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By age 1 7 a human being may know 80,000 words; how does she do it? 

To survive some plants playa devious game: they imitate insects. 

A New Class of Crystalline Materials called electrides shows interplay 

among electrons and could promise new electronic and optical devices. 
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Strategic Defense and Directed-Energy Weapons 
c. Kumar N Patel and Nicolaas Bloembergen 

SOl partisans attack and SOl critics invoke the findings of the American 

Physical Society panel that evaluated the feasibility of lasers and particle

beam weapons as instruments of strategic defense. Here, for the public 

record, is a summary of what the panel-which consisted of weapons 

experts and knowledgeable physicists-actually said. 

The Large-Scale Streaming of Galaxies 
Alan Dressler 

Even as they are swept apart by the expanding fabric of space, the Milky 

Way and a host of other galaxies show motion of their own; the speed 

and direction of the motion indicate that the galaxies are caught in the 

sway of a Great Attractor, a distant concentration of mass that appears to 

be larger than any proposed by existing cosmologies. 

Reverse Transcription 
Harold Varmus 

When first discovered, the ability to transcribe DNA from RNA was 

thought to be unique to a few cancer-causing viruses. Now it seems the 

process may be part of the genetic machinery of other viruses and even 

of higher organisms; studies of it could further understanding of AIDS and 

oncogenes and may illuminate the evolution of hereditary material itself. 

Electrides 
James L. Dye 

In this new class of crystalline materials, derived from cesium, potassium 

and other alkali metals, a lattice of positively charged atoms caged in 

neutral molecules is held together by trapped clouds of free-floating 

electrons. Various kinds of electrides can be made, whose electronic and 

optical properties range from those of nonmetals to those of metals. 

Mimicry in Plants 
Spencer C. H. Barrett 

Life can be a competitive struggle even for plants. In cultivated environ

ments some weeds imitate crops and thereby avoid being destroyed. In 

natural habitats orchids that mimic female insects attract male insects, 

which proceed to carry pollen from flower to flower. Some plants have 

even come to resemble stones and thus deter predators. 
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The Swahili Corridor 
Mark Horton 

As 10th-century Europe awoke from the Dark Ages an energetic revival 

of the arts generated a demand for such exotic materials as transparent 

quartz, ivory and gold. To meet the demand Swahili traders plied the 

waters of the East African coast, sailing 3,000 kilometers to forge a trade 

route that reached all the way to the Mediterranean. 

How Children Learn Words 
George A Miller and Patricia M. Gildea 

To attain the vocabulary of a high school graduate, some 80,000 words, a 

child needs to learn new words at the rate of about 5,000 a year. The way 

to aid the process is to exploit the ability of a child to learn by seeing 

words in context. An interactive video display presenting definitions, 

sample sentences and pictures may be the best teaching device. 

Coal-fired Power Plants for the Future 
Richard E. Balzhiser and Kurt E. Yeager 

By the end of the century some 70 percent of the electricity generated in 

the u.s. may come from coal-fired power plants. To improve their 

efficiency and to reduce environmental impact new kinds of plants are 

called for, based on fluidized-bed combustion and coal gasification; such 

plants may also be able to yield sulfur in economically useful forms. 
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Don't hold back now. 
How do you really feel about 

workfug with columns? 
Columns. The black hole of 

word processing technology. 
Try to move a column with 

your present word processor. 
Good luck. Try to add or delete 
a column. Sorry. 

Lotus ManuscripCM can 
change how you feel about 
working with columns. Really. 
Because Lotus Manuscript 
thinks vertically as well as 
horizontally. 

Inserting a column with 
your present word processor 
would be a true test of 
patience, right? 

Consider this. On ordinary 
word processors, when you 
create a table, or put any 
information in columns, you It's simple with Manuscript, 

because Manuscript 
work horizontally, using tabs thinks vertically as well as 

change information, even 
delete, move or insert col
umns, without the usual litany 
of expletives deleted. 

And it's not just limited to 
columns you create yourself. 
Thke tables from Lotus® 1-2-3® 
or Symphony� for instance. 
When you import that tabu
lar information into Lotus 
Manuscript, it recognizes it as 
columns, so you can change, 
delete, move, insert or format 
this material as well. You can 
even dress up your tables 
with a variety of boxes and 
borders. 

to create a vertical effect. horizontally. 

