Year Outlook

chinge in the speed of the wind with a change of altitede
and the latter by the visibly changing structure of a summer
cloud,

Qur relatively poor understanding of motions in turhu-
fent Nuids, even in the simplest Jaboralory selups, is not
due 10 the lack of o sound mathematical foundation. The

-busie uid equations* represent locul, or small-scale, aver-
- ages of the underlying molecular motions and deseribe Ruid

motion guantitatively at any given point. The prohlem i<
that [oid dynamics is honlincar—that s, chinges in veloe-
ity i (Tuid depend on the square of the velocity itself (see
hoxed term in footnote). us well is on pressure. viscosity,
or internal friction. and on conditions at the houndury of
the fuid. such as at the wail of a pipe. This nonlinearity is
the cause of the complexity in space und time of even the
simplest turhalent motion.

A principal cansequence of the nonlincarity is to destabi-
Jize steady solutions of the basie equations. The pattern of
growing, then decaving, ever changing, and differing veloe-
ities throughout a fluid in a state of developed turbulenee
delies detailed mathematical deseniption. By direel nunveri-
cal computation from the hasic equations. one can, in prin-
ciple, integrate the features of many small-seale flows in
turbulent fluid to determine the Yarge-scale flow observed
experimentally, The computations aré s0 complex, howev-
er. that the largest computers today can barely address
even the initial instability in shearing flow. Even at the
swift rate of development of computers, Lhey will not in our
hifetime he uble 10 resolve fully developed turbulenee in
pipes. a relatively simple case,

Statistical Theories

What computers can do weil, however, is assistin testing
the usefulness of statistical theories of flow. Most theories
of turbulence rest on hypotheses advanced 1o approximate
or repltace the nonlinear term in the basic equations. The
goal is to relate the features of large-scale fiow to the aver-
uged propertics of 1the underlying small-seale flow. One
secks 1o substitute a simple, statistical model for a compli-
cated process in the hope of discovering a theory or model
that is generalizable, guantitative, and. finally. deducible
fron the basie equations as an approximation with a range
of validity that can be established both theoretically and
cxperimentally. Such & model then cap be used to predict
the cffects of turbulence. within its range of validity, lor a
variety of engineering or other purposes.

These statisticu) theories of turbulencee address aspects of
fluid motion that may be insensitive to the details of what

* The Nuvier—5Stokes partial dilferential equation.
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where v is the velocity, Pthe pressure, o the density, and v theRinematie
viscosity, completely deseribes the turbulent flow in an jocompressible.
isathermal Auid. The baxed nonlineur ternt is the source af instability and
the demon that makes Now preblems so intractahbe.

is actually happening in the Nuid. That is. the statstical
result is the average ol the effects of the detailed mecha-
nisms of wrhulenee. This search Tor stutistical, as opposed
1 mechanistie, feaares of turhulent mustion has been very
impnrtant in seiting the traditionat directions of rescarch in
the lield,

In the first simple madels. it wis proposed thit the vis-
cosity appeuaring tn the luid equations be rephiced by an
“empirically determined viscosity™ presumed (o incorpo-
rite the most important elfects of the nonlineur term. This
mode! and extensions ol it have found considerahle use in
explaining some large-scife [lows qualitatively, For cach
new application. however, such models must be recalibrated
hy new experiments. They cun be used with confidence, for
example. o interpolate lealures of wurbulent flow in tur-
bines of the sume type but dilferent sizes, but not to extrupo-
late such features in the design of new types of turbines,

A second cluss of statistical models emerged from the
presumption that turbulent Nlow instrinsically was (otally
disordered. Here. one explored the first effeets of the basic

fequations in imposing order on this disordered state. This

approuch is characteristic of the closure hypotheses diseussed
later in this chapter. These models. however, like those
mentioned in the previous paragraph. lack sufficient for-
mal links to the basic cquations to make il possible to
predict their range of validity.

Focus on Mechanisms

The distinguishing feature of the recent research on wurbu-
lenee is that it focuses much more on the mechanisms of
turbulent flow than do the (wo classes of statistical theories
deseribed above. The emphasis is on relatively simple mecha-
nisms aeeessible to theoretical study. Henee. the new stud-
ics may seem o be less concerned with the immensely diffi-
cult central problem. fully developed turbulence, than with
the more tractable problems-around the edges. Yet, one of
the new hapes is that a deeper understanding of fluid mecha-
nism will permit the construction of much improved statis-
tical theories.

Here, in the context of previous and continuing work, we
will deseribe three of the discoveries that are causing the
current excitement in rescarch on turbulent flow. They lie
in three different areas: the transition 1o turbulence in shear
flow; the transition to turbulepce caused by thermal insta-
bility: and the disordered behavior in simple mechanical
and clectrical systems that has provided clues linking tran-
sition and full wrbulence., The results outlined are those
that appear to concern clementary and generalizable aspects of
turbulenee and so may significantly alTect research and
development in the immediate future.

SHEAR-FLOW INSTABILITY

Traditionally, the study of turbulence has focused on the
disorder observed in shearing flow. Such turbulence 1s respon-
sible, for example. for increased drag on airerafl, the swifl
mixing ol chemicals or gases, and much of the drag on
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Muids Nowing o pipes: ence, i0)s an important practicil
problem. Conseyuently, a Lnge body of experimental data
has been developed and incorporated into a variety of models
that describe uspects of 1he process for engineering pur-
puscs. Until recently, however, no theoretical developnients

lad emerged that permitted the fundamental leatures of

this turbulence 1o be determined quantitatively or snggesied
possible mcans of controlling it. The engineering models,
marecover, did not fend themselves o generalization for
such purposes. Thus, the scurch continued for statistical
madels that reflect more aceurately the constraints imposed by
the mechanism of turbulence.

Transition Spots

What are these constraints? The average properties of a
Muid in shicar Toss near any boundary ure largely the con-
sequence of w very few violent bursts ol disordesred flow,
Iuid dynumicists have tittle doubt that these bursts are

evalved forms of the ipitial shear-flow transition spot of

figure 1. The spot vecurred in the interior of a closed chan-
nel 0.6 centimeter deep. | merer wide, § meters Jong, and
filled with Qowing water. It was photographed tirough the
plastiv »all ol the channel. and the mean [Tow is from the
top of the picture toward the bottom. The coherent struc-
ture of the spol was made visible to the camera by light
reflected from tiny mica [Takes suspended in the » ier and

ot T AR e R

Figure 1 Shear-flow Iransition “spol.”™ Source: D. Carlson et al. “A
Flow Visualization Study of the Transitien in Plune Poiseuille Flow,™
Jouenal of Fluid Mechanrics, Vol. 121 [Aegust 1982], pp. 487—3035.
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oricnted by the passage of the spot. The observed wave-
lengths—the apparent spacing of the waves—are compa-
rable (o the depth of the channel.

Such trunsition sputs now ire believed (o be prototypes
ol the Nows responsible for most of the transfer of momen-
tum and mixing of heat and particles throughout the Muid.
Spots huve been observed for severil decades. The strue-
turitl details of these Tust and infrequent events, however,
were not explored lully during most of that period because
they are initinted on such a small scale and because it wits
clear 10 only a few scientists that they played @ eentral role
in the transport of heat, momentum, and particles. Only in
the past few years has it become possible to begin 1o obtain
quantitative agreement between experimental observations
of transition spots and numerical culeulations from the
busic equations. Caleulations on advimeed computers, for
example, now can peedict certiin features of the structure
ol the transition spot shown in ligure 1. In consequence,
considerable refinament in both theory and experiment can
be anticipated.

These strange, wavelike transition spots appear abruptly
in fluids because of disturbances in the flow. The meaning
of “abruptly” depends on the churacteristics of the system—it
can be millisceonds, for example, as in the experiment of
figure 1, or several scconds in a slow river. The spols are
cupuble of growing very rapidly while extracting kinetic
¢nergy from the original fluid motion. In [ully developed
turbulence, one can picture many evelved spots interacting
und decuying, with new, violent disturbances appearing infre-
quently to sustain the disorder. The study of such spots as
isolated, nonlinear phenomena., therefore, seems a promis-
ing route to deeper understanding of a central feature of
the wrbulent process,

tven to the untrained eye, the trunsition spot of figure |
supgests an analogy with the bow waves of a ship at sea.
But the spot’s wiave system is sel{-propelled. The role of the
ship appears 1o be played by the disordered flow that fol-
lows the small disturbances on the second and third bow
waves, The challenge 1o fluid dynamicists, then, is to under-
stand the properties of waves in shearing flow, the stability
of such waves. the role of secondary instabilities, und the
breakdown of waves 10 produce disordered flow. These
problems provide the framework for a brief historical sur-
vey of work leading directly to a significant part of current
rescarch,

Wavelike Motions

. The first work on wavelike motions in steady, or nonturbu-

lent, shearing flow was initiated before 1900. Not until the
1950°s. however, did a complete mathematical theory emerge
for the instability of a wave jn a pipe or channel exhibiting
initially small departures from the average velocity. This
theory correctly predicts the behavier of long, crested waves in
a given steady shearing flow. The theory also predicted.
however, that, under the conditions of flow of ligure 1, all
witves of small velocity must decay and vanish. This predic-
tion meant that, to handle the transition o turbulence in
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such How, the theory had to take aecount of waves of Jarge
veloeity, That problem is much more diffieult. and prog-
ress with it has come only during the past tew years with
the advent of new ideas and the help of computers.

Models of Turbulence

During the long, {rustrating period of development of the
theory vt waves in shearing flow, many scientists and engi-
neers evolved statistical models based on a variety of hypothe-
ses ol what actuadly oceurs in fully developed turhulence,
The first v these moddds advaaced the view that the ordered
transfer of mass. momentum. and het in o uid would
oveur as o small departure [rom a basically disordered [Tow.
The simplest realization of this ideu is an eddy viscosity
cuclfficient, 1t is based on the coneept that miny small-scitle
eddying motiens in a fluid would disrupt flow sufficiently
to resubt in the equivalent of a large-scale viscosity,

The eddy viscosity coctficient is a statistical approxima-
tivn chysen (o represent the ohserved behavior of eddy
fluctuations on the average How. Starting with the eddy
viseosily concept. extensive modeling permitted by numer-
icut solutions of liacar differentixl equations has led 1o
virious useful results, In general, the approach provides a
framework for codifying experimental data: the caleulations
can adequintely match flows observed experimentaliy in many
practical engineering conditions. Hence, engineering design
handbooks contain a varicty of numérical models of this
kind suitable for special purposes—For exaniple. designing
aireraft or fluid-handling systems {such as pumps). Such
models have useful predictive value even in physical cir-
cumstances somewhat different from those of the experi-
ments used o eyrroborate than, The results- of models
hased an the eddy viscosity evneept. however, have nat

prawided a quantitative basis for i deeper understanding of

turbulence.

More fundamental attempts (o comprehend statistical
aspeels i turhulent shearing flow have been bused on the
mathematica! idea of closure. The word deseribes a method
of solving the seguence ol equations relating average prop-
erties of the flow to other average properiies. Each equa-
ton in the sequence requires knowledge of further. unknown
averages. and huge numbers and types of solutions are
possible. Ciosure entails a hypothesis that permits the
sequence of equations to be terminated a1 a manageable
number. Closure 1s i useful technique if the hypothesis is a
good approximation. but in no instance has a mathemati-
cal way to test its validity been built into 4 closure proce-
dure. The wests used for most closure schemes are the experi-
ments. Sinee the schemes often contain i number of adjustable
constants. it is not easy to rule out closures that are not
compatible with physical Taws,

A 1ype of closure cailed sccond-order closure has become
popular in recent vears and has found several promising

applications. One example [s the modeling of the flow of

poilutants tn the most wrbulent laver of the aimosphere—
from the ground to | kilometer abave the earth’s surfuce.
However, quantitative application of second-order closures to

controlled shear flows in the laboratory has not yet succecded.

Pectups the most profound closure—one that is quanti-
tative in principle—is called the direct-interaction approx-
imation. The approximation is not quite correet in its deserip-
tion of very small-scale. small-amplitude flows. Stll, it offers
hope of u satisfuctory descriptian of the low-order [math-
cmatically less complex] statistics of large-scale wrbulent
Mow. The direet-interaction approximation has been redis-
voverd frequently, recently by theoreticians seeking o deseribe
turbudence in fusian plasmas. The approximation ts extremely
complicated even in recently improved and simplified ver-
sions. Alrcady, however, il has been used with high-speed
camputers to provide sound estimates of the decay of tur-
butence in Auids. Fuster computers and {urther simplifica-
tion will permit additional tests ol its quantitative accuracy
and limits of applicubility.

An extreme statistical idealization of wurbulent flow is
cilled isotropic homogencous turbulence, in which the average
propertics of the flow are the same along any axis. [t is
difficult 1o produce such flow in the laboratory, even approx-
imately. Yet, many seientiv's have found in its symmetries
the hope of discoveries 1 - would be universal in their
simplicity and applicabilit, ¢ implcations of this ideal-
ization have been explored at some lengib. The most signif-
icant result, however, follows from the physical assump-
tion that turbulent cnergy passes through intermediate scules,
or dimensions. of motion in cascading from large-scale motion
to small-scale motion or vice versa. The phenomenon can
be observed in a bathtub: lLirge eddics created by stirring
result in progressively smaHer eddics. A simple argument
based on this assumption leads directly 10 the result that
the energy density of intermediate scales of motion in a
uid far from its boundaries varies as the five-thirds power
of the scale of motion. This qualitative result is supported
by considerable obscrvational evidence. The theoretical treat-
ment does not yield energy levels quantitatively, however,
and itincludes the reservation thit the results apply only to
scales ol motion so small that they lic outside the “energy
beuring™ ranpe. This may seem a high price 1o pay for the
“universalivy™ of the five-thirds power result. The hope,
however.'is that new studies based on similar ideas will
reveal statistical aspects of the mass-transporting and encrgy-
bearing range ol motions that will depend only weakly on
the details of mechanism—what is actually happening in
the fluid—and so will more uccurately portray the average
flow properties.

Discovery Through Compdter Simulation

Observation of the shear-llow transition process and its
violent nature, deseribed at the beginning of this section.
cun suggest aspects of Muid mechanism that should be reflected
in ureful staaistical treatmems of turbulence. Deeper undes-
standing of this transition has emerged recently fromy numeri-
citl experiments on the growth of small disturbanees on
shear-flow waves of large amplitude. These studies address
only it part of the problem of explaining how the self-propelled
wave system works overall. Nevertheless, the results culeu-
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lated Tor the wavelength and angle of the initial instabilities
[scen on the third bow wives in figure || appear to he
correel. The region of the transition spot between how
wave and disordered flow has been likened to a hydraulic
Jump—such as a tidal flood with a high, abrupt front—but
here between two wives. The flow of wave energy into the
jump region ntight explaim the exceptional rite of growth
of the wuplitude of the sccondury disturbance in the region.

The {irst rationial interpretation of the disordered (low
that follows these secondury waves may be found in the
similar hehavior of the simple systems discussed liater in
this chupter. Undoubtedly. many other aspects of the tran-
sition spot of ligure 1 will be reproduced soon in numerical
experiments on computers and then disseeted theoretically
1o establish the features of the spot that ire important in
fully evolved wurhulent flow.

Control of Turbulence

An understanding of the mechanism of instability would
offer the hope of cxercising some degree of control over it.
Lven though only a titile understanding has been attained,
a degree of coatrol already has been achieved. The intro-
duction of a few parts per miilion of certain polymers into
a fluid in turbulent shear flow is found 10 reduce drag
dramatically and to modify properties of the flow that were
believed 10 be fundamental. In one experiment, each of
several polymers. when added in sufficient amount, pro-
duced the sime maximum increase in the average velocity
of the ftuid. The results indicated that the proeess basically
responsible for the increases in velocity depends on a prop-
erty of the fluid. not of the additives. Further work on
modifying instability in turbulent shear flow undoubtedly
will ‘be valuable in isolating the elementary processes, on
the due hand. and in controlling them for practical pur-
poses. on the other. Drag-reducing additives are being used
now for such purposes as reducing pumping costs in petro-
leum pipelines and increasing the height o which firefighting
cquipment can propel streams of waler,

Thus. akhough we have statistical models of sheur turbu-
lence that are useful for many engineering purposes, further
sig gificant progress appears (o require a better grasp of the
underlving processzs. Help may come from additionad study of
the transition spots involved in the onset of turbulence.
Meanwhile, research on the second broad type of disorder,
thermal. or convective, turbulence. shows somewhat greater
promise of clarifying basic mechanisms.

CONVECTIVE TURBULENCE

In addition to studies of shear turbuience. scientists in the
field have long been studying instability leading to turbu-
lence produced by heating a fluid from below. Thermal. or
convective. wrbulence. like shear turbulence. is a nonlinear
process. Initial convective {lows. however, are more ame-
nable to mathematical analysis, und theory has yielded excel-
lent pictures of instability. Recent theories of the transition
from smooth to disordered flow suggest that, of the two
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types of turbulence, thermal turbulence may be the more
aceessible starting point for achieving i general understanding
of transitions to turbulence.

Most people intuitively are better able to visualize the
nature of fluid motions induced by heat thuan the compli-
cated processes that result from instability in shearing flow,
They are fumiliar with hot air rising over a rudiator or the
buoyuant plumes that produce a fair-weather cumulus cloud
on o summer day. Thus, while some scientists were still
struggling for a start in the study of instability in shearing
Row, others had theoretically comprehended most types of
instability leading to convection.

Theory predicted that a layer of fluid heated (rom below
and cooled from above would develop rising motions in the
form of simple, roll-like cells, conventing gravitational poten-
tial cnergy into energy of fluid motion. Experimentally,
these motions were observed to become disordered only if
the difference in temperature across the fluid were increased
significantly. [t was not observed in these early investiga-
tions. however. that. disorder could occur in the very first
instance of convective instabitity, which has turned out 1o
be the case.

A Rotating System

An example of disorder in the initial stage of convection
appears in figure 2. The six pictures are a time sequence.
They were taken from a position above the convecting layer in
an experimer ] system that was being rotated slowly and
steadily about a vertical axis (the circle in the center of each
picture is an end view of the axis). Each picture was taken
at the same angle of rotation, and together they show the
development of the horizontal structure of convection. The
fluid in the system is methyl alcohol. Its index of refraction
changes with wemperature: the dark areas in the pictures
are hot. rising ftuid, and the light areas are cold, descend-
ing ftuid.

The pictures show that rather smooth, roli-like motions
have become unstable in both space and time as a conse-
guence of the rotation of the entire system. This type of
disorder has a number of the features expected in a turbu-
lent process, but it is also very different from the wave
patterns seen in shearing flow. To the theoretician, the
particular virtue of this disordered flow in a rotating sys-
tem is that it occurs immediately afier the mathematically
accessible instability leading 1o the convective motion. Indeed,
very recent studies suggest that this type of disorder may be
the first 1o yield fully to theoretical analysis.

Many Disturbances

The first analysis of the initial _instability-in—the simplgst
type of conveclive process led to the conclusion that, beyond a
critical value of the difference in temperature across the
fluid, disturbances of many different sizes could grow and
interact. Subsequent study of (luid behavior beyond this
critical lemperature difference has explained the growing
cellular disturbances observed in the ordinary convective
process. To study the secondary jnstabilities-of-steadyveltutar

70




o The Five- Year Outlook

1

I

-
-\'_'.- sl

B
AL TR 4+

oty
1%
Ly

' ’/ .'?:
’
iy

s
o
*

h

D

7

z‘.,?:
q)'
&

3’:‘;_‘;“::;;‘4%.
N it

L ‘#‘.":E:-:“""‘m_ _-w-’,.

L . T P !

. . Tt

Figure 2 Rollinsabifily in o rolating system, Source; I H, Busse and
B b Heikes, “Conveetian m a Rotaing Layer: A Simple Case of Turbu-
leace.™ Sceience, Val, 208, Na, 3340 (A peil 11, 1980). p. 174,

convection, cortain aspects of the full nonlincar problem
must be incorporated into the approximate mathematical
descriptiont of the instabilities, In a scries of investigations
using such methods. the nuny types of unstable fTuid motions

that, under various conditions, can draw cnergy from the

steady eonveetion have been determined. The names of
these unstable motions include the oscillatory, the skewed-
varicose, the erosseroll. the knot. and the zigzag. Yet. despite
the variety of the motions, none leads directly to the onset
of turbulenee.

The idea that thermal webulence in a fluid must follow
the initial nastability imnzedrately was abandoned many vears
ago. In its place cume o view that the first instability would
be foliowed by a seeond. a third. und many more instabilities
as the temperature difference across the fluid laver was
inerestsed. As cuch instability was added to an carlier one,
the moation would soun become so complex that the observer
wolld interpred it as turbuience. This view of the origin of
thermiad turbulenee persisted for many years and has con-
siderable experimental support. But, on theoretical grounds.

Y e
G

sive instahilities, to the disardered flow with the continu-
ous spectrum of mations ohserved experiientally,

Only recently has the process leading so theemaul turbue-
lenee been reassessed. Theoretieal inguiny inlo the tature
of unstable systems suggests that 1if o system experiences a
ligst instubility followed ny o sceond instability, a third
mstahility wonld lead directly 10 a disordered flow tha
could be mterpreted as turbulent. This view is supported by
experimental observittions involving measurement of heat
fux. or rate of transfer of heat, in o fluid. Tlhe How hus
taken on a time-dependent and disordered character by the
third transition seen in the het-flox data. Disorder in shear
flow. on the ather hand, occurs in the abrupt, first shear-
flow transition. Henee, more than once path 1o tarbulence
evidently exists,

Statistical Approaches

After the first few instubilities that fead 1o disordered eon-
vection, mathematical complexity compels us 10 resort o
statistical theorics of wrbulence. Several of the theories
develeped for shearing lNow are alse applicable o turbu-
lent conveetion.

The first and simplest use of statistical theory with con-
vecetion s based on “mean-field™ equations. These equa-
ttons are deawn rom the camplete equations of motion by
considering only those uspects of the fluctuations thut modily
the ficids of averuge velocities and temperitures in the Nuid:
the effects of other fluctuating aspeets of the flow are dis-
carded. The virtue of the mean-field approuch is that it is
totally quantitative, so its accuracy can he established eas-
ily by comparison with experimental data.

Muean-ficld calculations wurn out to be quite inadequate
when the viscosity of the fluid is small, so that instabilities
resulting from shearing flow become a fuctor. When viscos-
ity is large, however, so that the uid remains relatively
free of sheir sources of disorder. heat flux predicted by the
mean-field culeulations appuirs to agree with the averaged
experimental observations within a factor of 1wo. There-
fore. despite the huge jump from initial convection 1o full
wrbulenee. occusionally, the quantitative results of mean-
lield studies are approximutely correct. Mathematical
complexity thus far has barred similar studics of shear flow.,
but such work probably will be done within a yeur or so.

The quantitative mean-field results for thermal turbulence
might be improved by following the closure procedure of
the previous section. Bul a quite differem class of turbu-
lence theortes. called openers. also offers hape of quantita-
tive understunding. Openers. like closures. consider staltis-
tical averages of the fult equations of fluid motion. Rather
than terminating the sequence of eguations by hypothesis.
however. the opener procedure is 1o explore the entire class
of possible fluid motions permitted by the first few statisti-
catl equittions. Anrong the many possibilitics, the solution is
scought that provides an upper bound, or maximum value,
for some important aspect of the flow. In convection. an
upper bound is sought for heat flux. In principle. this caleu-
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he actuat conveetive e fux by adding higher order sta-
tistical equations 10 reduce the number of possible laid
motions.

Upper-hound theory has produced the only dependable
guantitative resalts available in all of wrbulence theory.
The ealeulated upper bounds—for heat Nux, for example—
are guaranteed ta be higher than the values found experi-
mentally. However. the upper bounds caleulated 10 diute
are not particularly elose to the experimental valaes. In one
case, though, thar of turbulent convection with large vis-
cosity. upper-bound theory agrees exactly with the mean-
ficld result for fully evolved convection, Such agreement
estabhishes that the role of the Muid Auetuations negleeted
in the mean-field approach is to reduee heat flux,

Only & few scientists huve worked with upper-bonnd theory,
yet it appears 10 offer considerable opportunity for use in
wore complicated Row situations. While conclusions reached
with the theory are formally correct, it 1s possible 1o improve
the aceneiey of the ealenlated upper bound by adding higher
order statistical equations to the caleulation. In the past,
such extensions of upper-bound resuits have not been fea-
sible but. with the greater availability of computing facili-
tics. upper-bound theory pravides i unique way to pin
down statistical aspects of turbulent flow in an ordered
menner.

Antiturbulence

In the rotating system of figure 2. the convective instability
exhibited disorder in its very first appearance. Beyond this
initial behavior. increasing the temperature difference across
the layer of fluid leads to further disordering. In some
recen: remarkable experiments well into the turbulent range,
however, an instability leading to @ persistent. large-scalc,
ordercd flow has been observed.

The experiments were done in a tank lull of water with a
convective region berween two flat plates t0 centimeters
apart, Heating the botiom plate produced small-scale, very
disordered. convective bursts, but no luarge-scale motions.
Then. unexpectedly, the large-scale. ordered motion appearcd
and flowed steadily around the tank in the same direction
for several days, while the small, disordered bursts contin-
ued to appear and decay, Such discoveries could be inter-
preted as antiturbulence, since the lurge-scale flow appar-
ently is indcpendent of time but is driven by the very
disordered. small-scale convective bursts that come and go
in space and time. ’

Closely Coupled Theory and Experiment

Because of their accessibility to quuntitative theoretical study,
the early stages of convection under various circumstances
have taken on an exciting new role in the growth of our
understanding.of the advent and development of turbulence in
fluids. Nevertheless. thermal turbulence is but one manifes-
tation of the process, and mathematical description of the
advent of turbulence is in no sense a description of fuily
turbulent flow. The goal remains 10 determine the statisti-
cal structure of (ully developed flows. whether thermal or

.
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shuir, both as a philosophical and as a practical matter of
considerable tmport.

DISORDER IN SIMPLE SYSTEMS

Arising in part [rom stedics of convection, and related to
them through uncomplicated models, is the discovery of
simple mechanical and mathematical systems with exact
solutions that appear (o display disordered behavior, Stud-
jes of these systems do not, in fact, kead directly toward the
traditional problems of turbulence. But the syslems suggest
new avenues Lloward an understanding of disorder in nature, in
particular, turbulent processes. and huave produced grow-
ing excitement among scientists during the past decade.

Muany scientists had believed previously that disordered
behavior of a mechanical system wus o conscquence of
noise. Or extrancous effects caused by external disturbances. 1t
might be thermodynamic noise or even the effects of trucks
shaking the ground in the distance. New observations, howev-
er, show that elementary processes in certain systems fead
to vxacily reproducible disorder. Such systems are said o
contain a “strange attraclor™—a feature that attracts the
system toward disordered behavior. The disorder is time-
dependent—it is not also a function of position as would be
the case with velocity and temperature in a fluid, It has
come to be culled temporal chaos. The hope is that general-
izuble features of this temporal chaos will shed new light on
the fully developed disorder in both space and timu that is
characteristic of shear and thermal turbulence far from
their onset.

Disorder in a Dynamo

An example of a system that exhibits reproducible disorder
is the homopolar dynimo (figure 3): a simple form of elec-
trical generator, A dynamo converts mechanical energy to
electrical energy. The shalt of the metal disk in figure 3 is
driven by a steady torque, When the disk reaches a certain
rotational velocity { W), infinitesimal fluctuations of cue-
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Figure 3 A dynamo (W = poration rate of mefal disk. f = electric
current in disk. J = current in stanionary wire coil). Sowrce: K. A. Rob-
bins. A Momem Equation Description ol Magnelic Reversals in Lhe
Eurth.” Proceedings of the National Academy aof Sciences, vol. 73, Np., 12
(December 1976]. p. 4298.
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rent (] in the wire loop below the disk produee @ magnetic
field which, in wrn, i reinforecd hy eurrents (f} ftowing in
the disk because of its mogion through that magnetic ficld.
This system can exhibit magnetic instabilitics of either
podarity—that is. in e magnetic ficld outside the system.
“north™ can be either up or down,

It has been known for severd years that this dynamo can
hehave very strangely in ime, 1T the small external loop on
the lower right. which represents the Joad on the dynamo,
is purcly resistive. the system becomes unstable o growing
oscillations, Figure 4 is a reeord of the current that flows in
the loop as o Tunction of time. These data suggest that the
polarity ol the magnetic lield reverses at apparently ran-
dom intervals. Yel. the behavior s not a consequence of
extrancous external disturbances: it can be reproduced exictly
time alter time rom the equations describing the behavior
ol the dynamo, The reversals of polarity are most nonuni-
form at the very lowest torque at which the instability occurs:
this process has been suggested as an explanation of the
nuignetie reversals that oceur in the geodynamo deep in the
liquid corc of the earth, causing the north and south mag-
netic poles (o change positions as often as every 15,000
yuars,

The significant feature of this disordered behavior js that
it can ogeur in a system with only three degrees ol [reedom,
or variables: the angular velocity of the dynamo’s shafi, the
current in the disk, and the curtent in the wire loop. In
other words, the system is completely accessible for detaiked
study, in part by mathematical analysis and in part with
computer assistanee, Such accessibility raises the hope that
an understanding of this type of disorder. once achieved,
may help to elarily the much more complicated disorder of
Tuid systems in space and time.
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Figure & This figure ts u reeord. over Lime [¢]. of the current {J] Nowing
in the wire joop of the dynamao in figure 3, when Lhe loud on the dyaamo is
purcly resistive. The record suggesis that the polarity of the magnetic fieid
reverses at rapdam intervals, yer the behavior can be reproduced exactly,
time after time, from the equations describing the behavior of the dyna-
mo. What seems random. in otber words, is exaclly reproducible disorder.
Source: K. A Robbins. A Moment Equation Description of Magnetie
Reversals in the Earih,” Proceedings of the National Acodemy of Sciences.
Vol 73, No. 12 |December 1976). p. 3299,

Lzquations that describe the homopolar dyname are vastly
simpler than those that deseribe a TTaid system. The vari- -
ables in the dynamo cquation, as noted above, are functions
only of time und not also of position, as are the velocity
and temperature ficlds in a Muid system. The dymmo equta-
tions. however, also describe the first beginnings of the
convective process after the point of instability. These are
culled the 1 orenz equations.® Lxploration of muany equa-
tions has not revetitled any simpler than the Lorenz equa-
tions which deseribe a continuous physical proeess that can
bue set up in the luboratory.

In these cquations, a, b, and ¢ represent the time-dependent
variables, W. [, and J. of the homopolar dynamo. The dot
that appears over the first three symbols (@, 6. and ¢) repre-
sents the rate of change of those quantities with time. When
the rates are zero. the three equations are three algebraic
relations that determine the steady-state solutions of a, b,
and ¢. R is the experimentally controlled constant, deter-
mined in the convective case by how much heat Mows across
the Muid layer, and in the dynamo case by the amount of
lorque applicd to the shaft of the dynamo. P, in the convec-
tive case, is the ratio of thermal to viscous diffusion
coefficients: in the dynamo case, P is the ratio of the two
time constants in the electrical circuit,

_Approaches to Chaos

Solutions of the Lorenz equations describing the behavior
of the dynamo reach a,chaotic state by an abrupt transi-
tion, This type of transition from order to disorder is akin
to the abrupt trunsition to disorder observed in fluids in
sheuring flow.”

Simple systems also may approach chaos through a
scquence of period doublings of an oscillatory part of the

‘motion. An example. of such behavior was found in exper-

iments with a small convective cell containing liquid heli-
um. The cell was heated at the bottom and the flow of heat
at a point in the helium was measured. When the tempera-
ture difference across the cell reached u critical value, the
heat flow began to oscillate with a time period of 1. At a
second, lurgér temperature difference across the cell, the
heat fow did not repeat after a time ¢, but after 21, As the
temperaiure difference was increused. the period of oscillu-
tion continued to double until finully the motion became
chaotic,

This sequence of period doublings appeurs to have gen-
eralizable aspects Far beyond the problem of wrbulence.
The values of the parameters, such as temperature, at which
the period doublings occur lead Lo a ratio that appeurs not
only in these experimental data, but in purely mathemati-
cal studies [such us mapping of the unit interval).

* Lurens equalions:
»
Wotu=pe=A
b+t+h+tar=R
Prte-a=0
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Persistent Order

Despite the temporal chaos seeir in siinple systems, o degree

of order persists. When the current that flows in the loop of

the homopolar dynamo. for example, is plotted against
time, it appears to fluctwiate. or change direction. yuite
randemly, When the sequence of maxinum currents al
cach Huctwanion is plotted. however, the result s an ordered
cusped curve, A sipnificant featnre of such plotsis that they
are not altered by small disturbanees, or noise, A small
amount of notse imposed on the homopolar dynamo would
change the piot of current Auctuations with time to the
paint where it would bear no apparent relation 1o the orig-
inal plot. But the resulting ensped curve—the plot ol max-
imum currenis=—would shew no ¢change from the original,
even if the noise were impuosed continuously. Such plots,
theretore, show not only an order inherent in the temporal
chaas but o stability of that order in the preseace of imposed
disturbanees.

Other properties of these simple systems also show inter-
esting order amid the chaos, Examples are the heat (ow in
conveetion and the average strength of the magnetie ficld
inn the dynamo. Both processes speed up in the same [ash-
ian with the addition of greater forcing. such as increasing
the temperature difference across the conveetion. Explora-
tions ol this correlation and the reason that the dynamo
and the simple convection retain these qualities of the steady
solutions (o the equations have vel to be made. Indeed,
man aspects of temporal chaos remain mysteries. They
are mathematically accessible, however. and should be clari-
fied in the near futitre,

These transitions to lemporal chaos have been compared
to thermodynamic phase trunsitions from a more ordered
to u less ordered state. The dilferences are constderable: no

Turbulence in Fluids 63

underlying theory conneets the 1wo processes. The discov-
ery of o mathematicad method called renormalization group
theory, however, has provided o powerful tool for interpre-
ting thermodynamie aspeets of phase transitions in con-
densed matier [generaily. the solid state]. This theory makes it
possible to identily new, universat featnres of physical pro-
cesses. inctuding aspeets of turhulenee. One example is the
period doubling ratio mentioned carlier.

Application of the theory 1o the statistically steady states
of simple dynitmic systems has proved valuahle in some
instances, but not vet in others. Renormalization schemes,
for example. can be used to address the more ordered behay-
tur. such s the period-douhling process. preceding the chaotie
state. Yet. limited sueeess has attended applications of
renormalization group theory o the traditional problems
ol turbulence.

A saeureh is in progress {or representational frameworks
or special problems in which this new technique can cap-
ture statistical features of fully evolved turbulence in fluids.
A significant guide gained from study of the dynamo prob-
lem is that the chiotie state that is realized, contrary lo
what might have been expected, can be shown mathemati-
cally not to be the one that would result in the highest rate
of dissipation of energy.,

H is dilTicull Lo prediet where the current studies of sim-
ple systems will lead. but they are beginning to make it
pussible 1o isolate the basic elements responsible for disor-
der. The aspects of simple systems that are currently acees-
sible to analysis do not lie at the heart of the traditional
problems of [ufly evolved turbdlence. Nevertheless, inves-
tigittions ol disordered behavior in simple dvnamic systems
promtise (o contribute substantially to new understanding
ol the tuchulent process,

Outlook

The diseovery in recent years of mechanical and exactly
solvable mathematical systems that lead to chaotie behav-
jor sugpests new paths toward understanding turbulence in
fluids. wheiher pases or liquids. Turbulence is the cause of
bumpy airplune rides, the rapid mixing of chemiculs in
industrinl processes. the enhanced drag on petroleum flow-
ing in pipelines. and many other phenomena that can be
either desirable or undestrable. Scientists and engineers con-
cerned with yurbulenge ure beginning to think more about
the mechanism involved, as opposed to its statistical
manifestations—more abowt what actually happensin the
fluid. as opposed 1o statistical approximations of what hap-
pens. Such work is yvielding 4 new scientifie kinpusge—a
new way of thinking ahout wrbulence—that promises deeper
understandimg m the search for universally applicable lea-
tures of the turbulent process.

Stittistical approximations, based on experimental duta,

i,
LW T

PAFulToxt Provided by ERIC

are pecessary beciuse we have no other way of dealing with
turhulence in engineering design and for other practical
purposes. The theory of this immensely complex process,
after more than 100 years of scientific study, has yielded
negligibly few quantitative predictions of turbulence. The
trend toward mechanistie thinking will nol. soon, bring
contplete or even close 1o complete undersiunding of the
cendral problem. fully evolved turbulence. But it ollers every
hope of leading to the construction of statistical hypotheses
that reflect more zceurately the underlying mechanism of
the process.

For the near and interimediate term. the goals are to
increase our skill av controtling instabilities and 10 achieve
a broad predictive capability for statistical models of tur-
bulence. Such capability would permit bgth energy saving
and improved performance in redesigned pumping systems,
compressors, turbines, airceift, chemical reaetors and mix-
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ers, smd many wher products. New understanding of the  of disorder in natural processes may be as important a
limits on predictability of the large-scale disorder in weather  contribution to modcl building in cconomics, political sci-
and in ocean currents cian be an carly reward of the studies  ence, and ceology as it is in Nuid turbulence,

of chaos in simpler systems. New awareness of the urigins
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In the briel quarter century since the laser was invented,
intensive research and development have made ivan essen-
tial 100l in science and technology. The deviee has led 1o
breakthroughs in our fundamental understunding of the
interaction of radiation with matter and is permitting us o
measure the most fundamental physical quantitics. Lusers
are used in medicine, industry, and defense. Progress in the
feld has been remarkable by any standard. But fully as
remarkable are the great promise and incredible vitality
that continue Lo characterize laser science and technology.

LASERS AND COHERENT LIGHT

By now, laser is a household word, but it began life as an
acronym for “light amplification by stimuluted emission of
radiation.” The device employs high-intensity light or elec-
tric cutrent 1o cause atoms, molecules. or ichis in 4 medium
to radiate at frequencies corresponding to the separation
between discrele energy levels. This process generates light
of cssentially a single wavelength, cailed coherent light.
The wavelength varies with the nature of the light-emitting.
or lasing, medium selected: the medium may be solid. lig-
uid, or guscous—Ifor instance. ruby. various organic dyes.
and carbon dioxide. Some lasers can be tuned over a range
ol wavelengths: lasers can be designed to generate light in
pulses or continuously {continuous wave. of ¢w).

Light from a laser is coherent for all practical purposes.
That is. it covers a relatively narrow range of wavelengths
called the bandwidth or linewidth. Usually, the bandwidth
is given in-hertz {Hz). a meuasure of frequency. Laser

0oh
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bandwidths typically are on the order of 10 megahertz,
although bandwidths of a few hertz have been achieved
experimentally.

Coherent light has unique properties: it is monochromatic
(of one colot): it is highly directional, emerging from the
laser as a narrow, focused beam: and it has high power.
Elforts to exploit this combination of properties have led
1o a variety of fasers and numerous applications, many of
them impossible with other techniques or equipment,

Besides its immense scientific utility, the laser is the basis
of lightwave communications systems operating through-
out the world. A luser-based process lor separating iso-
topes of wranium is scheduled for major scale-up in this
country. Lasers are used commonly in such manufacturing
processes as drilling. cutting, welding, and surface treat-
ment: they are readily adapiable to computer-controfled
fabrication. Delense lechnology benelits from such equip-
ment as laser radar and laser target designaiors. Laser tech-
niques are establishing new frontiers in medical diagnosis
and surgery.

The prospects in laser science and technology treated
here were selected because of their potential importance
during the next five years. They fall under five general
headings: new lasers and laser systems,* high-resolution
spectroscopy. lightwave communications. separation of
isotopes. und applications in industry, defense. und medicine.

* The luser of the Jaser souree is the fasing medium. and the kiser system is
the medium plus Lhe associated vquipment. Laser will be used here 10
musn both. except where the distinction is imporunt.
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NEW LASERS AND LASER SYSTEMS

In 19820 existing lasers sativfy the needs of seienee and
lechnedogy over much of the eleetromagnetic spectrum, In
the infrared (long-wavelength) regian, there are curbon
diovide and other molecular lasers. In the near-infrared
region. there dre neodymium-doped glass, neodymivm-doped
sttrinm afuminum garnet (Y AG), and other lasers. Several
types of fon fasers are used in the visible region,

Still other laser systems are needed urgently. however, 1o
provide coherem light with specific characteristics, IFor exam-
ple. there is no laser that produces light in the visible range
with relatively high power. Prospective uses of such a laser
wonld include large-sereen displays and photochemistry,
Laser sources become searce as one approaches the neay-
ultraviolet and shorter wavelengths, Needs exist ulso for
coherent light al shorter pitlse durations, or times. than are
now available. Prospeetive uses for shorter wavelengths
and pulse durations are particularly evident in basic scien-
Lifie investigations and measurements,

Most measurements in the physies of solids, liquids, and
gases are designed to determine either structure (geometry)
or kincties [the rute of chemical or physicul change). The
luser is a powerlul tool lor high-precision structural studies
and, during the past 20 vears, it has been the major 1ool in
kinctie studies because it can provide either uniguely high
speetril resolution or pulses of uniquely short duration.
Many chemical reactions. for example. oceur in times on
the order of a picoseecond (ps—I10-*2 second): spectroscopic
study of reactions, using lasers with pulse durations approuch-
ing i picosecond, yiclds unprecedented insight into chemical
processes. The laser has become so central in kinetic stud-
ies that the advent of new spectral ranges or shorter pulse
durations has uncovered entirely nesw directions of research,

Shorter Pulses, Shorter Wavelengths

Until recentdy, advances in lasers have been confined large-
Iy 10 pulses longer than a picosecond in the wavelength
region of 0.2 to 2.0 micrometers (pm—10-% meler):.these
wavelengths are in or closely surrounding the visible region.
Lately, however. it has become possible (o produce pulses
as short us 50 femtosceonds (fs—3 x 107" second) and wave-
lenglhs as short as 0.05 gm. Lasers with these charaeteris-
tics expand the range of investigation to such phenomena
as very fast chemical reactions: preferential excitation of
isotopes, which in part can be used to separate them: and
chunges in the electronie state of solids such as those used
in cleetronie devices.