With our sophisticated table editor, 
you can actually create each column 
independent of one another. You can 

As you can see, Lotus Manu
script is not just another word processor. 
It's a complete document creation sys
tem, with more impressive features than 

we could ever go into here. 
Lotus Manuscript is designed to work 

on most IBM® PCs and compatibles.* 
Its familiar 1-2-3 interface makes it 
easy to use. And our Manuscript eval
uation kit makes it easy to try. For 
$10.00, you'll get a presentation disk, 
working software, and a tutorial man
ual. Th get your evaluation kit, call 
1-800-345-1043, ask for lot BS-1450. 
Or, for more infor
mation, see your 
Authorized Lotus 
Dealer, or write 
Lotus Development 
Corp., 90 Annex, 
Atlanta, GA 
30390-03070. 

Lotus ManuscriptM 
© 1987 Lotus Development Corporation. Lotus, 1-2-3, and Symphony are registered trademarks and Lotus Manuscript is a trademark of Lotus Development Corporation. 

IBM is a registered trademark ofInternational Business Machines. 'Manuscript and Manuscript Evaluation Kit require 512K and a hard disk. 
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LETTERS 
To the Editors: 

In reference to "Dyslexia," by 
Frank R. Vellutino [SCIENTIFIC AMERI
CAN, Marchl, we should like to point 
out that there are many reading dis
orders, all coming under the name of 
dyslexia, and that mirror writing is 
the symptom of only one of them. 

My daughter Arwen had severe 
reading problems in elementary 
school but never exhibited mirror 
writing. When she was 10 years old 
we found, through a fortunate coinci
dence and sheer perseverance, that 
the images in her eyes did not coin
cide and that she was always seeing 
two (unrelated) words halfway su
perposed. She began wearing strong 
prismatic glasses that made the im
ages coincide, and from then on her 
reading improved dramatically. 

Here we have a case of dyslexia 
where poor visual processing was in
volved and the cure was not "consis
tent remedial practice in reading." 
This letter is intended not to detract 
from Vellutino's findings but to warn 
against oversimplifying, against the 
misplaced feeling that we now have 
dyslexia licked and against the auto
matic application of his recommend
ed remedies to all dyslexics. 

DICKGRUNE 

ARWEN GRUNE 

Amstelveen, The Netherlands 

To the Editors: 
Frank R. Vellutino presents a one

dimensional "cure" for dyslexia, a 
problem so complex and intricate 
that defining it scientifically has be
come an exercise in futility. Even Vel
lutino refers to it as "a generic term 
that has come to refer to an extraordi
nary difficulty experienced by other
wise normal children in learning to 
identify printed words, presumably 
as a result of constitutional deficien
cies." Based on this very general de
scription and a series of implicative 
and suggestive phrases such as "ap
pears to be," "based on the assump
tion," "believed to take place," Vellu
tino disposes of every educational 
construct relating to dyslexia, giving 
two or three lines to each one. He 
then argues, "We believe the prob
lem lies in the linguistic domain." 

Vellutino completely ignores the 
developmental changes in dyslexic 

8 

children. Research I have done alone 
and with R. Mozlin and D. A. Rumpf 
revealed that the expected relations 
of sensory-motor, intersensory and 
spatial skills to reading in the pri
mary and intermediate elementary 
school grades are indeed quite var
ied-a point that Vellutino assiduous
ly avoids. Different skills are domi
nant in their influence on learning at 
different ages. As children move into 
the middle elementary grades, ceil
ing effects tend to take over, and 
the value of distinguishing between 
readers and nonreaders, as Veil uti no 
does, is diminished significantly. 
Spatial skills, which have the domi
nant effect on learning to read in kin
dergarten and first grade, become co
equal with verbal and linguistic skills 
in their influence on reading four 
years later. 

]. A. Fletcher and Paul Satz of the 
University of California at Los Ange
les point out that in Vellutino's stud
ies the WISC (Wechsler Intelligence 
Scales for Children) Verbal I.Q. scale, 
an excellent measure of linguistic 
ability, revealed differences between 
older reading groups but not young
er ones. The second-grade disabled 
readers, on the other hand, displayed 
a depressed WISC Spatial Perfor
mance I.Q. with respect to Verbal I.Q., 
suggesting visual-spatial deficits. 

According to Vellutino, "More con
ventional approaches to remedial 
instruction have greater success, 
particularly in educational settings 
equipped to provide dyslexics with 
the type and amount of help they 
need." If this were indeed the case, 
poor readers would not make up 
close to 15 percent of the school pop
ulation, or several million children. 

HAROLD A. SOLAN 

State College of Optometry 
New York City 

To the Editors: 
Frank R. Vellutino's contention 

that dyslexia is a complex linguistic 
deficiency and not, as is widely be
lieved, a defect in visual perception 
prompts me to report observations 
consistent with his approach. 

Because German is my mother 
tongue, I have sometimes been irri
tated by the frequency of misspelled 
German words in English publica
tions and in particular in the scientif
ic literature. Frequent among these 
mistakes are a couple of inversions 
that in someone writing in his na
tive language might be interpreted as 

symptoms of dyslexia, namely the 
confusion of ei and ie. An extreme 
example is a page of references, in 
a journal published by one of the 
established university presses, that 
contained among several other mis
takes no fewer than eight such inver
sions. The same mistakes also occur 
in the daily press; Wien is spelled Wein 
and vice versa, Beine is Biene, Friede is 
heide, Zeit is Ziet and so on. 

To a person copying from a foreign 
text, an unfamiliar word may appear 
either as a meaningless sequence of 
letters, which he must copy piece
meal, or it may remind him of some 
word in his own language, in which 
case he will try to make the transfer 
in larger chunks or as a whole. The e-i 
inversions probably arise in the sec
ond way and can (following Vellu
tino's argument) be explained as re
flecting nonvisual components of a 
linguistic apparatus, in this case pho
nemes in the copying process. 

In English ei is pronounced as in 
the words vein or skein, whereas in 
German it is pronounced as in the En
glish words mine or light. The inverse 
sequence ie in English is sometimes 
pronounced as a long i, as in flies or 
flight, but in others it represents a 
long e, as in chief or brief; in German 
ie is always pronounced as in chief 
Adding to the confusion are words 
such as vine and Wein, which are pro
nounced the same way and mean the 
same thing but are spelled different
ly, words that are spelled the same 
way but that are pronounced differ
ently and mean different things, such 
as kind and Kind (German for child), 
and other permutations. Thus it is 
not surprising that an English speak
er having at best a rudimentary "in
ternal" dictionary of German gets 
lost in the process of copying. A simi
lar defect in the linguistic reference 
system may well be one cause of dys
lexia. I wonder how many misprints 
this letter will contain? 

The mimicking of a largely heredi
tary deficiency, such as dyslexia, as a 
result of special environmental cir
cumstances is also observed in mu
sic, a nonverbal system of communi
cation. With a colleague I have found 
that people who are unfamiliar with 
Western popular music do not spot 
"wrong notes" in it and make mis
takes similar to those made by the 
congenitally tone deaf. 

H. KALMUS 

University College London 

(VeJ/utino replies on page 10.) 
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a one-centimeter movement 
of the earth's crust can 
sometimes be illuminating. 

�lIied 
Signal 

Technologies 

technology: Bendix 
laser ranging, for NASA's 
laser tracking network. 
Beamed from earth to 
satellite, lasers measure 
earth's crust movements 
as little as one centimeter, 
over a 3,000 mile range. 
From Allied-Signal. 

benefit: Helps scientists 
gather data to find a way 
to predict natural disasters 
such as earthquakes, 
volcanic eruptions, and 
tidal waves. 

future: An increasing 
number of countries 
around the world will use 
Bendix laser ranging. 
Allied-Signal advanced 
technologies-focused 
on aerospace, auto
motive products, and 
engineered materials. For 
investor brochure, call 
1-800-243-8160. 
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To the Editors: 
Dr. Richard Grune and Arwen 

Grune misinterpreted the connection 
between mirror writing and reading 
disability. The article did not indicate 
that mirror writing is a symptom of 
dyslexia but rather that mirror writ
ing is not intrinsically related to read
ing difficulties of any type or origin 
except in clinical lore. Reversals of 
letters and words are normally ob
served in young children first learn
ing to write because they become 
aware of the need for positional and 
directional constancy only as they 
learn. That is, they acquire motor 
"programs" (to use a computer met
aphor) for producing letters and 
words before they learn the impor
tance of executing these programs in 
a way that maintains correct orienta
tions and sequences. For example, a 
child may learn to print the letter N 
using a continuous zigzag program. 
If he or she initiates the program go
ing from left to right and from bottom 
to top, the Nwill be oriented correct
ly, but initiating the program either 
from right to left or from top to bot
tom results in an incorrectly oriented 
letter. Provided young children learn 
to read and spell successfully, they 
have many opportunities to practice 
writing letters and words in the cor
rect orientations and sequences. But 
if they have difficulty learning to 
read and spell, they have few such 
opportunities. Mirror writing may 
persist in these children, but not be
cause of inherent spatial deficits. 