Coherent light with wavelengths shorter than about 200
nanometers (nm} has been wvailable until recently only in

- speeifie regions of the spectrum and with specific characteris-

ties. It has beets produeed, by and large, by nonlincar opti-
cid techniques, in which light that enters o medium at a
given wavelength emerges at u different wavelength {in
linear interaction, it emerges il the entering wavelength).
Specifically, light of an appropriate longer wavelength from a
powerful souree is converted by the nonlinear medium into

harmonie frequeneies by processes called harmonic gencera-
tion and sum-frequeney mixing Lo give the desired shorter
witvelength,

Reeent research hats identificd gaseous medin in which
the sum frequeney of three visible lusers is generated quite
elficiently. As a result, it s now possible Lo produce, rather
routinely. tunable coherent light at any wivelength between
200 and 105 nm. This makes it possible, for example, to
measure the eriticai hvdrogen content in the plasmas of
takamaks, reactors used Lo study nuclear fusion. It also
makes possible the measurement ol the concentrations of
flitorine and chlorine in reactive-ion etehing vessels, where
those elements are used Lo cieh electronic circuits on silicon
chips.

The power output from sum-frequency generation pro-
cesses is i the range of tens ol microwatts, which s more
than adequate for investigating lincar interactions but not
for carrying out further nonlincar interactions. Thus, work
is conlinuing on the development of true laser sources jin
the vacwum uliraviolet (short-wavelength) region. Recent-
ly. u dissocintion Raman laser using sodium iodide as a
medivm and generating coherent light at 178 nm was dem-
onstritted successfully. In this device, broadband light dis-
sociates the sodium iodide into its constituent atoms in
their excited states. The resulting medium, upon applica-
tion ol laser light in the visible range. produces the short-
wavelength light through the mechunism of stimulated anti-
Stokes Ruman Scattering.

Production of coherent light at wavelengths shorter than
[05 nm [in the extreme vacuum ultraviolel) requires special
technologies because in that range all window muterials
become *'lossy™: that is. light cannotl enter or leave the
luser. During the past year, efforts 1o circumvent this prob-
lem have led 1o o sum-frequency source, based on mercury
vapor. which is tunable from {20 to shorter than 80 nm.
Research is expanding rapidly. and wunable, sum-frequency
sourees should be able to cover the spectrum 1o wavelengths as
short as 30 nm within the next few years,

What about wavelengths shorter than 50 nm? Sum-
frequency techniques are not likely to produce useful quan-
tities of light in that region of the spectrum until powerful
primary lusers in the vacuum uliraviolet are developed to
provide the necessary longer wavelength light, A need exists.
however. for sources of pulsed, high-intensity light at very
short wuvelengths, down 10 and including soft X-rays (wave-
lengths ol less than 5 nm). Uses of such light would include
time-resoived photoemission for studying energy levels in
solids. and also work in microscopy requiring very small
focul spots with sizes determined by the wavelength of the
ineident light. Other potential uses include holography and
the study of biological systems by diffraction and a method
called extended X-ray absorption fine structure (EXAFS).
To this end. vigorous efforts are under way to produce
extremely bright sources of incoherent light using laser-
induced plasmas (figure 1). Such plusmas are promising
sources [or optical pumping systems for vacuum ultraviolet
lasers.
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Figure 1 Apparatus fabuve] used 1a produce ineoherent tight lrom a
Laser-induced plasma in mercury [He), The cominuum emission reeorded
from luser-induced plasima is shown below. Sotrce: Bell Luborxtories.

Ultrashort Pulses

A technique called mode-locking is now used routinely in
the laboratory us well as commeercially to produce pulses of
luser light with durations of about 1 ps. Recently, a new
method involving colliding pulses in a ring laser cavily has
vielded pulse durations as short as 30 [s; this extremely
short pulse is then amplified to peak powers of 2 x 10
willts {W). ' .

A pulse duration of 30 [s is shorier than 1he time it takes
for lwo atoms in heavy molecules to vibrate, for example,

or for an atom to change sites on a surface. This unparal-

leled time resolution has spurred research into the very
fundumentals of collision physics—the processes that occur
when atoms and molecules collide. In addition, the extremely
high peak powers of these very short pulses have permitted
investigators to generule [via nonlinear processes} pulses ol
light with u duration of less than 0.1 ps and a spectral width
covering the infrured, visiblesand ultraviolet regions of the
speetrum. This continuum will yield the equivalent of a
snapshot of u wide range of molecular processes—on a
surface, for example—at one point in lime with a resolu-
tion of better thun 100 fs.

Free-Electron Lasers

Breakthroughs in the technology of tunable laser sources
have led to significant gains in the study of new phenomena
and materials by optical spectroscopy. At wavelengths shorter
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than 250 nm or longer than 25 um, however, the existing
laser and nonlaser sourees of light lack either the versatility
ur the flexibikity needed o explore new seicnee. In addition
to the progress already nowed with short-wavelength sour-
ces, u recent development—the free-electron laser—promises
10 deliver tunable coherent radiation at both the short- and
long-wavelength ends of the specirum. In principle, it could be
done with once laser system, but it probably would not be
done that wuy in practice.

In u frec-clectron luser, a beam of relutivistic ¢leetrons
(teaveling at nearly the speed of light) is injected into a
wiggler magnet, a periodically alternating magnetic field
(figure 2}. Amplified radiation is produced al a wavelength
determined by the energy of the beam, the spatial periodic-
ity of the magnet, and the strength of the magnetic field,
The device possesses the unique advantage of broad tun-
ubility. Compared to other types of lusers, it can be tuned
relatively easily by changing 1he energy of the electron beam,

As yet, free-electron lasers have produced coherent radi-
ation only at wavelengths of 3.4 and 400 ¢m and 2 millime-
ters, and no tunable luser has been demonstrated. Studies
of the devices at Stanford University, Columbia Universi-
ty, and the Naval Research Luborawoi_, however, have
confirmed the general nature of their tunability. Operation
of free-electron lasers as sources of tunable, coherent, high-
power [both ¢w and pulsed) radiation in the far infrared
(long-wavelengih) and vacuum uvltraviolet (short-wavelength)
regions is anticipated.
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Figure2 Schem:micola -I'ree-:!:clron luser. Sowrce: D, A, G, Deaconct
al. ~First Operalion of a Free-Electron Laser,” Physical Review Letters,
vol. 38. No. 16 (April 18, 1977). pp. $92—493,

Besides the free-clectron lasers at Swunford University,
Columbia University, and the Naval Research Laboraiory,
al Jeast four new ones are near completion. These are the
project atl Santa Burbara, using a Van de Graal accelerator
as a source of relativistic electrons; the Los Alamos project,
using 2 radio-lrequency linac; the Brookhaven project. using
an electron storage ring: and the Bell Laboratories project.
using »n microtron. The Bell Laboratories project is the only
one specilically designed to provide tunable radiation for
speclroscopic applications in the far infrared—a region of
the spectrum rich in new phenomena to be explored in the
area of solid-state physics (see figure 3),

HIGH-RESOLUTION SPECTROSCOPY

High-resolution laser spectroscopy is developing rapidly
with respect 10 laser sources, techniques, und applications.
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The major areas of interest are spectroscopy of simple.
fundamental systems: spectroscopy of more complicated
alomie or moleeular sysiems: applications in solids: and
uliraprecise stahilization of lisers and the associated metrol-
ogy [the seienee of measurement).

Fundamental Systems

lligh-resolution spectroseopy is being used on fundamental
systems where the basie physieal theory is believed 1o be
known and. in principle. can be applied with very high
aceuricy. The spectroscopic techniques yield precision mea-
suremtients that can be used to test the theory and calcula-
tivns of ta determine the values of fundamental constants.
In general. this approach is designed to test and refine the
tdeus of quantum clectrodynamics,

The prime example is the detailed study of the hydrogen
atom or hyvdrogenlike ions. which are so simple that their
fundamental characteristies. such as energy levels. can be
described verv accurately by guantum electrodynamics. Sepa-
ration between energy levels can be measured very precisely
with lasers, One such separation [the 25—3P interval] was
ineasured recently to an absolute accuracy of one part in
10° using i crossed atomic/laser beam: this accuracy will
be extended 1o i few parts in 102 in the near future.

Advances also hove been made with hydrogenlike jons.
I one such on. u forat of chlorine {CI'®~], an en¢igy spic-
ing (the 25=2P interval) has been measured 1o an accuracy
of about 1 percent using @ carbon dioxide laser. The mea-
sterement cunnot be clissified s a high-resolution determi-
nation in a strict sense. bul the resulis nevertheless provide
a crucizl check on the various theoretical caleulations.

One of the most fundamental systems is the positronium
atom. the bound state of an clectron and its antiparticle,

Recent suceess in optically exciting this two-body system
hus raised the possibility of studying it in detail. The 18=28
mterval in positronium hus been measured (o un accuraey
of one part in 10° using i high-power. narrow-bandwidih.
tnable dye luser. The accuriey will be improved by two
ordees of magnitude in the neur future,

Complicated Atoms and Molecules,

High-resolution laser spectroscopy of more complicated
atomic and moleeular systems is being actively pursued
and finds many applications. These systems can serve as
proving grounds for many spectroscopie techniques. For
example. the two-photon, Doppler-free. absorption tech-
nigue. i method of exciting atoms for high-resolution spec-
troseopic study. was first demonstrated in sodium atoms,
High-resolution spectroscopy ol molecules and molecular
ions is used ulso to study the earth’s upper atmosphere and
interstelbur and intergalactic media.

In addition. high-resolution spectroscopy using lasers can
detect the very small. parity-nonconserving effects that result
[rom weak interactions. or forces between uncharged bod-
ies, Recent studies of bismul™. thaltium, and cesium using
4 tunable dye laser have verified a theoretical model (the
Weinberg—Salam model) unifying weak and electromag-
netic interactions. Such resulis, again. build conlidence in
the quantum clectrodynamics theory.

Solid Materials

Much information on the internal structure and behavior
of solid materials is coming from high-resolution laser spec-
troscopy. A novel, high-resolution technique. for example,
can measure direetly the resonant transfer of energy among
chromium atoms in ruby. High-resolution light-scatiering
can be used 1o clarify changes in structural phases in crys-
tals. polymers. and amorphous materials. By steadily expand-
ing the knowledge base of solid materials. such data con-
tribute to our ability to exploit these materials in electronic
or other kinds of devices.”" ,

A new way 10 store information could result from the
finding that decay of energy fevels in a solid composed of
lanthanum Muoride und praseodymium yields linewidths as
narrow as 2 kilohertz, These linewidths are called homoge-
neous because they arise from the inteinsic lifetimes of energy
levels: aggregates of different homogeneous linewidths cen-
tered at different frequencies result in inhomogeneous
lineshapes. The exisience of narrow homogeneous linewidihs
within relativelv broad inhomogeneous linewidths has poten-
tial for opuical storage of information at ultrahigh density.
since ¢nch small physical area of memory cun contain many
possible logic states. Exploration of this possibility is under
way.

A technique developed over the past two years has made
it possible 1o measure absorption of optical radiation by
solids that are cxtremely transparent or. in other words.
only weakly absorbing. The method is PULPIT optoacoustic
spectroscopy (PULPIT is the acronym for pulsed luser piezo-
electrie transducer). This technigue in part permits studies
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invobving the vibrations of malecules in solid hydrogen.
PULPIT optoucoustic spectroscopy has yiclded the lirst
obseevations of the second and third overtone vibratiopul
absorptions in solid hydrogen. Overtone absorplion spec-
tri of hydrogen hold considerable interest in interpreting
the speetra of the atmospheres of the giant outer pluncts:
these speetra may be important in determining the compo-

sitions of those atmospheres.

PULPIT optoacoustic spectroscopy also may fill o
longstanding practical need to measure ultrasmall optical
absorptions in solids ol technologicul importance. Such
absorptions provide a measure of ultrasmall amounts of
undesiruble impuritics. One hoped-for use is with the start-
ing matcerial for fubricating low-loss opticil fibers for
lightwiave communications. Another is with the semicon-
dueting materials used i the oplociectronie technology for
studying absorption arising {rom deep-lying uncharged
ipurities.

Ultraprecise Stabilization and Metrology

Spectroseopy and metrology shure a need for precision,
and lasee spectrescopy promisces 10 be the basis for new and
more precise standards of time and length, Recent progress
in the ultraprecise stabilization of tunuble dye lasers and
the associated metrology is teuly remarkable. Linewidths
ol Jess than 100 Hz have been achieved, and improvements
are on the way. Thus, in principle, the resolving power ol
lasers cun surpass thut of the most precise radio-frequency
or Mossbauer teehniques. Before these lasers can be used
in specwroscopy. however, ways must be developed to elim-
inate such effects us those arising from transit time—the
time a moving atom can stay inside « laser beum,

Such clements us titanium, indium, gallivm, and alumi-
nuny have energy levels with lifeumes so long that laser
spectroscopy should be uble 10 resolve atomie speetral lines
to an accuracy of 1" part in 10'®, The prospect of such
extraordinary resolution is mind-boggling. The precise clock
thus provided should permit uitraprecise experiments in
such areas as general relativity, weuk |nu.r.u.t|on9 and sim-
ilar exotic branches ol physics. =

LASERS FOR LIGHTWAVE
COMMUNICATIONS

Developments in wrrestrial lightwave communications—
the trunsmission of information via laser light traveling in
sl optical fibers—itre happening very rapidly. (Lightwave
communications in space, a8 between satellites, would not,
of course. involve fbers.) Such systems can carry very large
amounts of dutat und offer an alternative—depending on
the particular set of cconomics involved—to transmission
by wire or microwaves, Numerous lightwave communica-
tions systems are operational throughout the world, and an
opticul trunsatlantic cable may be installed linking this country
with England within five years.

The past decade has seen Liser communications technol-
ogy spring from its infancy, with the first semiconductor
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laser cupable of continuous-wave operation at room tem-
perature. o the demonstration in 1977 of a semiconductor
luser having an estimated operating life of more than a
million hours, based on extrapolations from aging tests al
clevated temperatures. Of the many lasers available for
terrestrial communications, semiconductor injection lasers
are used most because of their compatibility with the opti-
cul fibers, fabricated Trom fused silicu, that are wsed to
transmit the optical signals.

Advanees in Tasers and (ibers have gone hand in hand,
first with improvements in the loss characteristics of the
fibers at the wavelengths of the carlier semiconductor injee-
tion Jusers, and then with the development of lasers at the
wavelengths where the optical fibers have even lower 10sses
and minimwm dispersion, This scetion does not concern
opticul fibers direetly, but it should be mentioned that they
have reached the point of exhibiting transmission losses of
less than | decibel per kilometer (dB/km) in the neur infra-
red region of the spectrum. Fibers are anticipated that will
have losses orders of magnitude lower than those currently
achieved il material purity problems cian be solved,

Current Technology

All semiconductor lasers used for communications systems
are based on a double heterostructure concept shown in
figure 4. The lasing material is in the form of a thin (0.1 10
0.2 gm) layer and is sundwiched between two cladding layers.

12 um
tungsten
wireg

Protons

—GaAs
—A' Ga 1_.;
nor p—GaAs
n--Alx Gay_, As =

Substrate

Figure 4 Schematic of a stripe-geometry double heterostructure laser
fabricated by proton bomburdment. tn the figst luyer, “p+" indicates a
very highly doped potype. Source: Bell Laboratories.

— The cladding material. having a bandgap larger than that

of the lasing region, is instrumental in optical and carrier
confineinent, which lowers the minimum current required
to achieve the lusing threshold. In the wavelength range of
0.82 10 0.88 um, both the active layer and cladding are
composed of aluminum, gallium, and wrsenie [AlGaAs),
but in dilferent atomic proportions. Between 1.2 and 1.63
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pen. the setive dayer s composed of indivm. gallium, arse.
nie. ind phosphorus [EnGaAsP), and the eladding layers
arcindium and phosphorus {1rP},

Lightwive commanications systems now operating are
hased primarily on the AlGuAs technology. This original
technology, however, has heen overshadowed already by
the seeand-generation lasers hased on InGaAsP, Systems
using the Latter give better performance hecanse the lasers
are optimally mutched 10 the transmission characteristics
foptical loss iand dispersion] of the optieal fibers.,

The double heterostructure lasers used in commereial
lightwave emsnmunieations systems are relatively eusy
Fabricate and have been tested extensively for reliability.
The light they emit has i relatively hroad bandwiddh and is
transmitled hy what are called multimode fibers. More com-
plex and costiy Liser desipns operating in a single mode—
that is. at o single wavelength—will employ single-mode
fihers. These fihers are 3 10 10 um in diameter, as opposed
Lo sthout 20 gm or larger for multimode libers.

Choice of faser wavelength is dictited largely by the proper-
tics of the optical fiber, Current [ibers bused on fused siliea
have their lowest transmission losses in three wavelength
windows centered al about 0.85, L3, uand 133 gm. A Lypi-
cal loss speetrum of a single-mode optical fiber is shown in
fipure 3. The lowest loss is about 0.2 dB/km at 1.55 um,
This characteristic of the fibers strongly favors the second
generatjon lasers aperating in the low-loss windows cen-
tered wt 1.3 and 1.33 pm. :

100 T
8.0

Idealized index
6.0 profile
e

4.0

Attenuation (dB/km)

1.3 14
Wavelength (gm)

Figure 5 Absorption eharacleristics of a typicud single-mode liber. Source:
Bell Luborutorics.

The putential of emerging, longer wavelengoh teehnol-
ogy is hest tHlustrated by o recent test of o prototype system
employing o L.3-pgm single-mode laser, Informution was
transmitted at 274 megabits per second over 101 kilamneters
of fiber at essentiully zera error rate und with na repeaters.
(Repeaters normally would he located at specified intervals
alang i liber-optie transmission line 10 hoost the signal by
converging it from optical 1o eleetrical farny and then, via
luser, back to optical form.) The prototype tesl represents a
repeiater spacing nearly an order ol magnitude greater than
that possihle using the shorter-wavelength AlGaAs systems.

Crystals Tor woday's commercially available lasers ure
grown by o method called liquid phase epitaxy (LPE]. The
method is refatively simpie, but often it produces less uni-
larm epitaxial layers—layers of similarly oriented erystal-
line struewure—than do the newer teehmiques of molecular
beam epitaxy (MBE] and melal organic chemical vapor
deposition (see chapter 3). These newer lechnologics will
play inereasingly important roles in the fubrication of lasers.

Basic Understanding

The availability of sophisticated, single-mode, semiconduc-
tor lasers has made possible several recent studies of their
fundamental properties. The buried heterostruciure luser
shown in figure 6 is ideal for such studies. It is formed by
growing a plunar, double-heterosiructure, semiconductor
wafer, etching narrow, photographically delined mesas on
it, und burying the mesas by a second liquid phase epitaxy
regrowth step. Several variations of the basic design have
been demonstrated. By studying the basic gain and loss
mechanisms in single=-mode AlGaAs lasers, it has been pos-
sible to understund the origin of the fundamental linewidtb
of semiconductor lasers.

Defeet reactions that may limit the reliability of semi-
conductler lusers are important but less than completely
understood problems, Reliable lusers cun be fubricated but, 10
develop a reproducible technology, more must be known
about degradatior: mechanisms. At the microscopic level,
for example. it is not known whether the observed growth
of nonlasing regions within the overall lusing region is due

Ohrnic contact

[ Non-chmic contact

e

LPE-grown —p * —GaAs
p™-AlgesGag g A ~p—Algs Gagz As

[Ge-dopad} n—Gahs
/ M—D—AIMG%_? As

Nt ~GaAssubstrate

\— Ohmic contact

Figure 6 Mirror-faee view of o buried heierostructure Al Gd ,-\5
Jaser capable of single-mode oper:ition. LPE-grown Al Gy s AS s |‘L-h"
ly doped with germanium (Ge|, Source: Bell Luboratories,

MBE-
grown
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to the eraation of deleets or to the mation and agglomera-
tiem ot preeaisting delects.,

The hasie seienee of ohmie contaets also is incompletely
understeod, Ghmic conticts are the points ut which eleetri-
cal power enters the Liser, and good contaets are essential
o the retiahility of semiconductor kisers. Yet the technol-
ogy of ohmic contuets todity is more an art than i seience.
Improved understanding of the interaction of mctals with

semiconductors is important for shmic contacts and also

i clanfication of degradation phenomenil.