With respect to Arwen Grune's ex
perience, it will suffice to point out 
that any optical deficiency should of 
course be corrected. What is at issue, 
however, is the contention of some 
vision specialists that reading prob
lems may be caused by presumed de
ficiencies in ocular functioning that 
lead to "visual perceptual problems" 
even in poor readers with good visu
al acuity. Such problems, it is argued, 
are manifested in symptom patterns 
that include reversals of letters and 
words, directional-scanning and se
quencing problems and visual-motor 
impairments in writing. The remedy 
for such deficiencies is said to be vis
ual training to facilitate binocular co
ordination, visual tracking, ocular 
motility and so on. 

Three points can be made to refute 
these claims. First, carefully con
trolled laboratory studies (including 
several of our own) have consistent
ly shown that anomalous patterns 
such as reversal errors and direction
al-scanning problems are the conse
quences of reading difficulties rather 
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than benchmarks of perceptual prob
lems that cause reading difficulties. 
Second, there is now abundant evi
dence that the variety and number of 
ocular defects in young children is 
no greater in poor readers than in 
normal readers. This means, in ef
fect, that many such deficiencies can 
be "tolerated" with little effect on the 
ability to learn to read. Finally, the 
balance of evidence from the very 
few controlled studies of the effects 
of visual training on reading ability 
weighs heavily against such training 
as a remedy for reading problems. 

Dr. Solan disagrees, asserting that 
visual-motor and other somatosenso
ry abilities are the primary determi
nants of success in beginning read
ing, whereas language ability is more 
important for success at later stages 
of skills acquisition. To support this 
position (initially articulated by Paul 
Satz) Solan makes specific reference 
to two studies he conducted, which 
presumably address the question. 

The study done with Mozlin and 
Rumpf found moderately high cor
relations between performance on a 
"school readiness" test administered 
to kindergartners (ages five and six) 
and performance on tests of remem
bering briefly exposed numbers, 
matching word forms, placing small 
pegs in slots and matching rhyth
mic patterns with corresponding dot 
patterns. The school readiness test, 
however, tested similar skills (per
ceptual speed, facility with numbers, 
spatial skill, verbal comprehension 
and auditory discrimination), and 
there were no measures of rudimen
tary reading skills such as letter and 
word identification. In addition the 
subjects' I.Q.'s varied between 72 
and 145, and the study did not con
trol for intelligence. Hence the corre
lations could have reflected the simi
larities in the tasks and/or the differ
ences in intelligence. 

In the other study Solan refers to, 
randomly selected fourth and fifth 
graders were given all the verbal 
subtests and one spatial subtest from 
the WISC-R (the revised WISC), along 
with other measures of visual-spatial 
and visual-motor ability. They were 
also given measures of word identifi
cation and reading comprehension. 
Because there were moderately high 
correlations between the reading and 
the visual-spatial measures as well as 
between the reading and the verbal 
measures, Solan concludes that lan
guage ability and visual-spatial abili
ty are both important determinants 
of skill in reading in children in the 
intermediate age and grade levels. 

The subjects for this study were se
lected at random, however, and the 
sample probably included few poor 
readers. Hence the study did not 
actually compare poor and normal 
readers. Moreover, since most of the 
tasks were taken from the WISC-R, 
they cannot be called pure measures 
of either language or visual-spatial 
ability; such tasks are complex and 
often require higher level cognitive 
skills including judgment, reasoning 
and problem solving. Solan's data 
may therefore reflect little more than 
the reasonably high correlations typ
ically observed between general in
telligence and reading achievement. 

Solan refers to commentary by 
Fletcher and Satz about intelligence
test results in some of my own stud
ies. Like Solan, these investigators 
have made the mistake of equating 
the verbal and nonverbal parts of the 
intelligence test we used (the WISC-R) 
with language and spatial ability re
spectively. This is simply not legit
imate from the standpoint of psy
chometrics. I have debated these 
issues with Fletcher and Satz else
where (Vellutino, Journal of Learning 
Disabilities, Vol. 12, No.3, pages 160-
167; 1979). 