Future Directions of Technology

Development of communications kisers in the next [ive
veitrs will be Tocused primarily on InGuAsP/InP systems
far the 13- and [.55-pgm regions, Major effort will be made
to unprove the manufiucturing yield of such devices, Tech-
nological progress that will reduee the cost of lightwave
contmuications systems is likely in three areas: improved
growth of materials, wavelength division multiplexing, and
higher data transmission rates,

The promising new growth technologies, molecular beam
epitasy and metal organie chemical vapor deposition, pro-
vide the uniformity and homogeneity essential 1o manulac-
turing contral of laser materials. These teehnologics, espe-
cially moleeular beam epitasy, atso provide an atom-by-utom
contral of composition that permits the design of lasers
impussible to fabricite by the current liquid phase epitaxy
process. [n one such design. utilizing a multiple quantum
well structure. optical gain is enhanced and the laser threshold
current reduced by a fuctor of 30 over that possible in a
conventional design. Wavelength division multiplexing
also wilt enhance the economie attraction of lightwave com-
munications by inereasing the amount of information that
can be handled on a single [iber. In this technique, several
laser channels—currently two 10 four—are combined on
the sume optical fiber. The several beams of different wave-
fengths are mixed at the transmitting end before they enter
the fiber and. at the reeeiving end, the different wavelengths
ire separated prior to their detection.

An important future direction is very rapid modulation
of the laser to give data transmission rates in excess of 10°
bits per second. Current communications fasers are modu-
fated at about 107 bits per second but, at fuster rates. the
stability of the lasing mode, or wavelength structure, becomes
a problent. Thus. new luser designs that permit faster mod-
ulition while preserving the mode structure are imperative,

Future Directions of Research

To support technological needs beyond five years, research
on communications lusers is likely to focus on such arcits as
lopger wavelength materials, integration of various optical
componenis [integrated opties). ultrafast modulition. and
ufirastiable Lusers. as well os on radically new concepts of
laser design.

The need for monolithic inegration of lasers with other
opticul componenis is most pressing in single-mode optical
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systems, where optictl aignment on micrometer seales is
necessary. In five yeurs, we expeet to sce significant prog-
ress in integrating lusers with other elements of laser cont-
munications systems. Such integration also would aid
ultrahigh-speed nyodulition. In spite of muny unknowns,
the science of communicutions tisers will wdviinee more
rapidly than we can foresee and will drive the design of
lightwave communieations systems to henefit from what is
possible.

SEPARATION OF ISOTOPES BY LASERS

The prineipal effort in the use of lasers 10 separale isotopes
has eentered on the enrichment of the fissionable isotope of
uraniuin, uranium-233. The concentration of this isotope
in naturafly occurring uranium is only 0.72 percent, com-
pared with 99.27 pereent for the fission-stuble isotope,
uriniwn-238. Much higher concentrations are needed for
use in nuclear reactors and (or nuclear v ~apons. Although
this diseussion is concerned primarily w. * :he enrichment
of urunium, the techniques are similar to those used Lo
enrich isotopes of other clements,

Traditionally, uranium-235 hus been enriched by the gas-
cous diffusion method. Because of the difference in mass of
the 1wo isotopes, moleeular gases {uranium hexafluoride)
containing them diffuse through a porous barrier at slightly
dilferent rates. The diffusion process must be repeated many
times, at very high cost, to increase the enrichment grad-

-ually 1o the required level. Laser isotope enrichment, on

the other hand, offers the prospect of achieving that level in
essentiitlly one step.

The basic idea is 10 use a laser Lo excite selectively the
internat energy states ol uranium-233 utoms or molecules
i o vaporized mixture of species of that isolope and uranium-
238, This process is possible because, in both atomic ura-
niunt and in uranium hexafluoride, the energy levels of the
different tsotopes are far enough apart so that one will
absorb radiation of a particular wavelength while the other
will not. Thus, when a vapor or gas containing 4 mixture of
the isotopes is irradiated with a narrow-bandwidth laser
beam of the proper wavelength, one isotope absorbs energy
from the beam while the other is undisturbed. Then, the
excited isotope is extracted selectively from the medium by
either dissociation into different species in the case of mol-
ccules or ionization in the case of atoms. The narrow
bandwidth und high power of the laser beam make this
seleetivity feasible.

Laser isotope enrichment in the United States has involved
both atomic and molecular processes. The Exxon Corpora-
tion and Lawrence Livermore National Laboratory have
concentrated on the atomic process and Los Alamos National
Laboratory on the molecular technique. In 1981, Exxon
decided Lo terminate its efforts. In the spring of 1982, the
government chose 1o scale up the atomie separation pro-
cess 1o a myjor manulacturing effort.

In the atomic separation process, the uranium is heated
to 2.500° Celsius to obtuin i dense atomic vapor. The vapor is
irradtated with three separate red laser beums, each adjusted to
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the wavelengths al three stepwise trmsitions i the atoms
ol wranium-233, Irradition causes the atoms o ianize.
The positively charged ions are collected at the surfsee of
an eleerrade, and the candensed. enriched mareriul is removed
from 1he colleeting surlace at regular imervals. The three
red liuser beams are produced bs tunahle dye fasers pumped
by copper viupor lasers operating in the yellow/green regions
ol the speetrum.

o the moleeular process, urgnium is converted ino Las-
cous uranium hexatluoride (U] and mixed with a bufler
gus. The mixiure is cooled by expanding it through a supcr-
sonic nossle ta narrow the liewidths ol the molecular transi-
tions in Uk, so that thase in the two isotopes da nat over-
tap and scleetive excitation can oceur. Then, the mixiure is
srrudimed with an infrared Yascr. The faser-cxeited Uk,
molcenles conutining uranium-2335 are irradiated with a
senon chloride luser, which dissociates them o U, mol-
ceules. The UY, precipitates at the bottom of 1the chamber
and is pertodically collecied in solid form und reeonverted
10 atomic uranium-235,

Apparently. cost played a major rode in determining the
selection of the stomic pracess for scale-up. [soope enricl-
ment is measured an cost prer separative-work-tnit, or SWU,
The atomic "procéss wits projected to cost approximutely
$20/5WU and the moleculur process more nearly S50/
SWU. Wiile the U8, gevernment has chosen the atomie
process, the molecular process still hus supporters. Siemens, o
priviie company in West Germany, and URANIT, un insti-
tule of the West German government. dre both still work-
ing on the molecular process.

APPLICATIONS OF LASERS

Industrial Applications

Industrial applications were among the earlicst practical
uscs of lasers. In the very curly duys of ruby lasers, around
1960, vutput power was often meisured by the number of
razor blades that the beam could picree. Pulsed lasers, such
as the ruby laser, were immediately seized upon for drilling
smafl holes in materials (diamond, for example) oo hard
to be workégd conventionally except with the greatest diffi-
culty. ll'ldll‘ull’hﬂ use might have remained at a relatively
low levelshowever. except for the discovery, in 1964, of the
carbon ‘dioxide luser. which offered lurge amounts of
continugus-wave powcer ut high cfficieney.

Theability 1o heat a material locally in a remotely con-
trolled environment is one of the key attractions of using
fasers® fur m:tterials processing. Very high cw powers are
now rowinely availuble ©om carbon dioxide Tasers. and
moderate amounts ol ew powers arc available from various
solid-state lasers, These devices are used in such processcs
as drilling. cutting. welding, und surface treatment, includ-
ing hardening and annealing of metallic obje:ts :ind anncating
semiconductors for amorphous-to-crystiline phase trans-
[ormation.

In muny of these uses. the case with which luser-processing
schemes can be incorporated into computer-controlicd lubris
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cation technology makes them candidates for displucing
contvenuionial processing schemes. Inomany other applica-
tions, such as cutting and welding ntanium, luser pracess-
e s abmost the only technigue that warks well, Luscr
processing now ineludes applicatians as mundane s picre-
ing holes in buaby-bottle nipples and cigarctic paper and
cutting cloth in the elathing indusiey, and as esoteric as
punching tiny hales in bisimuth, wcllurium, and other films
for high-density. opticul storage of :nl‘ornmtmu. as in video
discs.

Carbon dioxide lasers cupable of producing | to [0 kilo-
wittts of ew power and ncedvimium-deped yttrium alumi-
num garnet kisers producing 100 W of ew powcr huve beeome
commonpliace in miny eritieal processing steps in munuy-
lacturing {sce figure 7). Dy any case. the revolir on caused
by 1the udvent of lasers in the industrial arer s likely 1o
specd up in the near {uture.
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Figure 7 Power ouiput and wavelepgth characieristics of some of 1he

present lasers. [n the Tar inifrared range, there are o farge pumber of
discrete Jaser wavelengihs al which power in the milliwalt range can be
produced. Source: Bel! Laborulorics.

Defense-Related Applications

In no other potential field of use for coherent light have
more imaginative and often more far-out suggestions been
generated than in defense. The concept of light beams as
weapons preceded the invention of lasers by muany centu-
ries: hepce. the laser was greeted enthusiastically by the
defense community. Practical, luser-based weapons have
yet 10 appear. but defensc-oriented work has resulted in
equalty important concepts. such as laser radur and laser
titrget designalors.

Weipons applications have been pursued vigerously. Their
implementution. bowever. is slowed by auesticas about the
reliubility and cost effectiveness of using photons 1o dum-
dge materiils. The interaction of high-intensity luser radia-
tion with materiais, whether the skin of an intercontinental
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ballistic nussite {1CBM) or the detector array in o reeons
naissance satedfite, is reasonably well understood. It is also
pussible to define the parameters needed (o destroy a given
offensive system. whether o tank, an antisatellite satellie.
or an ingoming [CBM., The continuing emphasis on high-
cnergs Lisers, design eritenia for large apticad elements, adap.
tive oplies W eombat the effects of intervening atmospherie
turbulenee, pointing the laser, and tracking targets is lead-
ing Lo potentially uselul soliions. But deleuse against ICBM's
and satellites is complicated by muny lactors. including the
general ineffectiveness ol laser weapons in the presence of
dense clond cover. Orbiting laser weapons clearly have advan-
tuges for such wses. The scheme is hampered. however, by
tlie eonflict between the choice ol lasers appropriate lor an
overull strategy as opposed to a speeific predetermined scenar-
. yaud by the eomplicated strategy for defending such space-
bused tasers agamst maclear and other counterattacks. In
spite ol these and many other diffieulties. cost efleetiveness
bemg not the least ol them. the coneept of laser weapons is
Far Trom mornibund, Progress is likely 1o come in unexpected
ageiis, Svolving specialized applications, and from pursu-
ing dillerent philospphical ipproaches W defense in a space-
hased environment.

Medical Applications

The abality 1o Tocus coherent light of sizuble power within a
small arex Eos attracted the biomedical community to lasers
from the veos beginning of the laser era, In fuct. focused
Light rom senom are lamps was being used in ophthalmic
surgers many vears helore the laser was invented. And who
can [orgel the 1964 movie where James Bond was threat-
encd with “radical lobotomy™ with a Jaser vears belore one
capitble ol such surgery was developed?

In general, the biomedical applications of lusers and coher-
ent light fall ino 1wo mujor categories, dingnosis and sue-
gery. The progress made in both is astounding given the
conservative nature of the medical community as a whole.
vet the surfee has barely been seralehed.

Dingnoste applications have their roots in chemistry and
physics. They include such techniques as fluorescence tag-
aing and identification of biomolecules and the counting of
white blood cells i real time. Mueh progress has been
made 10 clinical immunology through the use of laser
cvtoflvoromerrs. This technique is used for immunofuo-
rescence studies of tissue sections, und flow cviofluorometry is
used 1o identity ribosenucleic acid {RNA) and deoxyribose-
nucleic aeid (DNA] in biood plasima and abnormal cells in
Pap smears, as well us 10 separate white eelis from blood
and w study celtalar kinetics in leuketmia. Use of a carbon
divaide faser Tor noninvusive analysis of blood for sugar,
urea, and lipids has been demonstrated. The beam pene-
trates the skin only a fraetion of a millimeter, and the
returning radiation provides the analvtical data. Laser Dopp-
ter techniques hold great promise for microscopic in vive
studies of blood velocity, Medical diagnosis will benefit
enormously tom “he development of new kisers in the short-
wiavelength (vacuum uliraviolet) region.
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The driving loree behind the aceeplanee ol the luser as o
surgical tool is its ability to vaporize and remove biological

“tssue without physical contact, Only the ew jusersare gen-

erally considered appropriate lor surgieal use, Detailed analy-
ses indieate that the smoke plume from the interaction of
pulsed luser radiation with tissue often contains viable cells
and viable RNA and DNA molecules and thus might spread
disease to surrounding heabthy tissue, The plumes from cw
lusers. particularly earbon dioxide lasers, conain no viable
cells, RNAL or DNA.

The ew lasers used in surgery are of two types: those
relving on color-specific interaetion with tissue and those
relying on eolor-independent interaction. An example of
the first is the argon ion laser in the blue region of the
spectrum used 1o correet retinul detachment, The visible
laser radiation propagates through the cornea. the lens,
und the intervening vitreous humor in the ocular cavity and
deposits its energy only in tissues containing the red pig-
ment hemoglobin, Another example of color-specific laser
surgery is the use of argon jon or ruby lasers on tbe skin to
remove tuttoos and birthmarks, basal cell carcinomas, ”
pigmented epitheliomas, lesions of hemorrhagic sarcomas,
melanomas. and malignant blue nevi.

For general surgery, however, the laser-lissue interaction
should be color-independent. Lighi from a carbon dioxide
laser at a wavelength of 10,6 gm is ideal because it is absorbed
strongly by water, which generally constitutes about 90
percent ol biological tissue. OF the three principal lasers
used in surgery, the carbon dioxide luser provides the most
accurate depth of incision and. therefore, is the most widely
used. In addition, it has all the advantages of luser surgery:
considerubly less bleeding than in conventional surgery
hecause small blood vessels are sealed immediately upon
being cui: sealing of lymphatic vesseis. which reduces the
dunger of spread of disease: no postoperative edema: and
minimal danger of spread of malignancy during surgery.
These and other reasons have made cerbon dioxide the
laser of choice in tumor surgery: head. neck, and breast
surgery: neurosurgery: ear, nose, and throat surgery: gyne-
cological surgerv for such problems as cervical intraepithelial
neoplasia. vaginal neoplasia, and focal carcinoma of the
cervix: ond plastic surgery, The carbon dioxide laser has
reduced the cost of gynecological surgery substantially by
permitting muany procedures that previously involved hos-
pitalization to be done during an office visit.

Surgery with the carbon dioxide luser is a prime example
of a new nrodality that was accepted with open arms. But,
problems remain. A major one is the lack of optical
waveguides suitable for transmitting the beam from the
laser to the patient for precision surgery. In the absence of
such waveguides. articulated arms with corner-mirror reflec-

Jlars are commonly used. These devices suffer, however,

from inaccuracics in pointing. Recently. accuracy has been
improved substantially with the invention ol an articulated
arm using hollow quartz tubcs as waveguides, This is likely
10 revolutionize surgery with carbon dioxide lasers in the
next five yeurs.
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Qutlook

Lasers have progressed remarkably during the past quarter
century and show no sign of slowing. The devices are used
today in basic sctence, communiciations, indusury, defense.
and medicine. and new applications in all of these areias can
be anlicipated.

Existing lasers meet the needs of science and technology
over much of the electromagnetic speetrum. New types are
needed. however, especially types that produce light of shorter
wavelengths and pulse durations than are available today.

Tunable lasers should be able 1o cover the low end of the

speetrum to wivelengths as shore as 30 nm within the next
few years. and pulse durations shorter than 30 {5 are in
praspect.

Lxisting lasers are steadily expanding our knowledge of
matter, and new types expected soon will provide even
deeper understanding. High-resolution laser spectroscopy,
for exainple, is helping to confirm the ideas of guantum
electrodynamics, The same methods are contributing steadily
lo our knowledge of the struciure and behavior of solid
materials used in electronic and other kinds of devices,

The 1echnology of lightwave communications—ihe’ trans-
mission of information by laser light through smali opticil
dberseeis ndvancing rupidly. Many systems using f(irst-
generation technology are operating, and second-generation
technology is well along in development. A prototype sys-
tem has operated over 101 km of optical fiber at a high

daty rate and essentially zero error rate,

Lasers also can be used 1o separaie the isolopes of ele-
ments, and a process for enriching the fissionable isotope
of uranium for nuclear fuel and weapons is seheduled for
major scale-up. It promises to achieve in u single step the
enrichiment now achieved in the costly, nultiple-step. gas-
eous diffusion process.

Lasers are used in industey for many purposes. including
drilling. cutting. welding. and surface treatment. In many
of these uses. laser processing schemes are pecultarly well
adapted 10 computer-controlled technology. The revolution
caused by the advent of lasers in industey is likely 1o speed
up in the near future.

Defense applications of lasers include laser radar and
laser warget designators. The use ol lasers as weapons is
complicated by nsany difficultics, but the ficld is extremely
active, Progress is likely Lo cotme in unexpected areas involving

" speciulized applications.

Lasers have made considerable progress in medicine, for
both dingnosisaind surgery, yet the surfuce has barely been
scratched. In addition to many cexisting applications, the
use of a carbon dioxide laser for noninvasive analysis of
blood for sugar, urea, and lipids has been demonstrated.
The invention of an articulated arm that uses hollow quariz
lubes as waveguides is likeiy to revolutionize carbon diox-
ide laser surgery in the nexi five years,

BIBLIOGRAPHY

L. C. Casey, Jr. and AL B, Punish. Hererostructure Lasers. New York:
Academic Press. [nc.. 1978,

S, Chu and A P Alills, Jr “Excitmion of the Positronium 135,
—=25, Twu-Pholon Transition,” Physical Review Letters, Vol, 48, No. 19
{May 10, 1982, pp. 1333—1336.

Yo W, Duley. €O, Lasers—Effects and Applications, New York: Academic
Press, lnc., 1975,

R. L. Fork v al. The Proceedings of the Conference on Picasecond Phe-
nomena. Il New York: Springer-Verlag, 1o be published.

Laser Surgery. Praceedings of the 3rd International Congress for Laser Sur.
gere, Edited by L Kaplan and P. W, Ascher. Grae. Auvsiris: 1979,
Lasers in Indusiry. Edited by F.F. Charshan. New York: Van Nostrand
Remhold Co.. 1972,

T. L. Mellanh and R, R, Freeman, Conference Proceodings No. 93 of
Topical Conference on Laser Technigues for Extreme Ultrarviolet Speciros-
eopy. Optical Sciences and Engineering. Volume 2. New York: American
institute ol Physics, 1982,

C. K. N. Patel. “High-Pawer Carbon Dioside Lasers,” Scientific Ameri-
con, Vol, 219, No. 2 {Aupust 1968). pp. 22-33.

C. K. N. Patel and E, D, Shaw, “Free-Electron Liaser——Its Use in Con-
densed Matier Physics Research,” in Novel Matcrials and Teelmigues in
Condensed Matrer. Edited by G, W, Crabtree and P, Vashishl, New
York: Elscvier Scienew Publishing Co, Inc.. 1982, pp, 179192,




8 The Next Generation of Robots

kY
Ruobotics is ollen counted as one of the branches of arifi-

ctal intelligenee. As such, it partukes of the exalted uspira-
tions of thut millennial fieid. However, its immediate pros-
pects are hound up with fir more prosaic matlers, notably
with the capidly growing industrial efforts Lo improve pro-
ductivity by extending und “‘roboticizing™ 1he present
techniques of automation.

For the purposes of this chupler. robois-cun be detined
as compuler-controlled devices thut ceproduce humun sen-
sory. manipulative, and self-trunsport abilities well enough
o perform uselul work. (Of course, robot sensors some-
limes surpass haman capabilities in certetin applications,
and they may work in very different ways.) Procecding by
anthropomorphic anutogy, the components of these machines
can be grouped into six main categories:

Arms—robot manipulitiors.

Legs—robot vehicles,

Eyes—robot vision systems.

Ears—eompulerized speech recognition systems.

Touch=—tactile sensors and artificial “skins.™

Smell—smoke detectors and chemical sensors of other

kinds,

There are also other. less human kinds of sensors. Com-
mercial robot systems are availuble in all of these cutegorics.
and systems that integrate multiple capabilities are begin-
ning to appear on the markel.

kﬂ L,
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In addition, there are many kinds of nonrobot systems
that hundle tasks requiring some degree of intelligence, for
example, “expert systems™ of various kinds. These systems
were diseussed in the second Outlook for Science and Tech-
nology: The Next Five Years (W. H. Freemun und Compit-
ny. 1981, pp. 747=753).

HARDWARE AND SOFTWARE
LIMITATIONS OF CURRENT
. ROBOT SYSTEMS

Both the sensory capibilitics of robots and their ability to
deal with unexpected events are us yet quite limited. For
this reason. robots presently are effective only in highly
structured enviconments in which the position and path of
motion of il objects are known fairly precisely at all times,
This largely confines robots 1o industrial environments.
and mostly 1o work with hard materials {metal, wood. hard
plastics), rather than with soft, flexible objects [cloth. vinyl)
that ure hard to control.

In spite of these limitations, robotics is expanding. This
is partly the result of its mastery of such commercially
signiflcunt activilies us spot welding and spray painting and
an accumalittion of technical expertise over the past decitde. It
is also a consequence of the microelectronics revolution
which already has reduced the cost of computer control
drasticully. and which, in years Lo come. should produce
many integrated “miracle chips.” embodying adviunced scn-
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sory and end-cHectar controb functinns, The combhination
of electronies, sechnologs - and soliwire seienee represented by
raboties can be espeeted 10 lead industry into an age of
clectronic fuctories with duastically diminished manulacturing
Libur Torees. However. all of this Lies some decides in the
[uture. Bven the use of robots to perform the majority of
industris) operations is decades away, FFor the near werm,
the potential appheations of robots are estensive. but not
untimited.

APPLICATIONS: ECONOMIC
CONSIDERATIONS

The auwtomited mdustria) eoviconment is one in which work-
picees, that is, lems being munufaclured. move along con-
teolled paths through o varicty of steps, such as crimping,
shaping. welding, melting, eutting. stumping. spraving, paint-
ing. and assembling, As workpicees move along an auto-
nrated trpubicturing line, they wre pliced sccurately on
pallets or pushed tto positions hetween fised walls, pipes,
amd ehutes, as well as rods, plates, cams, and other maoving
members. This requires detailed sculpturing of the peoniet-
ric enpvironment in which the workpicees move. The spe-
clalized fitings and mechanical tooling demanded by this
proeess Make fixed fuetory dutomation very expensive and
il-¢quipped 10 ¢ope with changing product lines. Robotic
teehnelagy wims 1o use a lew standardized bul aduptive
mechanisms, af which the robot manipulator is the prato-
type. to replace 1hese expensive special purpose littings. Of
course. robot mapipulawors will continue to use many off
the wols presently employed in sutomated manulucture.

Robot Manipulators

Generally speaking. robot mantpulators [for example. in-
dustriat) serewdrivers) perform with high cfficieacy special
maotians that grasp or otherwise acquire vbjects (such as
clectramagnels and viaceram lifts) or that apply special pbysicil
prucesses wr workpicees [for example, spriy gun, welding
pun. industrial shears, stamping press. dritl press).

Fixed automation can be espected 1o remain more advanta-
geous for high-volume manufacture than programmable
robat cyuipmient. ‘This is because speciully designed meekani-
el equipinent cun moye more rapidly than gencral-purpase
robot manipulators, und it s therefore more productive
onee the high inital cost of setting up an automated pro-
duction line has been aportized, On the other hand. for
manufacturmg individual items or very small bawches, munual
production aften will be less expensive than a robotcantrol
progran, Thus, the ared most favorable to roboties is
medium-quantity batch munufacture: in otber words. the
mianufaeture of items in batches numbering several bun-
dred ta several thousand. In this connection, it is quite
important that robot systems be flexible and casy w adupt
to new applications. The more the setup costs associated
with wypical applications can be reduced. the smaller will be
the Size of the least robot manufacturing run that remains
ceanomicil,

Rebat weehnigues also will be advantageous when larger
numbers of similar but not identical itlems need to be man-
ufictured, provided (hat the variations between items are
not oo large 1w he secommadated comflortably without
very sophisticated computer control, The furnitre manu-
facturing industey illustrates this situation: many items of
furniture, especially fine furniture. are produced in rela-
tively small batehes as orders Jor speeilic designs are received
and as shipments of wood with matching grains come in,

Today's robot manipulutors are usually sedemary, stand-
alone arms with fimited precision and very litde sensory
capability. Many improvements in these relatively peinii-
uve deviees sire possible but, even in their present state,
they support applications with growing economic vulucs,
The most important current industrial applications of robot
cquipment are handling materials. loading funloading
machines, transport (surrogate conveyor). palletizing /de-
palclizing/kil packing. processing and labrication. weld-
ing {spot and arcl, spray painting. drilling, usscmbly [parts
nuating. und westing [dimensional, continuity].

Tuble | deseribes the wayvs i which one of the simpler
classes of robot devices is used. This cluss consists of the
“playback robots.” which simply repeat a sequence of metions
through which they have been led. {These simple robots
ciln be seen m major automabile plants.)

Table 1.
Breakdown of shipments of playback robots by
work process., March-September, 1979

I’vrc('m;ige
uf valuwe

Spot welding ST 450
Are welding %5 260
Spray painting 1.3 17.8
Oher 125 1N

Nisher of
HWork process untits

Sinerce: Paol Aron. ™ Raboties in Japaon™ Pane Aron Reporrs, No, 22 July
3.1950). Published by Diiwa Secorities Americi. Ine., New York,

ROBOTS IN THE UNITED STATES
AND JAPAN

Although France, West Germany, and Sweden all have
active robotic rescurch graups and are introducing robots
rapidly into industrial settings. robot use is most advanced
in Jupan. IL is sobering to refleet Jhat. even though much
more than ball of ali robuodes rescarch and development
before 1973 was performed in the United States, Japan
now leads the United States in applications. Among other
things. this illustrates the fundamenial importance of wech-
nology transfer mechanisms deeply rooted in a nation’s
cducational and cconomic systems. Table 2 shows how far
behtnd Japan the United Staues has falien in the sider user
of industrial robats.
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Table 2,
Comparison of computaer-controlled industrial robots
inthe U.S. and Japan. 1380 {using U.S. dellnition’|

Robunn Japan .5

Proalncton q ot 3200 .26
ranlpctien s abue 1S nollon] (L] iM}

Tstalled nprecatng unts 11,250 4.3

P lapan revegmses \n‘\cl:p“curl‘mlmlm while the (18 recopmzes lour, T he

VS deliman coversh diablesequence rebols, plas Bk robois, nunieri-
valls vontredled rabodand independend robuots. Japasn adds nanwl-moe.
mpulitor amd il\cd-\cl.hllml\‘c rehags,

Soweece Pl ‘Srnn “R"db_\ll}' Resisned One Year Laret.”™ Pad Aron Re-
Jrort, No j;"l.l'ul\ 2 |"h|]:‘i'llh|l\|lcl| 1y [pwa Secunties Awienica, Ine.,
Sew Yok i

Maost {nearly 70 pereent] of the installed Japanese robot
janipulators are of the very rudimentary “*fixed sequence™
class: in wtlier words, they eaceute repatitively a seguence
ol motiens tiat is not easily changed. ~Plavback™ robots
dilfer From shese in that they ean be “taught™ new motions
by heing led nsanually through the sequence of points 1o he
traversed. These constinnte roughily $ percent of instailed
Japanese fobuts, but 16 percent {by dollar value) of the
Japanese robots shipped in 1979, More sophisticated robots of
various Kinds constitute roughty 12 percent of those shinped i
1979,

As bachpround o these ligures, it should be noted than
manufacturing aceounts for roughly 21 pereent. und dura-
ble guods manutucture tor roughly 13 percent, of the U.S.
gross national produet.

LIMITS ON TODAY’S ROBOTS

As already noted, currentdy available robots are quite lim-
ited both in their sensory capabilities and in their ability to
deal with unforeseen contingeneies. A corollary is that. as
items e bhe processed enter the robot workspace. cither
they must be in their proper order as a result of preceding
operiations, or order must be imposed by passing them

__through parts feeders or chutes of an appropriate geome:

try. Thus. s these workpieces move in a roboticized Tucto-
rv. cither control over their position must be muintuined.
or reorientition operations must be performed repeatedly.
A centreal atmr of indwstrial robotie research is to relax these
constraints—that is. t lind ways of deuling with less and
less structured eavironmens. Accomplishing this will require
developntent of better sensors and improvement of proce-
dures for analvzing sensor-generated data. objeet recogni-
Ltion algorithms. environment-modeling software. and compu-
terized replanning techniques. The “hin picking™ problem,
the problem of locating o purt in a disordered bin of parts
so that it can be lifted out and given o prespecified onenga-
Ltion, is tvpical of the problems thut robot designers Face in
deading with disorder.

- :i:{ N
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Characteristics of Manipulators

Current. general-purpose robot manipufatoes have one aem
with three to six independently controllble “joints™ [mvolving
moltor, eneoder. and controlier) plus a gripper that can be
opened or closed. Duosens of manufacwurers are offering
nunipulitars ol this kind. Generally, these arms are not
mohile, but a few experimental mobile robots have been
hailt. However, wday's robo carts are generally armless,
stiund-alone vehieles that follow preset paths. Typical uses
are delivering olTiee mail or hospital meals and Jinen.
The six degrees of freedom that are wepica) of current
robot manipulators sulTice to position the robot’s gripper.
or a wwl or workpicee that it s holding, at an arbitrary
point within the rubot’s aceessible space, with an urbitrary
rotational orientition. The gripping hind mounted at the
end ol & manipulator arm is ofien equipped with a few
simple sensors, for example. strain gauges that sense con-
tict with external bodies and grip forees, or photoeells that
detect the presence of an objeet between the gripper fin-
gers. In some setups, one or more Lelevision cameras are
muounted in positions that allow them 1o ohserve the robot
arm or hand ;ired the objects that the manipulawor approaches:
information derived from analysis of the images is passed
to the progriam controlling the robot, Controi is ordinarily
exercised by an inexpensive mini- or microcomputer.
The “reach™ of a typical robot manipuiior may vary
from 1 10 as many as 10 feet: the “payload™ that it can Nift
ranges from a few ounces to several thousand pounds,
Figure 1 shows such a robot manipulator, Manipulators
vary in price [rom a few thousand dollars for small. simple.
slow-maving arms without sensory capabilitics. intended
for light educadonal use. to roughly o hundred thousand
dodliars for Fust, sensor-cquipped industrial systems capable
of highly precise mechanical movements (for example. return-
ing to within 0.0] of an inch of a prespecified position].

. The working volume of a large industrial manipulator. in

other words. the volume of spaee it eun reach, may be as
fust us a cabe 10 feet on o side. Speeds as high as 5 feet per
seeond are not unusual,

Although the sophistication of robot control systems can

Figure 1 Pama 600 maripulutor. Uninsuivn Ine,




PAFullToxt Provided by ERIC

78 The Five- Year Qutfook

Che eypectad (o macase rapidly because of the growing svail-

whsliny of powerlub smicraprocessars, much ol the industrial
rohol equipment in use taday cannot respond tlesibly o
clamging esternal situations. Manipulators of the “pluy-
buck™ type. which simply stare und repeat some spectficd
sequencee aof motions, represent the extreme, Mare flesihfe
systems inelude @ miini- o mierocompulter Tor control. In
sueh systems. control programs written v 2 reasonably
puserlul robot programming fanguage are stored in the
computer’s memory and determine the manipulator’s
sequence of mations, Special statements an the robot k-
guage allow informion to be reud from sensars and
respenises comlitiona on this sensed information to be pro-
grammed. Hlowever, even in using a programmable cebot,
1t s aften canvenient to deseribe both the main oatlines ol
the sequence of mations that it is to perform and the ke
Pt alen these motions are 1o traverse, hy moving (he
arm theough these desired positiens manually. For this
rezison, Tobot manipulators are generadly equipped with
“teach box™ withy kevs that allow the urm 1o be moved or
ratated b hand, The rohot’s control computer then uequires
the manwally guided motions and integeates them with a
more comprehensive pragram that also mvolves the use of
sensars iand sophisticaied conditional responses,

As long as g manipulator arm can be moved through lree
space up W the precise point at which it will make contact
with an eaternal body. determination aof the manner in
which it is 1o move i» relutively straightforward. Although
challenging problems of denamice control do drise when the
manipulator is to be maved rapidly, especially if it is sioiul-
tmeoush grasping an objeet of appreciable mass or if it
must operate in:a moving coerdimate frame. generally, con-
trat af unimpeded motions is aot dilficult. However. it is
impassible to maintain absolutely precise information con-
cerning the position of a manipalator and s workpicees at
] tumes. 1l ondy because manipulator wems themselves will
detorm slightly as they move, or become worn or slightly
ill-adjusted. Therefore, one needs 1o deal with the phenom-
char that arise when an objeet firmly gripped by o munipu-
ketor comes inte eontacet with an objecet lixed v some other
coordimie frume. Here, purely geometrie control becomes
infeasible since, it it woaehes an objeet, & manipukutor nioy-
ing wong a rigidly prescritied path will break either the
ohject or itsell, Consider the problem of inserting & peg
into u huale: if the mation af the peg is perfeetly indepen-
dent of the forees exerted on it by the walls of the bole, uny
geometric impreeision will jum the peg cither at the mouth
ol the hafe or against one of the walls,

Thus, as bodies come into cantaet, robotics leaves the
purels geometric domain and must deal with problems of
furce-sensing and with hybrid motions gded. in part. geo-
metrically but also by compliairce with eaternal forees. An
important step toward more llexible robot systems would
be for the control soltware furaished with manipulators 1o
provide “oree-controdled™™ motion commands; using these,
one conld. for cxinmple. casily cause a manipulator to paint
X stripe on the citertor surface of an autamabile or upply

adhesive Lo an aireralt window frame. However, although
techniques Tur downg this have been invesligated theoretis
ity and demonsarated in research Lthoratarics, motion
control at this level ol sophistication is not set available as
astandard feature ol commercial rabor equmpment.

ROBOT PROGRAMMING LANGUAGES

If robaots are 1o be applied widels 0 indastry. they must be
casy to use. Potential users Toreed Lo deal wath rigid, hard-
to-understind robot control fanguages will be discouriged
from applying the new technology. IFar this reuson, more
powerful and user-friendly robot lunguages are essential.

Although we are Far front krowing how 1o describe those
built-in operations that would be most desirable for such a
lunguage, the following discussion of signilicint operations
should help to summarize the present state of these ban-
guages and Lo anticipate some of the things that Tuture
robol lunguages are Jikely 1o provide.

Available Languages

The relatively undeveloped state of robotics is illustraled
vividly by the luct that current roboties languages supporst
only a handful of the primilive operutions that are desir-
able. {In this conlext, primitive” refers to buill-in, cffi-
cicnily implemented eperations which can be initiated by a
single stitement of the lunguage.) The primitive fucilities
that now exist in it least one commereiully available robot
lunguage are roughly the Tollowing:

“1. Manipulator motions cun be deseribed and controlled
in XY Z axes fixed in space, or in frames delined relative wo
an ohjeet grusped by the munipalator. Motions passing
througl 4 known sequence of positions /orientations, with
known speed. can be specitied, typically by commands hav-
ing the lorm:

P, AT SPEEDS.

MOVE ARM THRU POINTS P,..

2. Notions can be controlled and manipulior positions
determined guite preeisely, The munipululor cun be put
o a manually guided mude and moved to any desired
position. This position can then be measured by the con-
trofling computer. stored. and the manipulator returned o
automatic wode. (As already noted. this “teach™ mode or
“guide-through-the-motions™ approach is. in fact. the casi-
est and most commonly used mode of programming ordi-
niry robat applications.)

3. Several geometrie and symbolic computatons (for
example, transportation of geometrie data from one Cartesian
frame 1o another, und generation of code from manually
“taught™ motions) e supported by the more advaneed
commercial rohotics kmguuges. Using these Tacilitics. one
can, for cxample, teach a robot the position ol varions
points on an automebile body by guiding the manipolator
manually 1o these points, and then easily eause the robot Lo

83




E

move o these sune hody points, even il the body, moving
down an assembly Lise s presented w the manipulator ata
different angle, A typical command reffecting tis generul
capubilits might have as its forn

;\-i()-\’li ARM JINCHES FORWARD IN FRAME
OF TOOL.

4. Tactile and viswally sensed events cin-be dereeted.
These can he used either 1o trigger interrupt roulines or 1o
terminite motions. User-delined events generated by non-
stundard sensors are provided for also? for example, a sig-
nal from ane or more photoeells mounted pear & nanipuli-
tor cian hilt or redireet the munupulator’s aetivity immediately
(as safety coneerns might require]. A typical commund used
{or this purpose might read:

WHENEVER SWITCH-1-CLOSLED IS DETECTED.
EXLECUTE SAFETY PROCEDURE.

3. Parallel processes (eapable ol controlling the activity
ol multiple arms or other effectuators) can be defined, acti-
vitted. suspended. ssachronized, ete.

6. Some image-inalysis software s available, This is
beginning to be integrated with manipulator control soli-
ware, facilituting the construction of comhined hand—cye
sy stems,

The last stem birings us-T6 the forefront of robot techaol-
oy now available commerelly.

Desirable Extensions to Robot Programming
Languages

The swddigton of new statemients to rebot progrmming Leng-
witges ean be expected 1o relleet wlvanees in robotic 1ech-
rology rather faithlfully. The following are some ol the
additional control language Rrcilities thut woald be most
desirable:

[. Statements that eavse a manipulator arm o move
between specified posiiions while aatomatically avoiding
certain obstyeles or undesirable arm conligurations. For
arms with more Uun the standard six degrees of freedom.
this may involve the capacity 10 ° reach around™ objects in
a4 mimner impossible Tor a standard arm. A robot control
lsnguage designed for 1hese purposes also should be capa-
ble of dealing correetly with situntions in which the arm is
gripping some object that will move with the arm. For
exsimple, one would like to he able 10 use a command like:

AOVE TGOL FROM FRONT-OF-BOX TO BACK-
Ol-BOX

leaving it 1o the robol 10 figure vut the path neeessiry 1o
avoid bumping into any obstacle.

2. Motion control stutements specifyving specialized
“wobbling™ or “twisting”™ motions uselul for overcoming
friction. For example:

Q
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PUSH PEG-I | INCH FORWARD WHILE
TWISTING.

1 Sutements Tor managing foree-controlled motions
during which some of a martpulator’s geometrie coordi-
nates move along specified paths at specified rates while
other degrees of freedom adjust to the environment via
sensed forees. Such statements might specify mation in eentact
with surfaces. edges, seims, and so on, An example would
be: N
SLIDE FINGER ALONG SEAM MAINTAINING
I POUND VERTICAL FORCE. '

4. Stutements for guiding a scll~locomoting robot.

5. Staternents assisting in grip management, Le.. in deter-
mining the minimum gripping foree that must be exerted in
order Lo prevent a body of a given weight, gripped at known
points. from slipping. Also necessary is some way of auto-
matically cauvsing the grip on an object 1o tighten when the
objeet begins to slip.

6. Stutenients for managing a deformable or multifingered
hund that is 1o grasp an object “geometricully™ rather than
by friction. enubling it 10 “surround™ the body so that it
cunhot full or otherwise escape without passing through
part of the hand, An example might be:

GRASP PASSING MIDDLE FINGER UNDER
ROD.

7. Statements for coordinating the frames of general
objects moving relative to cach other. including objects
whose position can be sensed bat not affected by a robot’s
control computer. These would include statements for simul-
taneously monitoring the state of many sensors. for coor-
dinating the activity of multiple robols, and for assuring
that, when multiple robots enter each other’s immediate
viemity, collisions are avoided. An example might be:

MOVE HAND:| TOWARD FRONT-EDGE-OF-
BALL. APPROACHING AT RATE | FOOT-PER-
SECOND

when the “ball™ in question is being held by another robot

s hand.

8. Statements for dynamic control of a manipulator,
¢.g.. for causing a manipulator to strike a calibrated blow,

9. Statements Jor managing the activity of a small robot
attached 10 or held by a large robot.

10. Faeilities for modeling relations of attachment and
of gravitational support.

ROBOT SENSORS

A variety of attached sensor devices enables robots to re-
spond to their environment, These include ultrasonie runge
sensors, tactile sensors ol various kinds, and visuul sensors.
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The following discussion will concentrate on visual sensors,
which are purticularly iniportant beecause of the high speed
and nonintrusive nature of vision. However, tactile sensing
can be more important than vision jn some applications.
for exsaample, in the assembly of tightly fitting mechanical
purts. The elastic and frictional forees eriticul in such applica-
tions vary so rupidly with changes in relative part position
vhat little understanding of what is happening when a part
Jams during assembly can be gained by visual inspection.
Instead, one needs 1o use strain gauges or other tactile
clenmients to measure and respond directly to the forces that
develop during assembly. This explains the importance of
such devices as the Druper Laboratory's Remote Center
Compliance {deseribed below) and the strain-gauge instru-
mented version of it now being developed.

Structure and Characteristics of a Vision System

Image acquisibon is. of course, a necessary prerequisite to
all else. Two approaches are used currently. These are uni-
form dlumination {tike thar most comfortable for the human
viewer) and structured tight.” At present, uniform-illumi-
nation schemes, which exploit readily available television
monitors to form digitized scene imuges, are the mosl com-
mon. The capabilities of such a vision system will, of course.
be constrained by the quality of the images with which it
works and the rate at which basic image-processing opera-
tions can be applied. The spatial resolution of the solid-
state video sensors ysed in tniform-illumination robot vision
systems of this kind is increasing rapidly. Inexpensive devices
for acquiring two-dimensional arrays of 256 x 256 pixels
{elementary dots’ in a picture) in less than one millisec-
ond, and arrays of 5312 x 512 pixels or liner at video rates,
are available commerciaily, as are somewhat more expen-
sive devices Tor acquiring images with up to 2,000 x 1,000
pixels.