Finally, Dr. Kalmus' comments and 
examples illustrate quite nicely the 
point that the orientation and se
quencing errors often observed in 
the reading and spelling of poor read
ers probably result from deficiencies 
in the use of linguistic knowledge to 
analyze the writing system rather 
than from any basic (neurological) 
deficiencies in visually perceiving 
and sequencing letters. It is the lin
guistic components (semantic, pho
nological and syntactic) of printed 
words, not their visual components, 
that imbue them with meaning and 
determine how one should group 
and order their constituent letters. If 
a child has difficulty acquiring lin
guistic knowledge, he or she will 
have difficulty learning how printed 
letters and words "map" onto lan
guage and will therefore be subject to 
the kinds of orientation and sequenc
ing errors that have long masquerad
ed as symptoms of a perceptual defi
ciency. Kalmus' letter shows how ex
isting sound-print conventions can 
lead to superficial processing of the 
type that results in "misperception" 
and spelling errors. The dyslexic's 
problem is that the difficulties in ac
quiring sound-print conventions re
sult in the same types of processing 
and hence the same types of errors. 

FRANK R. VELLUTINO 
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SCIENCE/SCOPE® 

A composite material made of graphite epoxy is ideal for use in space because it is stronger than steel 
yet lighter than aluminum. Unlike metal, it does not expand from exposure to heat or cold, and its 
reduced weight translates into lower costs and larger payloads. For example, saving just one pound in a 
space vehicle means a reduced launch cost of several thousand dollars or added fuel for longer 
operations. Until now, however, graphite composites have proved difficult to mold to shapes more 
complex than a simple cylinder. But research and development by Hughes Aircraft Company has 
opened the way for the fabrication of a variety of new forms, including tubes with integrated end 
fittings in a one-piece design, support beams, and ring structures up to seven feet in diameter. 

The HR-3000, a new generation version of the Hughes Air Defense Radar (HADR), can detect and 
precisely locate fighter-sized aircraft more than 470 kilometers away. The phased array radar is 
designed for air traffic control in peacetime and can automatically detect wartime threats that appear 
simultaneously from several directions, even in the presence of heavy environmental clutter and severe 
electronic interference. The HR-3000 system is in full production at Hughes and will be used in 
Portugal and integrated with Hughes-built NATO Air Defense Ground Environment (NADGE) in Italy, 
Greece, and Thrkey. 

Upgraded flight simulators will depict mission imagery realistically for u.s. Navy F/A-I8 pilots. 
Hughes is modifying its Weapons Tactics Trainers (WTT) to project high-resolution, full color, real
time simulated images of terrain features and man-made structures on 360-degree field-of-view dome 
screens that surround the trainer's cockpit. The out-the-window scenes will be produced by advanced 
computer imaging technology, using a digital database that represents 70,000 square miles of western 
Arizona and southern California terrain. The new simulated visual system will allow pilots to safely 
practice a host of complex combat scenarios without expending fuel or weapons. 

An aircraft collision avoidance function is part of the new air traffic control system in the Republic of 
Korea. One of the world's most sophisticated civilian air traffic control (ATe) systems warns 
controllers when aircraft fly in converging paths, descend below a safe altitude, or approach restricted 
airspace. Radar data and flight processing functions are automated and combined in the system, 
enabling controllers to move traffic safely and expeditiously. The system monitors data simultaneously 
from multiple overlapping radar networks, creating a tracking picture significantly more reliable than 
current systems. W hen a potential conflict is identified, the system automatically provides an early 
visual and audio alert on the air traffic controller's console. Under development for three years, the ATe 
system and the aircraft collision avoidance function were both developed and built by Hughes. The 
system provides complete control of South Korean airspace, including en route and airport approach 
control throughout the nation and over ocean areas. 

An ultramodern facility spanning 1.75 million square feet is the showcase where outstanding Hughes 
engineering combines advanced manufacturing techniques and production processes. Our complex is 
complete, so were looking for experienced and graduating engineers to work on such programs as 
infrared thermal imaging systems, laser rangefinders and designators, artificial intelligence, signal 
processing, analog, VLSI, design, component qualification, hybrid microcircuitry, and focal planes. 
Send your resume to Hughes Electro-Optical and Data Systems Group, Professional Employment, 
p.o. Box 913, E8/G 101, Dept. S2, EI Segundo, CA 90245. EOE. U.S. citizenship required. 