Because of the human inability Lo detect video display
flicker ubove 60 Hertz. most video sysiems are designed to
process a single image in about 25 milliseconds. High-
performance *'video stream processors™ are designed to

perform single and binary frame operations at that sume .,

rae, -

Structured-light vision schemes illuminate a scene by one
or more narrow planes of light. each of which lights up
some narrow, broken curve on the bodies that make up
the scene (see ligure 2). Since the plane of illumination is
controlled, and since a line of sight drawn in a known
direction from the viewing camera will intersect this plane
at just one point, the position in three-dimensional space off
cach point on the curve can be calculated,

By sweeping the illuminated plane 1 a controlled rate
over i scene, one can determine the Tull three-dimensional
location of each body surface it the scene. Even though
measurement imprecisions, ynwanted specular reflections.
and problems of cumera calibration all complicate the mathe-
matical simplicity of this scheme, the structured-light
approach, which is currently used in a few industrial loca-
tions and is being refined by researchers at Stanford Research <
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Figure 2  Structured-light approach 1o imaging. showing irterseelion of
plane of illumsinution with line of obscrvation. By sweeping the illuminaced
plane ul & controlled rale over a scene, one can determine the Mokl three-
dimensional localion of cach body surface in the scene,

Institute, the National Bureau of Stundards. and elsewhere,
secmis promising.

Once an image (cither a two-dimensional image or the
kind of three-dimensional image of & surface that a structured-
light scheme is capable of producing] has been acquired,
one needs Lo use it to locate and recognize the bodies pres-
ent in the acquired scene. The complexity of this “'scene
analysis™ depends on the uassumptions one can make con-
cerning the scene (o be analyzed. I the scene is known 1o
contain only one object and if the object is being viewed
from one of a known linite number of positions, relatively
simple processing will locate and i.entily the body. The
technique typically used to handle simple cases is Lo divide
the digitized picture inito separate “'blobs™ {each defined as
a connecled region of some characteristic threshold intensi-

- ty) and to extract global features of these blobs, for exam-

ple. their area, centroid, principal axes, and number and
size of contained “holes.”™ In the simplest cases. this infor-
mation, which can be extracted using relatively easy bit-
parallel arithmetic and Boolean operations, suflices Lo dis-
tinguish bodies and determine the angle from which they
are being viewed.

in less simple cases, and especially il some of the bodies
being viewed are partly obscured by other bodies in the
same scene, more difticult analyses. which research has not
yet Tully reduced to practice, must be attempted. Basically,
one (ries to extract locai body features (such as a person’s
nose seen in profile] by which an object can be identilied
even when most of it is pot visible. A typical lirst step is to
find such characteristic features as "“edges” and “corners’’;
edges are defined as curves along which intensity changes
rapidly. and corners as points at which the direction of an
edge changes rapidly or at which several edges meet. Unam-
biguous detection of these image leatures in the presence of
digital noise, breaks in perceived edges, and shadows and




random bright spots s not ¢asy. but some suecess has heen
dtined by uppivarg appropriate dillecencng and other

picturc-enhancement eperations acrass the individual piacls of

an image,

Although some ol these methads have had partial suc-
cesa, it must be admidted that curremt compuaer vision saliware
i ol Tanited reliability and quite expensive computationally.
Muach faster sind more stable picture-proecssing algorithms

and devices are needed. Techniques for the identilication af

partially viseured bodies are particularly important. In order
to deal with moving bodies {for example, to sense their rate
of motion}, higher picture-processing speeds ure needed.
Vision systems that can be reprogrammed cusily for o wide
runge of applications are also desirable but. 1t present, it is
not clear how they can be crented. 10 s hoped that under-
standing can be reached concerning the algorithms most
appropriiie for detecting image Features and how 1o gse
thew to identily ohjects present in g seene. This will cncourage
the devetopment of dense. comples. special purpose inte-
grated cireuit (VES]) chips. which could then perform the
required vpticad sensing operations and geometrie compu-
twtions very rapidly.

Applications of Computerized Image Analysis

Current Applications

Although the capubilitics of rebot vision systems stitl £l
Fur short ol the subtle fems of location and identiflication
thut the human eye performs so cltfortiessly, these systems
now suffice for o vartety of important uses, A typieai appli-
cirtion is theadentification ol well-spaced parts moving along
conveyor belt: after being located, the parts can be grasped
and placed in a standard orientation, Inspection of manu-
Gaclured prarts is another application prowing in economit
importanee: here. the two-dimensional image of an object
of moderate complexity, for example. a metal casting, is
examined o muke sure that @l of its expected subfeatures,
and no others, are present. In anotheg, reeent application,
visual sensing is used to find se: llll\\.lg»‘bl. traversed by a

[t
robot arc welder: three-dimensional ,{;gn‘puurt.d -light) vision . °

might he partcularly appropriate m’!lhlx uapplication,
§
Future Applications

The objeet-inspection technigues mentioned in the pre-
ceding paragraph have been applied to inspection of Taults
i printed cireuit bouards, integrimed circuit masks, and inte-
grated eireuits themselves. However. today's robot vision
systems are v slow to be cost effective in dealing with
images af this complexity. Falling computation costs and
the development of speciai chips to perform busic image-
processing operations al extreme speeds can be expected to

remove this limitation and thus 1o expand the range of

objeets that can he inspected cconomically by rohot equip-
ment.

Sull more_sophisticoied image-processing will be required
before robots can move amid ihe clutter of the ordinary
industriat envivonment. Iniiial experiments. such as those
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comnducted at the Suinlord Artificial Intelligenee Laboratao-
ry. ke the problem of unraveling views of ordiniry, uni-
formly illuminated scenes appear yuite challenging, Here.
however, we can hope that tree-dimensional vision mieth-
ads will he superior: ot any rate, the range of information
generated by sehemes of this kind should make it casicr 1o
loeate and avoid abstagles. PDeeper seene analysis methods
will be required Tor suil more sophisticated applications of
vision; lTor example, locating and grasping objeets partly
hidden in the ehitier of a standard industriad wte bin, or
wentilving trash cans standing near bushes and hehind trees
on a suburban lawa.

OTHER RESEARCH PROBLEMS

Although robotics research seems certain 1o touch upon 4
pacticularly broad ringe of teehnologics and scientific dis-
ciplines, some tnderstanding of the wreas likely 10 be signift-
cant over the aext deeades can be gained by sorveying the
near-lerm reguirements of industrinl robotics. These include:

V. Fuster robots and increased robut accelerations. The
productivity of robot equipment depends upon the speed
with which it moves, For this reason, the secemingly pedes-
triun problem of increasing the rates of motion and uccel-
cration uf robot munipulators is of particular ¢eonomic
importance. This is partly a problem in mechanicid engi-
neering. It is also o nmunter of combining a more sophisti-
ciated nnderstanding of the clastic reactions of rapidly mov-
ing manipwlator members with the computer control tech-
nigues 10 compensate for the mechunical and scnsory
inaceuracies of high speeds and aceelerations und 10 sup-
press unwanied oseillations. The solution will require
improved foree sensing und more sophisticated servocodes,

2. Improved optical. tactile. and other robot sensors, Tuglile
sensing plays a particularly important role i dexterous
nantual assembly, The subtlety of the human tsctile sense is
far from being matched by the relatively crude sensors cur-
rently available with robot manipulutors, It seemgeent
that greatly improved sensors will be required il cdmplex

“ussermnblics. especially of fragile and deformable parts, are

to be attempted: il robots are to work extensively with sofi
or plustic materials such as wires, cloth, or vinyk and if
more sophisticated methods of grasping are o be devel-
oped. Important work under way on tactile sensors should
vield considerably improved sensors within a few yeuars.
These sensors will be able 10 detect not merely that & robot’s
finger is touching something but, also, the precise parts of
the {inger at which contact occurs: in addition, they will be
capuble of delivering at feust a crude “tactile image™ of the
surlace touched. [To see how important this is, note care-
ully what you do when turning o page in a book, especially
with your cyes closed. A delicate tuctile sensation of the
maater in which the edge of the page being turned rests
against the operative finger is necessary in order to slip the
finger under the edge of the page at just the right time to
accomplish turning.)
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FUs alse importang o develop nuproved proximity sen-
sors capable of giving advanee warnmg of impending colli-
stons, Without adequate prosimily sensors, pne will never
he willing 1o sel robot arms into rapid motion in uan cavi-
resient that s Lo any degree unpredictable. 1tis plain that
the development of better proximity sensors cin contribute
substintiadly 10 the productivity of rohot systems and also
Lo their fleaibitity.

Better wetile and other sensors will, ain turn, eull lar
more sophisticaled software 10 munage them. a consider-
atten Uut emphasizes e signilicance of improved program-
ming teehnigues and higher performanee computers to the
general progress o roboties,

X Foree-controlled motion primitives. The motion con-
trol pramstives supplied with 1oday’s robot systems are purely
geometrie i charaeter, hut eannot, as they stand, be used
10 cause i robol arm 10 move smoothly while it nintains
contiet with a curved surliee of unknown shape. This abil-
ily is essential loe the smooth and logicully flexible adapti-
don of w manipulator  an enviromment in which the whole
geomelry s nol known in preeise detail,

IForee-controlled motons are essential in manual assem-
bis: blind workers can funetion in many fuctory roles where a
worker with anesthetized hands might be useless. The demon-
strated advantages of deviees like the Draper Laboratory™s
Rempte Center Compliancee. referred 1o earlier, illustrate
this. As anyone wha has struggled 1o elose a tightly fitting
desk drawer knows. a long objeet being pushed into a closely
litting cuvity ¢un jam casily, Using geometric analysis, it is
casy to see Lhat the wndeney 1o jam is greatly reduced if the
objeet is pulled into the cavity rather than pushed. OF course,
this is normally impossible: one could hardly eriewl into o
desk to pull a drawer in Itom its reverse side. However, the
simple but ingenmious arrungement of -hinges used in the
remole cenier complinnee results in exerting exuctly the
pattern of forees that normidly would have 1o be exerted by
pulling the body from its other side. The wide industriul
interest in this deviee points cleirly to the importanee of
proper forge control for robot manipulations. Rescarch
and development celforts that build on the sueeess of the
remote eenter complianee and its underiyving theory are
therefore likely, Ubimiuely, they should make lorce-controlled
motion primitives aviilable in the commonly used robot
programming languages,

4. Geomnetric modeling, Geometrie modeling relers o
the use ol u computer Lo build models ol three-dimensional
hodies und the constraints on their relationships. These
then can be combined into a comprehensive environment
model within which various kinds of kinemutic and physi-
cat analyses become possible. These “computer-aided design™
muodels are used fiirly widely by designers o produee graphic
images of an object being buill. (o generate engincering
prinis. und. in particulaely advanced systems. 1o build con-
trol programs for the numericily controlled machine wools
which produce the object that a designer has coneeived.

The demunds of robotie applicarions can be expected to

force systemy of Lthis type o considerably higher levels of
sophistication, IFor cxample, geaphie systems may pliay un
essential role in debugging robot control programs, 1f mul-

tiple arms and complex synchronized motions are involved,

agtempting to debug control progrims by aclu.lll) selting
expensive machinery into molion may simply be too dun-
gerowus because of the possibility of collision. 1t would eer-
tainly be preferable 10 construet a purely graphic world in
which one conld view the motions that a control program
would trigger. However, generating computer molion pie-
tures ol complex curved bodies in the volume required for
this type ol debugging will require geometrie procedures of
an efTiciency and sophistication considerubly beyond what
is possible loduy.

Modeling the motion of bodies in contaet, as influenced
by their geometry. clasticity, and inutval friction, is a related
but even more challenging problem. Ultraluse computers
may be regnired.

5. Robot locomotion. Robots with legs {or wheels, or
half-tracks), which are able to move through their working
environment, are desirable for a variety ol applications.
Onc interesting case nught be a bl‘dt.hldllnb robot that
clambers, monkey-fashion, over the \url.uu, of a spacecrafl
[or submarine vessel] to make rt.p.ur\. OF OVET il Spilce Sia-
tion it is building. ~

Current sipplications of \eH -moving robots are largely
rudimentary, and the few interesting robots of this type
that have been built exist only in research luborutories,
where they have been used 1o investigale some of the many
problems connected with robot locomotion. One of these is
avoiding obstacles and finding paths in an environment not
known ahead of time: aside from its plunning aspects, this
is basicully u problem in visual analysis and range-sensing,

The problem of legged locomotion has been swdied by
groups in the Soviet Union and the United States. The
most active U.S. group is that at Ohio Stuate University,
where rescarchers have constructed a moving “hexapod,”
over which cxperimental conirol is exercised by a simple
“joystick " used o clicit forward. sideways. or turning Jdcomo-
tion. As ol 1982, the Ohio State work hus reached the point
at which the hexapod can stride successlully over a flu
floor wt o speed of 20 feel per minuge: work on sensory
adiptition to an rregular terrain is beginning,

A group at Carnegic-Mcllon University has begun studying
the more complex problem ol dynumie stabilization of stot-
icallv unstable walking robots. As these bagic kinematic/
dynamic studies achieve suceess. robot “leg” systems will
become available, The “legs™ will be controlled relatively
simply. for example, by geometrically specifying some desired
puth over Lerrain. and also by defining the manner in which
the robot is to adupt to terrain irregularities. the way in
which proprioceptive “balance™ signals indicating incipi-
ent Talls itee to be handled, and so on. Like all other primi-
tive robot capabilities. this should resuvil in the addition «.7
appropriate new statements o the languages used 10 pro-
gram higher level robot activitics.

The program controlling a self-moving robot will bave
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1o keep (rack ol the robot’s constantly changing position
ad use this mformation o liasdle relerences to objects
lised in the robot's environment, Ahthough known geomet-
ric wehniques can he ased. no commercially availuble rohot
programming svstem olfers this feature,

n. fmproved robot prograniming technigues. A consider-
able hody of literaiure onindustrial assembly gives deciibed
directions for producing o great many common nanufic-
tred items, Some way of sutomaticadly translating these
manuals into robot assembly progriams would be ideal Bul,
unfurtunately. this objective {ar exceeds the capability of
todiny s roboties programming languages. For anvihing close
10 the Tanguage of standard industriad assembly manuals o
be aceepted s robot control input. much more sophisti-
cated Languoages will he required. The compilers of such
Emeuapes will have to incorporate knowledge of the
part, subpart structure of partially assembled ohjects, os
well as routines cipable of plunning the way in which objects
cautt be grisped. moved without collision through o clut-
tered environment, and inserted into @ constrained position
within u larger assembly,

This level of progrmmming sophisticition only hecomes
feasible 36 g robot system can maintain cither a derailed
muodel of the coviconment with which it is dealing, and
keep this model wp w date through a complex sequence of
manipulations. or if the robou can acquire and refresh such
a modet through visaal and tactile analyses of its environ-
ment. Adthough no robotic linguage with this degree of
saphistication las been produced. such linguages have been
projected, for example, in the work on AUTOPASS w
[BM. and its Stanlord University, Massachusctts Institute
of Technology {MIT). wnd University of Edinburgh rela-
tves, AL, LAMA L and RAPT,

I should be noted that the implementation of such sophisti-
cuted languages will require the solution of many complex
mithematical and gecometric problems. A hasic one is that
of plunning collision-[ree mations of three-dimensional bodics
thraugh obstacle-lilked enviconmentg, This problemn. sted-
i-.:d by rescarchers at the Cu[iI'urnizgl'imilulc of Technoto-

IBM. MIT. New York Univer8ity. und elsewhere, has
hu..u brought w a preliminary stn?ﬁ: ol solution but.from
the practical point of view, the avork merely reveals the
complexity of the computations th.:(l_amunou planning involves
and the imponitnce of sceking much more clficient motion-
plunning schemes. '

Work reported hy MIT and other laboratories also sug-
eests pussihiditics for more advanced softwire that plans
robot activits. Working within o simulated world of blovks,
MIT rescarchers constracted o program that could com-
hine geomcetric knowledge of the collection of blocks given
it with an understanding of the desiced [inal assembly to
produce a fully sequenced issembly plan. This demonsira-
ton program wis even capiable of using some of the hlocks
availahle to it to construct Fistures usclul in the assembly of
the remuining blocks.

1. fu~depth studiex of important current applications. Spot
welding by robots has become routine, und attention is
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turning now to the more complex physical problems asso-
ciated wath continuous are welding, where proper control
ol welder rohots requires some understanding of the ther-
muodynamics of the liguid—solid arc pool. Ways of devel-
oping speciilized robots to work in environments hazard-
ous or vtherwise ngceessible o hemans, such as high-purity
chean rooms, decp-sein enviconments, noclear reactors, and
space, also require detailed study und will sometimes raisce
very comples dvnamic and other prohlems, hnproving robot
Loctile sensors and motion control softwyre to the paoint at
which rohots could work successtully with soft industrial
muterials, for example, Jeather. foam rubber. und/or vinyl
lerniture coverings. is ol obvious ceonomic importianee o
such industrics as furniture and shoe manulacture.,

FUTURE APPLICATIONS

The Household Robot

Even the relatively simple problemns of industrial robotics
are quile challenging. and we are far fram being able to
craite uselul, general-purposc houschold robots. Neverthe-
less. this intriguing and often-discussed possibility is worth
cxamining—not beaituse such applications arc urgent, bu
simply to lorm somce impression of the technical problems
that would have to be faced in order Tor houschold robots
to hecome feusible. In a sufficiently advanceed technology,
onc might hope to apply robots to ordinary household
tusks: cleaning. returning items to their storage positions,
unpacking grocerics. vicuuming. dusting, folding laundry,
making beds, and so on,

Mujor technologicd advances will be required belore
robots can perform o spectrum of fumiliar tusks. The house-
hold environment is much more varied than the induostrial
cnvironment, and it is not ncarly as controllable. Rather
thun being able o deid with o very limited number of work-
picees whose geometrics are known in detail, a houschold
robot would. have to handle objects of many shapes and
sizes. Ina hou\thold cnvironment, these dctails would change
from duy to&i.u Thus. for the household use of robots Lo
become pramcal the level of robot commind languages
and scasing will have to be raiscd v beyond the require-
ments ol i'f],duslriul robotics, Such a robot would have 1o be
able 10 hahdle natural linguage inputs. implying a consid-
critble 11:1(3cr.sj;1nding of the household environment, greatly
impraved 'visual recognition capabilities, and the ubility 10
move casily und sufety amid clutter.

Other Future Applications

Adthough generul-puepose houschold robots appear infea-
sible at present. it might be possible to design robots to
perform a broud spectrum of other social “housckeeping™
tisks. FFor cxample,_robet sweepers lor lurge public spaces,
siech as strects. sports stadiums. railroad stations, airports.
cte. are probably within the reach of current teennology.
Rohot Liwnmowers, with progrummed awarcness of the
boundarics ol « grassy arcit. also scem feastble, A refuted
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possibility is compurer-controlled agricultural equipment
for automatic plowipg, cultivativn, and reaping,

Greater mastery of geography and geometry, bused on
more sophisticated sensing and locomotion, might permit
robot mail, piackage delivery services, and trash collection,
Grently improved visual and other sensors, together with
much more highly developed robot progriasnming techniques,
might make fobot automobile maintenance. and even some
degree of eepair, possible, Significantly improved tactile
and vistial sensing procedures. together with additional theo-
retical understiunding of the behavior of such soft materials
as cloth, might allow the development of robot tailors,
which could use an appropricte vision ilgorithm 1o sense
the vonteurs of a client’s body and, from this, produec a
suiv of ¢lothes.

By feeding control signals taken from a human activity
utto i rohaot control program. it should be possible wo develop
various semtrobaol prostheses, for example. sophisticated
grippers for the armless,

TRAINING A GENERATION OF
ROBOTICISTS

Although it can be expected to deaw upon many other
branches of computer science. roboties will have u different
flavor from any of them because. in robotics, computer
svicnee must po bevond the combinatorial and symbolic
ninipulations that have been its principal concerns until
now. To address the problems of robotics, computer scien-
tists will have to confront the geometrie, dynamic, and
physical realitics of three-dimensional space. This conlron-
tation can be expected to generate a great deal of new
seicnce, and roboties should be as central to the next few
deeades of tesearch in computer scicnee as language, coni-
piler. and system-related investigations have been 1o the
pist wo dccadu..\

As this happens, a significant reorgag . “on of the pres-
ent computer science curriculum will -be needssary, since
robaotics rescarch will need (0 make use of a much wider
range of elassical mathematics and physics than it has been
invotved with until now. This includes computational alge-

bra. computationua) geometry. servomechanism theory,
mechanics, theories of elasticity and friction, muterials sei-
ence, and manufacturing teehnology, Mathematics, phys-
ies, und cnginecring departments will he in closer contact
with computer seicnee than ever before. The complexity
and high content of classical scicnce may make roboties
into 4 recognized professional subspecialty within computer
scienee,

THE SOCIAL IMPACT OF ROBOTS

To the extent that hazardous, repetitive. und menial tasks
are taken over by robots. and to the extent that robots
contribute o U8, productivity and international economic
competitivencess, we can take satisfuction in this technolo-
gy: it simply continues (though significantly gencralizingj
the trend to inercased automation that has characterized
the Anu.rc.m cconomy for the past hundred years, On the
other lmnd some cautionary reflections are suggested. The
gradual unfolding of the cnormous potential of artificial
intelfigence can be expected 1o affect profoundly the
fundamuental circumstances ol human existence. Today's
robotic developments exemplify this. Although it would be
wrong to forget that much chalienging technology must
still be put in pluce before roboets can reach their full poten-
tial, it is nevertheless true that, as robotic science develops,
it will progressively reduce the Jubor used in industrial pro-
duction, uvltimately to something rather close to zero. If
society can respond appropriately to this deep change, we
may profit in the manner forctold by Aristotle: "When the
L.oom spins by itself, und the Lyre plays by itsell, man’s
slavery will be at an end.” If. on the other hand. we flail 10
udjust adequately. for example, if the growth in service
industrics that has characterized recent U, S. economic his-
tory proves insufficient to absorb all of those persons likely
to be forced out of industry by the development and instal-
lation of robol cquipment. grave social tensions may develop.
Assessing these difficulties and dealing wiscly with them
will be important 1asks tor both social thinkers and national
leaders,

Outlook

Although the sensory and manipulative capabilities of indus-
tria] robois and thejr ability to handle unexpected events
are still quite limited, robot jechnology is strengthening
und expanding rapidiy. Initial commercial success has been
achieved through robot mastery of such commercially impor-
tanl operations as spot welding and spray painting. The
microelectronic revolution can also be expected Lo acceler-
ale‘the development of robotics by supplying many “mira-
ele chips™ embodying advanced sensory and control functions,

While all robots will only come to perform the majority
of industrial operations gradually, their potential near-lerm
uses ure exiensive. The aren most favorable for robot applica-
tion at the moment is the manufacture of items in baiches
substantial enough for hand manufacture to be undesirable
but not large enough to warrant heavy capital outlays on
fixed automation. Robotic research is proceeding actively
in France, West Germany, Sweden, Japan. anu the United
States, but Jupan leads in the use of robots. Operating
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industrial rebots m 1980 numbered 11,250 in Japan and
4,370 i this country,

Much of the robotic cquipment used by industry today is
too crude to respond flexibly to changing situations. Much
tmore sophisticaied control languages are needed to make
industrial rohots casy to use, Desirahle new robot language
lcatures include, for example. statements that can causce a
manipulator artm 1o move between speeificd positions while
automatically avoiding certain obstacles or undesirahle con-
figurations. In general, we can expect advancees in robotic
weehnology to be reflected by the addition of new state-
ments 1o robot programming languages.

Mure sophisticated sensory functions, Tor example,
improved image-analysis softwire, represent another impor-
tunt dircetion. These sensory capabilities will need to be
ideprated with manipulator-control software 1o produce
wsclul industrial band-eve systems.

AL present. software for anaiyzing visual data acquired
by robaes is not especially reliable and is quite expensive
computationally. lmproved scenc-analysis algorithros are
needed i1 we adre 10 have vision systems that can casily be
reprogranuned Tor ¢ wide range of applications. Deeper
understanding of the algorithmic nawure of such systems
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will cneourage development of high-performance electronic
chips that can hundle the required operations very rapidly,
As such chips hecome available, the range ol objects that
can be inspeeted ceonomically by robot equipment will
cxpand.

The limited present capabilities of industriul robots indi-
cade that we are far from being able to create general-purpose
houschold robots, which would require sensing and com-
mand capabilitics fur exceeding those needed by industry.
Siill, it may soon be possible to design robots to perform
refatively simple housckeeping tasks, such as sweeping large
public spuces or mowing lawns. A rclated possibility is
computer-controlled agricultural equipment, such us plows
and cultivators.

Robots cun be expected to continue to take over hazard-
ous, repetitive. and menial tasks and to contribute sigmfi-
cantly to the progress of industrial automation under way
in this country for the past century. Moreover, robot tech-
nology can be expected to reduce the industrial labor force
very drastically. In the absence of adequate mechanisms
for adjusting 1o this change, severc social tensions may
result, Our national [eaders [ace the critical task of assess-
ing and forestalling these developing problems,
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Acanthosis nigricans. insulin resistance, 28
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Acetylcholine esterase, 29, 30
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Action potential. neurons. 29. 34. 36
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receprors
Affective disorders, neuroiransmilter abhnor-
malities. 36
Affinity chromatography. receptor siudy. 29, 31
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Agonists. 24, 30
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See also specific crops
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Aireralt. turbulence. 63
AL. robot programming language. 33
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brain damage. 39
incidence. 33
Allalfa, totipotency, 17, 19
Alpha rhythm. brain. 41
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crystal growth. 5. 51
electronic devices, 51
lager measurements, 69
lasers, 66, 69.70, 72
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brzin metabolism disorders. 42
neurotransmitter disorders, 36
Amoiphous surfaces, 47
Amphetamine. 30
Amygdala. 38
Androger -insensitivity syndromes, 27
Androgeas, 25
receptors, 26. 27
Antagonists. 24, 30
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Antichelinergic drugs. 30
Antidepressant drugs. 30
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Antipsychotic drugs. 30, 36
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Arc welding. robot use. 76, 81, 83
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compensating for. ix. 38
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event-relined potemiils, 41
hemispheres [asymmetries). 39-40
learning and memory. 39-40
metabolism., 3142
sensofy pereeption. 37-3%
structure and mechanisms, 34-35 40
See afso specific parts
Brain disorders: See Nevrological disorders
Brain surgery, 40
Britin tumors. incidence. 33
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brain tumors, 33
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mechanisms. viii, 9, 12
plant galls, 15, 20
prostste, 27
skin, 73
Surgery, 26, 73
Carbon dioxide lusers, 66, 72
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surgery. x. 73. 74
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Catalysis, heterogenvous. 45, 50, 51-52
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strueture and function, viil, x. 34-25, 32
See also specific receptors
Ceniral nervous syeem, 34-35
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transplanis. 35
See also specific pars
Centromieres., 4. 7
Cergal grains
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See also specific grains
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Cerebral cortex. 34 40, 41
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Cerebrat palsy. environmentt! cuuses. 35
Cesium, faser studies, 68
Chuos. mechunical sysiems, 61, 62-63
Chemical carcinogens, 9
Chemical induscy. catlalysts. ix
Chemical mixing. tarbulence. 63
Chemical reactions. calalysis: See Catalysis.
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Children. vision disorders. 38
China. rice plants. 19
Chloride: See Xenon chicride Jaser
Chlorine. laser measurements. 66, 68
Chloroplust gename, 13, 15
Chlorpromazine. 30. 36

Choline aceryhiransferase. 29
Cholinergie receptors, 28-30
Chrematin. 5-6
Chromatography. aflinity. receplor study, 29, 3i
Chromosomes. 3
Jertiljzation, 7-8
ntinichromaosomes. 7. 16
packuges. 3
stfueture. 6.7
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See also Genes
Circuitry. ctehing, 66
Ser afsa Integrated circuits
Closure. wrbulence theory. 36, 58
Cocaine. 30
Copnition: See Learning
Coherent light
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production. 66-67
harmanic generation, 66
made-locking, 67
Raman scatiering. 66
sum-[reguency mixing. 66
propertics. 63
Xee also Lasers
Colehicine. 19
Calleges: See Universitics
Collision awoidunce. robols, 79. 81, 82, 83
Callision physies, 67
Color blindness. receptor disorders. 37-38
Columbia University. frec electron laser. 67
Communrications between scientists., xi
Communications lasers: See Semiconducior lusers
Communications. lightwave: See Lightwave
communications
Communicitive disorders, incidence, 33
See alse specific disorders
Complex organisms. development: See Diller-
ertiztion
Compressors, design. 63
Computer-aided design. 82
Compuier software
robot programming languapes. x. 78-7%, 82,
83 85
scientifie information dissemination. xi
Computers. turbulence study. 36. 58-39, 61, 62
Congress. request for five-yeur putlook. vii
Convective turbulence: See Thermal tusbulence
Convulsive disorders. incidence. 33
See alsa Epilepsy
Copper vapor lasers. isotope enrichment. 72
Corn. 14
male sterility, 13
metabolism, 15
totipoteney. 17, 19. 20
Corrosion, ix. 53
Crop breeding. viii. 13. 15, 20
See also specific crops
Crown gull disease. 15. 17, 20
Crysial growth, 45, 49, 50.5]
Crystulline solids. surfaces. 46, 47
Cyclic AMP {cAMP). 24-25,30
Cytochrome b, 4
Cytochrome oxidase, 14
Cytofluotomeiry, laser, medical diagnosis. ix. 73
Cytokinins. 15. I8. 19
Cytosine, DNA base. 2
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d-tubocururine, 28-29
Dealness
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incidence, 33
Defense. Department of, VHSIC program. xii
Defensc. laser applications. 72-73. 74

cadar, 72

larget designators, 72
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weupons, 72-73
Demantia, 42
brain metabolism disorders, 42
incidence. 33
memaory mechanisms., 39
neurotransniiter disorders, 36
Dendrites, 34, 35
Deoxyribosenucleie acid: See DNA
Department of Delense. VHSIC program. xii
Depression. neurotransmitier disorders, 36
Desipramine, 30
DIIT. 25. 27
Diabetes mellitus, receptor defects, 28, 32
Zee also Insulin
Diagnosis. laser. 73. 74
DilTereotiation
cells, 5, 11
reproductive orguns. 27-28, 32
Diffraction
clectron. 45, 48, 50
X-ray. 48
DifTusive motion. surface atoms. 49
5e ~dihydrotestosterone [DHT]. 26, 27
Direct-imeractian upproximation. turbulence, 58
Disease resistance. plants, (7
Diseuses: See specific diseases
Disorder. fluids: See Turbulence
Diversily, genelic: See Variulion, gengtic
DNA. |-12
bases. 2
cell differentinnion, It
functionless. 4. 7. {2
manipulation. 3
mechanisms, eukaryoles., 4, 5-7
mechanisms. prokaryotes, 1-3
rmututions. 4-3, 6, 8, 11
recombination, 2. 4-5, 7-10, 12
redundaney. 4, 7
spreading during laser surgery, 73
stfucture, 2. 3
transeriptian, eukaryotes. 4, 5
transcription. prokaryotes. 2-3
See alsa Chromosomes: Genes: Recambinant
DNA techniques: RNA
DNA. plants, 13-20
chioroplast genome. 15
functionicss. 14
mecharisms. 14-15
mitochondrial genome. 13,13
mutations. 18
nuclear genome, 13-14
struciuse. i3-15
T-DNA. 15-16. 18-19
teanscription. 14
transformation, 15-17
transposable. 18
DNA viruses, 16
Dopamine. 30. 36. 37
teceptors, 30
Dopants, erystal growth. 50-51
Doppler-{ree absorption. alom exciation, 68
Doppler techniques. blood analysis, 73
Double heterostruciure dasers, 51, 69-70
Drag-reducing additives. 59
Draper Laboratory. Remote Center Compliance.
0. 82
Drosophila
genomes. 3, 7
mutatiois. 1]
Drug abuse, incidence, 33
Drug resistance. selectable markers. 8
Drugs
uction. 13
design and (esting. vili. x, 25. 31, 32
manufaciuring. viii
See also specific drugs
Dynamos. disordered behavior. 61-62. 63
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Ears: See Heuring
Earth. polarity reversal. 62
Eddy viscosity cocificient, turbulence, 5%
Edinburgh, University ol robal progrimming. 83
Effusion ovens. erystal growth, 50
Eeg cells. genelic information. 7-8
Etderty. dementia. 36
Efectric Tish and ecls, 29
Electricai zctivity, brain, 34, 35-36. 37. 38, 40-41
Electrical generators. disordered bwhavior.
61-62, 63
Electrical stimulalion. brain: See Neuro-
stimulation
Electroencephalogruam {(EEG). 30-41
Eteciron dilfraction, surfuce stedy. 45, 48, 50
Eleciron microscopy
receptor study. 29
surface study, 32
Electron spectroscopy for chemical analysis
|ESCA): See X ray pholuchectron speciroscopy
(X0rs)
Electeon specteoscopy. sucluce study. 45, 47,49,
52-53
Electron storige ring. free electron laser, 67
Eleetronic devices
hiomedical materiats, ix
fubsrication. 35, 49, 51
failure. 53
impurities. 53. 69
superlattices, 51
See also Integrated circuits: Semiconductor
surfaces
Elecirans
binding encrgy, 47, 49
core, 17, 49
density, 19
valenge, 49, 51
Electrophoretic 1echpiques. DNA characteri-
zation. 3
Electrophorus, 29
Embrittlement. ix. 53
Embryoid genesis. 19-20
Endocrine disorders. 25
See also specific disorders
Endocrine therapy. caneer, 25, 26-27
Endorphins. 36-37. 42
Energy density
eleetrons, 49
fluid motion. 58
Enpland. opticul (ransatlantic cable link. 69
Enkephalins, 31
Environmental insulls, nervous system. 335
Enzynmes. DNA manipulation, 3
Epilepsy
inadence, 33
«argical treatment. 40
Epinephrine. 30
Epilaxy. 50
liquid phase. 50, 70. 71
rmnleeular beam. xi. 45, 49, 50-51, 53, 70. 74
vilpor phase, 50
Escherichia coli. genome, 2
Extrogens, 15
breast cancer, 26-27, 32
receptors, 26-27, 12
Eukaryotes. genetics. 1. 320
Sce also specific topics
Event-retated potemials, brain, 4
Evolulion
braia asymmetries, 40
genomes. 2, 8-9, 10, 14-15
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Explants. 20
Extended X-ray absorption fine structure
(EXAFS). 48, 32, 66
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Externat genital primosdia, 27
Exxon Corporuation, laser isotope enrichment, 71
Eyes: See Vision
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R&D, xi, xii
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brewust caneer, 2627, 32

letal sexuaf development. 27-28, 32
Fertilization. genetie exchange. 7-§
Fetal sex differentiation. 27.28, 32
Field emission microscopy. surfuce study. 49
Ficld ion microscopy. surfuce study. 49
Firefighting ¢quipment. drag reduction, 59
Flow cytoluorometry. medicil diagnosis, ix, 73
Flowering plants. ruclear DNA, 14
Fluids. turbulence: See Turbulence
Fluorine. Juser measurementis. 66
Fly: See Drosophila
France

government suppoyt for R&D. xii

robots. 76
Free-clectron tasers. 67, 72
IFruil fly: See Drosophilu
Furnitute manufacturing. robots. 76. 83
Fusion plusaas

hydrogen measurement. 66

turbulence, 58
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Galactorrhea, drug Lreatment. 31
Gallium
crystal growth. 50-51
electronic devices. 51
laser meusurements, 69
scmiconductor lasers. 69-70. 71
Gullium antimonide, 51
Gallium arsenide. 50-31, 69, 70
Garnet. lasers. 66, 72
CGieneraton. disordered behavior, 61-62, 63
Gengs, 2-12
cell dilferentiation. 5. 11
diversiy. 3
expression. eukarvoles, 5, 6. 10, 11
expression. prokaryotes. 2-3. 6
isolation. 3-3. 6
locating. 7
oncogenes. 9. 10
organization on chromosome. 6-7
recombination. 7-10
repetition. 7
splicing. 3
structure. eukaryotes, 4, &
strueture. prokaryotes, 2, 3. 5
See also DNA: Introns: Promoters; RNA:
Terminalors
Genes, plant, 13-17
chloroplast genome, (5
mitochondrial genome, 1415
nuelear genome, 13-14
transformation, £5-17
Genetic discases. 8
See afso specific diseases
Genetie engincering: See Recombinant DNA
techniques
Cigneties, vii-viii, 1-20
plant. viii. 13-20
See alvo spectfic topics
Genomes, 1-20
definition. |
See also specific topics
Geodynumo, earth., 62
CGieometric control. robots, 78-79
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Geometric modeling. sobots, 82
Germanium. buried heterostructure luser, 70
Germasny. West. robots, 76
Gihberellins, 19
Gille de la Tourelie syndrome, neuroleansisitier
disorders. 36
Globin genes. 3, 7.9
Glucocorticoids. 25-26
recepliprs. 26
Gonadal sieroid hormune receptors, 25-28
See also Steraid hormones: and specific re.
ceplors
Government support
R&D, «i. xii
technologieal innovation. xii
Grain amaranth, 13, 20
Grain crops: See Cereal grains: and specific grains
Lraphics. robol program debugging. 82
Great apes. brain asymmetries. 40
Growth hormones, viii
Guanine, DNA hase. 2
Gynecological surgery. lasers, 8. 73

H

Habertandt. G. 17
Haploid cells, 19
Huarmonic generation, coherent light, 66
Head injury. incidenee. 33
Health care. &
See also specific tapics
Heuring. 38. 40, 41
Heuring disorders
compensating for, ix. 33
diagnosis, 38
incidence, 33
Heat flux. fuids., 60
Helium. hem flow measurements. 62
Hetium seattering. surfuce study. 47, 48
Helminthosporiunt maydis. 15
Hemispheres. bruin. 39-40
Hemoglobin gencs. 5, 7, 4
See also Globin genes
Hermaphroditism. receplor disorders. 27-28, 32
Heterogeneous catalysis: See Cutalysis. hetero-
gencous
Hexupod. robot. 82
High-energy electron diffraction {HEED]. surfuce
study. 48, 30
High-resolutior clectron microscopy. surface
study. 52
High-resolution luser spectroscopy. 67-6%, 74
Hippocampus. 35, 39
Histones. 7
Hollow sites. metal surfaces, 47
Home robots. 83, 85
Homourginine resistunce. 19
Homogeneous linewidtis, encrgy-levc) decay. 68
Homuologous recombination, genetic., §
Hormones
behaviorul influence. 37
cancer treatment. vili. 25, 26-27. 32
plunt embryoid genesis. 19
receptors. viii, 24-28. 32
structure and fuaction, 23, 32
See also specific hormones
Houschold robots. 83, 85
Huntington's chorea. nevrotransmitter disorders.
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Hydrocacbon formation. catalysis. 52
Hydrogen. laser measurements. 68, 69
Hypertension. drug treatment, 30, 32
Hyperthyreid conditions, 25
Hypothalamus, 3d. 35, 39
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immune system, 10}
auoimmune disorders, 23, 38, 29.30, 32
Immunosuppressjve drugs, 10
(ndium
electronic devices, 31
laser measurements, 69
semicopductor lasers, 69-70, 71
Indium arsenide. 31
Indium gatlium arsepic phosphide, 70, 71
Indium phosphide, 70, 71
Indoleacelic #cid. 17
Industry
cooperation with universilies, viii, xii
R&D. «. xii
See alvo Manulucturing
Infanis, beuring loss, 38
Information overload, xi
[nrovation, technologicul
federal support. i
paee, X-4a
Tistabitity, Huids: See Turbulenee
Lnstrumentation, xi
frsulin
penes. e, 9
manulacturing, viit
receprors, 28, 32
tnsulin resistance, Type B extreme, 28
inteprated circuits, 53
Deparimient of Delense program, xii
development, x
inspection by robats, 81
robots, 73-76, 8t
See afso Electronic deviees
Interenntinental balistic missile (ICBM], Juser
defonse against, 72-73
Interferon, viii
introns. 4. 3,6, 14
plants, 14
lodine, ¢lectron seatiering, 34
[on scatiering spectroscaps (155), surfuce study,
47,33
Isoleucing, 19
Isatepe eorichaent
paseous diffusion, 71
laser isotope enrichment, 71-72, 74
Isotropic homopgeneous turbulence, 58

J
Japan
povermment supporl for R&D, xii
robcls, 76-77, B4-85

K
Kanamycin resistunce, 18
Kinetic studies, lusers, 66

L

L-dopa, Parkinson's disease treatment, 30, 36
Labor force, robol impuct, 76, 83, 85
LAMA, robal programming lunguape, 83
Land management, ix
Lunguapge, 39-40
Language Joss {aphasia], incidence, 33
Lanthanuin Auoride, energy-level decay, 68
Luaser evtofluorometry, medicat diagnosis. 73
Luser Doppler techniques, blood analysis, 73
Laser jsotope encickment, 71-72, 74

atomic process, 71-72

moleculiar process, 72
Luser spectroscopy, high-resolution, 67-69

atomic s¥siems, 68, 74

metrology, 69

avlids, 68-69
Lusers, ix. 6574

argon ion, 73

carbon dioxide, x, 46, 68, 72, 73, 74
caplinuous wave, 63, 72,7}
cupper vapor, 72
double heterostructure, 51, 69-70
free eleciron, 67, 72
mode-locked, ix, 67
necdymium, 66, 72
nulsed, 65, 66-67, 72, 74
Raman. 66
ruby, 72, 73
seipiconductor, 3% 6971, 72
single-mode, 70
solid-state, 72
tupable, 635, 66, 67, 68, 69, 72, N
xenon chloride, 72
See alse Coherent light
Lasers, ritnge. 66-67, 72, 74
far infrared. 67
infrared, 66
neas infrared, 66
vacuum ultraviolet, 66, 87
visible. &6
Lasers, uses
defense, 72-73. 7
industry, 72, 74
isotope enrichment. %5, 71-72, 1
lightwave commanications, 68-71, 74
medicine, 23,
Lawrence Livermore Natiopal Labormiory, luser
isorope enrichment, 71
Learniag, 39-40, 41, 42.43
Left hemisphera, bruain, J9-40
Leghemoplobin, 14
Legumes, totipotency, 20
Levodopa. Parkinsen's discase treatment, JO.
3o
Ligands. 23, 24
Light photons, surface bombardmant, 49
Lightwitve communications, 69-71, M
materials, 69-70. 71
transmission rates, 71
wavelength division multiplexing, 71
See alie Optical fibers: Semiconductor lusers
Limbic system, 33
Lipid vesieles. 17
Liposomes, 17
Liguid phase epitaxy [LPE)}, crystal growth, 50,
0. 7
Locomation, robots, 32-8)
Locus coeruleus, 37, 4i
Lorenz dynamo equations. 62
Los Alamos National Laboratory
free electron Jaser. 67
liuser isotope earichment, 714
Low-energy clectroa diffraction {LEED), surface
study, 48
Lymphoeytes, 10, 1

M

Magnetic detectors, briin rescarch, 41
Magnetic lields

dynamos, 62, 63

lasers, 67
Minze: See Corn
Mules

fetal sexuat development. 27.2§, 32

pseudohermuphroditism, 27-28, 32
Mammary carcinomas, 26-27, 32
Munufacturing

automated, 76

batch, 76, 84

fixed aulomalion. 76

industrial ussembly manuals, 83

Jusers, use, 72, 74

robots, use, x. 76-77. 8§, 84
Mapping. bruin, 41-42
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Marginal Junds, crops, 13, 20
Mussachusetts Institute of Technology, robot
programnying, 83
Materials processing: See Munulacturing
Mean-ficld equations, lurbulence, 60
Memory, 37, 39,42
Mental illncss: See Psychosis
Mental retardation
incidenee, 33, 35
memcry neehanisms, 39
Mergury, lasing mediom, 66, 67
Messenger RNA: See RNA. messeoger
Metabolism
brain, 41-12
Ceplants, |5
insulin influgnces, 28
Metal organic chemical vapor deposition
(MOCVI)
erystal growth, 51
laser fabrication, 70. 71
Metad surizces
atom scattering, 48
hoellow sites, 47
phuse trapsitions, 47-48
reactivity, 47
reconstruction. 47
Mctallergy. 33
Methotrexsie resistance, 13
Methyl alcobol. turbulence. 59
Metrology. lasers, 69
Mice, genetic experiments. 7
Microcomputers, robots, 78
Microclecironic devices: See Electronic devices
Microscopy
clectron, 29, 52
ficld emission, 49
field ion, 49
Microtron. free clectron luser, 67
Militury, laser applications: See Defense. laser
applicalions
Mineratocorticoids, 26
receptors, 26
Mitechondrial geaome. $.15
Mode-locked tasers, ix, 67
Molcculir beam epitaxy. xi, 53
crystal growth, 435, 49, 50-51
laser fabrication, 70-71
Molecular cloning: See Recombinant DNA
techniques
Monkeys
brain asymmetrics, 40
dopamine removal, 37
seasory sitmuli, 40
Monoclonal antibodies, receplor research, 26,
3
Motion control. robos, 78-79, 82-83
Motion. uids. 3561
Motion. surface atoms. 49, 5]
Motor neurons, 35
Miillerizn ducl-involuting hosmone, 27
Millerian ducts, 27
Multiple sclerosis
diagnosis, 41
incidence, 33
Muscles, 9, 35
neuromuscular junction, 28-30
Mutations, 4-5, 8
Drosophila, 11
introduced, 6, 18
plunts, 18
Myasthenia gravis
receptor defeets, 25, 29-30, 32
ireatment. 30

N

Nutienal Bureau of Stundards, robot vision
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swalems, 80
Nawure) selection, &, 10

See also Evolution: Yarigon, genetic
Navil Research Laborastory, free electron laser,

W .
NaviesStokes [uid ¢yuvations, 36
Nerve growth ligtor, 33
Needymivm-doped glis fusers, 60
Neodsminm-deped yirium slominum gusne

lasers, 66, 72
Nevroglia, 34
Neurological disorders

diagnosis, 4]

incidence, 33

neurovrnsmitter diserders, 36

receptor diserders, 23

See also specific diserders
Neuromuscelar junetion, 28.30
Neurons, 23, M, 33

See alse Sypaplie transmission
Neorostimulition

hesring iniprovement, 38

language rexcarch, 39

pain reduction, 36, 3§

vision improvement, 38
Neurotransmitters, 42

receptors, viii, 24.25, 28.30, 32, 3536

structare and (ungtion, 13-24, 32, 35-37

See also specific neurotransmitiers
New York Upiversity, robot progrumming. 83
Newl genomes, 7
Nicotime receptors, 28-30
Nitrate reductase, 19
Nitrogen, embryoid genesis, 19
Noradreaalin: See Norepinephring
Norepinephrine, 30, 36, 37

receplors, 30
Nuelear churge, 37
Nuelear lusion, plasmas, 38, 6
Nutlear genome. plants, [3-14
Nuelesr mass, 47

Nuclear reactors, uranium izolope enrichment,

11

Nugleir seapons, uranium isotope entichment,

11
0

Obstacle avoidanee, rebots, 79, 8), 82,83
Ocean eurrents, prediction, 64
Qctuping synthase, 1Y
Ohio Stte University, robol locomotion, K2
Ohmic contacts, semiconductor lusers, 70, 71
Oncogenes, 9, |0 '
Qpeners, turbulence theory, 60
Ophthaimic surgery, Jasers, 73
Opiate drugs, 36:37, 42
Opiate receplors, 3}
Opines, 15-16
Optic nerve, 38
Optical fibers, 69, 70
multimode, 70
single-node, 70, 71
wavelength division multiplexing, 71
See alse Semiconducior lisers
Opteal transutlanie cable, 69

P

Pain reduction. ix, 42
drags, 31, 36
eleetricad stinzulation, 36, 38
Pancreatic cells, gene expression, 6
Parasites. genete mechanisms, 1
Parkinson's disease
incidence, 33
neurotransmitter disorders, 30, 36~ #
treutment, 30, 36
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Peplides, 37
Perception, Buman: See Sepsory processing,
humin
Period doubling ratio, wrbulence, 62, 63
Periwink ke, totipoweney, 17
Persistent order, 63
PIET, brain rescarch, 42
Petroleum pipelines, drag reduction, 39
Petroteum reflining, cnalysis, ix, 52
Petunia, witipotengy, 17
Prarmaceuticals, See Drugs
Phase transitions, solids, 63
surfuces, 47-48
Phosphorus, semiconduetor lasers, 70, 71
Phosphorus-32, DNA characterization, 3
Phosphorylation, 335
Photocells. robot sensors, 77, 79
Photoctectron spectroscopy. surlace study, 47,
49,53 '
Photens. surfuce bombasdment, 49
Photesynthesis, ix, 13
Physies. collision. 67
Physics. iwo-dimensional, 47
Pipelines, wirbulence, 39, 63
Pitujtary giand, 34
Piant genctics, vili, 13-20
See also specific tapics
Plants, Ca. mctabolism, 85
Plants, flowering, nuclear DNA, 14
Platinum surfaees. reaction rates, 32
Poliution flow modeling, 58
Polymers. drag reduetion. 39
Polymetallic clusicr catalysis, 52
Polypeptide receplors, 24
Positron emisston tomography [PET). brain
rescurch, 42
Positronium atom, laser mcasurements, 68
Potaio spindle tuber virus, 16
Potatoes
disease resistunce, |7
totipetency. 17-18, 19
vield inereases, 17
Prascodymium, energy-level decay, 68
Progestins, 25
receptors, 26, 27
Programming funguages, robots, x, 78-79, 82,
B, 83
Prokuaryotes. genetics, 1-3, 5, 6
See also specific ropics
Prolactin, 30
Promoters. DNA signals
cukasyoes, 4, 6, 7
prokurvotes. 3, 6
Propranolol, hypertension treutment, 30, 32
Prostate cancer, hormone treatment. 27
Proteins
eell receplors, 23, M4
genclic coding, 2-3
s - eins, plants. genetic coding, 14, 15
Fuutoplast fusion, 17, [9
Pseadohcrmaphroditism, receptor disorders,
27.28. 32
Psychobiology, viji-ix, x. 33-43
See alto specific topics
Psychosis
drug Lherapy, 36
incidence, 33
ncurolransmiller disorders, 36
PULPIT optoucoustic spectroscopy. molecule
vibruation study, 65.69
Puma 600 manipulator, 77
Pumping syitems. wrbulence, 59, 63

Q

Quanwm electrodynumices, laser siudies, 68
Quartz wavegaides, lasers, 73, 74
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R

Radar. Laser, 72
Radjo-lrequency linae, free eleetron laser, 67
Radigagtive materials
brain rescarch, 43-42
DNA charavierization, 3, 7
receplor reseiurch, 24, 25, 26, 29
Rumian laser, 66
Ruman scattering, 66
Rapid eye movement (R EM]) sleep, 41
RAPT, robol progrumnming langeage, 33
Recombinunt DNA 1echnigues
genetic research, vii-viii, 3. 8, 9-10, 11
mechunisms, &
receptor rescarch, 31
Recombination, genetic, 2, 4-5, 7-10, 12
amplification, 8. 9. 11
deletion, 8
homologous. §
insertion, 8
inversion. §
Reconsttuction, surluces, 47
5o ~reductyse, 26, 27
Regeneration
nervous system, 35
plants, 17,19, 20
Remote Center Compliance, robots, 80, §2
Renormalization group theory, chaos study, 63
Repsoductive sysicm
differeniintion, 27, 28, 32
disarders, 27-28. 30-31
Research: See Basic rescarch
Reticular activating system, 33
Retina, 37-38
Retinal surgery, fusers, 73
Riboscnucleic ucid: See RNA
Ritosomal RNA: See RNA, ribosomal
Ribosomes, 2, 3
Rice, totipotency. 19, 20
Right hcmisphere, brain, 39-40
RNA
spreading during laser surgery, 73
struclure, 2-3
transcription, cukaryotes, 4, 5. 25
transeription., prokaryotes, 2. 3
RNA, messenger
cukuryotes. 4, 5
plant trapsiormation, |5
prokuryotes, 2, 3
receptor syathesis, 31
RNA, planis
transcription, 14
transfer RNA, 4. 13
RN A polymerase
sukaryotes. 3, 6
prokuryotes, 3
RNA, ribosomal
buacieria, 15
plants, 14. 13
RNA. wcansler, 14, 15
RNA viruses, 16
Robotics education, 84
Rebots, x, 75-85
Japar/U.S. comparison, 76-77
lubor impact, 76, 84, 85
limitaiions, 73-76, 77
price, 77
social impact, 84
speed, 77, 81
technology transfer, 76
working volume, 77
Robots, ¢componenis
grippers, 77, 79
manipulators, 75, 76, 77-78, #2
smell sensors, 75
speech recognilion systems, 73
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tuetile sensors, 75, 79, 80, 81, X3
wach box, 78
vehicles [Jocomaotion], 73, 82-83
vision systems, 75, 79 80-K1. 82, 83
Rabots. control
vollision avoidance, 79, 81, 82, 83
foree sensing. 78, 79, 81, 82
geametrie, 78-79
micragomputers, 78
propramming languages, x, 78-79, 82, 83, 85
task planning, ¥3
Rohots, types
hranchiating, 82
Nxed=sequence, 77
plashack, 77, 78
programmathle, 78
Rohots, uses
arc welding, 76, 81, 83
batch mantifucture, 76, 84
furniture manufacturing, 76, 3
future, B84
hasardous envirgninents, 83
houschold, 83, 85
mdusiey, v, 20-77, 81, B4
spot welding, 76, 83
spray painting, 76
Ruse, totipptency. 17
Ruby lassrs

~ drilling. 72

skin surgery, 73 7
Russet Buthank potatoes, wliputency, 17,18

S

Salamanders, nuclear DNA, 14
Schizophrenia
brain metabolism disorders, 41-42
ingidence, 13
neurotransmittes disorders, 16
Schwann, Theodor, 7
Scicace and wchnology
cothmunications, xi
fertility, vii
funding priorities, xii
instrumentation, aii
inerdependence. xii
interdisciplinaty natore, xi, xii
necessity for econontic grovih. xii
Sce nise Basie rescarch
Sea urchins, 11
Secondary ion muss spectruscopy (SIMS), surluce
study, 53
Selectable markers, plant gencties, 16, 18-19
Selvedge, surfuves, 46
Semiconductos basers, 69-71, 72
buried heterostructure, ¢
delect reactions, 70-71
doubie hewerosisucture, 31, §9-70
injection. 69
ohmic contacts, 70, 71
single-mode, 70, 71
wavelength division mubliplexing, 70
See also Onticat [ibers
Semiconductor surlaces
atom scaltering, 44
geometry, 47-48
phasc transitions, 47-48
reactivity, 47 ’
totil crystal enerpy, 48
See afse Electronic devices: Integruted cireuits
Senile dementia: See Dementia
Sensors, robots, 77, 7952
See also specific types of sensors
Sensory processing, buman, 35, 37-38
testing, 41

+- See alse rpecific senses

Serotonin, 36, 41

Sexuad behavios, 37
See alse Reproductive sysiem
Sexua) development, 27-28. 32
Shear wrbulence, 35, 56-59
Sickle cell discase, RNA disruptions. 5
Siemens [West Germany]. Jaser isotope enrich-
ment, 72
Signal amplification, ecll receptors, 24-23
Silica, optical fibers, 69, 70
Skin disorders, laser surgery, 73
Sleep, 33, 37, 40-41
Smull sensors, robots, 75
Snake venom ncurotoxins, 29
Social impact. robols, §4
Sodium atoms, excitation. 68
Sodium iodide, Jasing medium, 66
Suif chemistry., ix
Solid-state devices: See Electronic devices
Solids, rescarch, 45-33, 68-09
surluces, 43-53
See afso specific 1opics
Somatic senses, 18
See also Pain redueetion
Sorghum, totipowrncy. 20
Southern corn blight, 15
Soviet Union, robot jocomotion, 82
Soybeuns
legheinoglobin gene. 14
totipoteney. viii. 17, 19
Spatial orientation, 39, 40
Speclroscopy
Auger clectron, 45, 47, 32, 53
clegtron, 43, 47, 49, 5253
extended X-ray absocption fine structure, 48,
53 66
ion scuttering. 47, 53
Jaser, 67-69. 74
plotoclectron, 47, 49, 53
PULPLT oproacoustic, 68-69
secondury jon mass, 33
X-ray photoclectron, 47, 33
Speech, 40
See also Language
Speech impairment, incidence, 33
Specch recognition systems. robots. 75
Sperm cells, genetic information, 7-8
Spheroplasts, 17
Spinal cord. 34
Spot welding, robot use, 76, $3
Spray painting. robot use, 76
Stanford University
Artificial Intelligence Laborutory, 81
[ree eleciron laser. 67
robol programming. 8
robot vision systens, 80
Stepped surlaces, 48, 52
Steroid hormones, 24, 25.28
chissification, 25-26
disease (reatment, 26-27, 32
receptor disorders, 27.28, 32
receptor role. 24, 25, 26, 37
See also specific hormones; and specific receptors
Strain gauges, robot sensors, 77, 80
Stroke, incidence, 33
Sum-lrequency inixing. coherent light, 66
Superlattices, electeonic deviees, 51
Surfuce science, ix, 45-33
definition, 46
dillicultics. 46-47
interdisciplinary nature. 53
See alse specific topics
Surfuces, ix, 45-33
atomic mations. 49, 51
defuects, 48
definition. 46
composition, 47
clecironic structure, 49
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geomerry, 47.4%9
hollow sites, 47
phase transitions, 47-48
reconstruction, 47
stepped. 44, 32
total erystal enerpy, 48
See also Melal surlaces: Semiconducior
surlaces
Surgery
brain, 306
cuncer, 26, 73
endocrine. 26
gynecological, x. 73
lasers, 73, 74
aophthalnic, 73
skin disorders, 73
Sweden. robots, 76
Synuplic transmission
behavior mediition. 39
disorders, 29
mechanismes, 23-24, 29, 35-36
Synchrotrea radiation, surface study, 435, 49

T

T-DNA, 1516, 18-i9
Tactile sensors, robots, 75, 79, 80, 81, 83
Target designators, lser. 72
Technological innovation

federal support, xii

pace, X-Xi
Tuechnology transfer, robotics, 76
Television cametus. robot sensing. 77, 80
Temporal chags, mechanical systems. 61, 62-63
Terminiors, DNA signals, 3
Testosterone, 25, 26, 27, 28
Thalamus, 34, 39
Thalassemias, RNA disruptions, 3
Thallium, Jaser studies, 68
Thermal taurbulence, 55-36, 59-61
a-threonine deaminase, 19
Thymine, DNA base, 2
Thyrotd hormones, 24

receploss, 24
Ti-plasmids, 13-15. 17
Titanium

laser cutling and welding, 72

faser measurements, 69
Tn5. bucteria} transposon, 1§
Tn7. bacterial (ransposon, 18
Tobacco. tolipotency, 17
Torpedo, 29
Totipotency (plant regeneration), 17.19-20
Transatlantic cable, 69
Transcription

cukaryoles, 4, 3

prokaryotes, 2-3
Transcription, plants, 14
Transfer RNA: See RNA, transfer
Transformation. plants, 15-17, 20

bacteria, &, 15-16, 17, 20

viroids, 16, 20

viruses, 16, 20
Transition spots. turbulence. 57, 59
Trunsplants, brzin tissue, 35
Trypunosomiasis, genelic meckanisms, 10
Tumor-inducing plasmids, 13-16, |7
Tumors,

brain, incidence, 33

growth, 9. 10,12

hormone dependence, 26

plum galls, 15-16, 20
Tunable dye lasers

isotope enrichment, 72

positronium jion messurement, 68

quantum electrodynamics study, 68

uliraprecise stabilization, 69
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Turhines., turbulence, ix, 35, 50, 43
Turbulkenee, iy, 3504
antiturbulence, 63
chatos, 61, 62-63
definition, 35
isntropic heomaopencous, 38
perivd doubling ratio, 61, 63
pessistent order, 63
sheas, 33, 36-39
thermal, 33-36, 39-61
transition spots, 37,
wives, 57-39
Turbulenge. research appreaches
closure, 56, 38
compuoters, 56, 58-39. 61, 62
diregt-interuction approximation, 3§
mean-licld equations, 60
openers, 60
renormalization group theory. 63 -
wpper-hound theery, 60-61

U
Universities
cuoperation with industry, viii, xji
R&I, xii
University ol: See other part of name
Upper-bound thewsy, turbulence, 60-61
URANIT [West Germunyl). laser isotope en-
richment. 72
Uranium isotope enrichment, Jasers, 71-73, 74
uranium hexaluoride, 71-72
uranium-235, 71, 12
uranium-234, 7
Uropenital sinus, 27
LLSS8.R.. robot locomotion, 82

v

Yacuum appuratus
crystul growth, 50

surface study, 4637
Van de Graal aeceleratar, free clectron laser, 67
Vapor phuse epituxy, 30
Variation, penetie, 2, §, -9
plants, 17+ 18
Vectors. penelie transformation. 15-17, 20
bacterin, 6. 13-16, 17, 20
virgids, 16, 20
visuses, 4. 16, 20
Very High Speed Integrated Circuit program,
xii
See ofso bmeprated circuits
Vibrational motion, surface atoms, 49
Video systems, robots. 0
Vinegur My: See Drosophila
Viroids, veetors, 16, X0
Viruses
DNA. 16
genomes, 2, 3
RNA. 16
tumor. 9. 10
veelors, 4, 16, 20
See also specific viruses
Vision, 37-38. 40, 41, 12
Vision disorders, 37-38
incidence, 33
luser surgery, 73
See also Blindness
Vision, robots, 75, 19, 80-81. 82, 85
proximity sensors, 82
seene-unalysis, 80-81, 85
structured-light. 80, 81
unilfgrm Hlumination, 80
Visual corlex, 38

w
Wavepuides, lasers, 73, 74
Wavelength division muhiplexing, semiconductor
lasers, 71

Index 95

- Waves (turbulenee], 37-59

Weapons
laser, 72-73
nuelear, 71
Weather prediction, 64
Weinberp-Salam anodel, quantum  electrody-
niamics, 68
West Germany
Laser isotope enrichment. 72
robots, 76
Wheat
ribosomal RNA, [4-15
totipotency, 19
Wipgler magnet, lusers, 67
Winged beun, [3. 19
Wolffian duets, 27

X
X-ruy absorption fine structure, extended
{EXAFS), 66
surfuce study, 4%, 52
X-ray dilfraction. surface study, 48
X-ray photocleciron spectroscopy (XPS), surfuce
study. 47, 3)
X-rays
cuncer-causing, 9
sutfuce stody, 45, 47, 48, 52, 53
Xenon arc lamps, OQhIQ:llmic surgery, 73
Xenon chloride laser. isotope enrichment, 72
Xenopus, |1

Y

Yeust
centromeric DMA sequences, 7
chromosome transformation. 16
mitochondrial genome, 14
selectable markers, 19

Yurium, lasers, 66. 72
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