For more information write to: P.O. Box 45068, Los Angeles, CA 90045-0068 

HUGHES 
© 1987 Hughes Aircraft Company 

AIRCRAFT COMPANY 

Subsidiary of GM Hughes Electronics 
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SO AND 100 
YEARS AGO 

SCIENTIFIC 
AMERICAN 

SEPTEMBER, 1937: "Mars continues 
to be a desert, defying astronomers' 
biggest telescopes and most delicate 
instruments to find any trace of wa
ter vapor on the rust red surface of 
its middle part. So report Walter S. 
Adams and Theodore Dunham, Jr., 
of the Mount Wilson Observatory. 
Last April, Mars was in an especially 
favorable position for observation. 
The astronomers turned the great 
100-inch telescope on the planet. 
Dark absorption lines appeared in 
the spectrum, part of them due to 
the 'soaking up' of the planet's light 
by water vapor in the atmosphere of 
the earth. Particularly critical study 
was made to see if any absorption 
took place in water vapor in the at
mosphere of Mars. Of this the as
tronomers reported they could find 
'no evidence whatever.' '' 

"In physics class it was taught that 
radio waves travel in an ever ex
panding circle, like the ripples creat
ed when a pebble is tossed into still 
water. They do, when left to their 
own devices, but not being satisfied 
with anything as simple as that, engi
neers have devised ways to make the 
waves radiate in the form of a fan, a 
shamrock, a four-leaf clover, a spat
ula, a double watermelon or an 
airplane propeller. These are only a 
few examples of what are called field 
patterns that are determined by the 
design of the transmitter antennas. 
Broadcasting has ceased to be broad
cast and is now a scientific distribu
tion of radio energy." 

"Work on the All-American Canal 
is going forward so rapidly that the 
great 80-mile ditch and its appurte
nant features will be ready to deliver 
irrigation water to the Imperial Val
ley in southeastern California some
time during the first half of 1938. The 
three principal features of the project 
are the diversion dam across the Col
orado by which the river water will 
be impounded and directed into the 
he ad works on the California side of 
the river; the immense desilting plant 
that will remove 70 percent of the 
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solid matter in suspension in the wa
ter, and the canal itself." 

"The racing yacht Ranger, which 
will defend the America's Cup, em
bodies the latest principles of yacht 
design and construction. Ranger was 
designed by W. Starling Burgess, 
designer of the last America's Cup 
winner, Rainbow, as well as the pre
vious Enterprise. Mr. Burgess' father 
before him designed three America's 
Cup winners." 

"What is reputed to be the first 
drive-in bank in the world has recent
ly been opened at Vernon, a suburb 
of Los Angeles. The motorist merely 
drives into the bank building and 
transacts his business without even 
moving from his seat." 

SEPTEMBER, 1887: "Few, if any, 
branches of scientific inquiry have 
done so much for the 'greatest good 
of the greatest number' as those 
which have unfolded and developed 
the principles of hygiene and sanita
tion, and taught us that the preserva
tion of good health and the prolonga
tion of life both chiefly depend on a 
supply of pure air and pure water. It 
has over and over again been proved 
that in such crowded cities as our 
own the most malignant forms of 
infection are chiefly propagated by 
spores or germs floating in the air 
or carried into our drinking water. 
Although a great deal of attention 

has been devoted to the analysis of 
both these elements, there is still 
considerable room for the simplifica
tion of processes and the populariza
tion of easy and reliable methods of 
investigation." 

"The absence of a parcel post serv
ice, both inland and foreign, is a dis
grace to the government of the Unit
ed States. The U.S. Postmaster-Gener
al seems, from his annual report, to 
have made a small effort to give his 
fellow citizens such use of the mails 
as is enjoyed by people abroad, but, 
as he naively says, the express com
panies opposed the idea so strong
ly that he was obliged to abandon it. 
It is not unnatural that the express 
companies should oppose a plan for 
transporting packages by the mails 
at a small fraction of the rates they 
demand for the same service, but 
there is something to be considered 
in the administration of a public of
fice besides the interests of those 
companies. Their opposition ought 
not to be regarded for a moment in 
comparison with the great benefits of 
parcel post." 

"The yacht Thistle, constructed in 
Scotland with a view to competing 
for the America's Cup, arrived in New 
York on the 16th of August. The ves
sel attracts much attention. Opinion 
is about evenly divided on whether 
she will be able to beat the Volunteer, 
the new yacht with which she will 
compete for the great prize in Octo
ber. In nearly all of the several races 
the Thistle has sailed in England she 
has been the winner." 

Views of the yacht Thistle 
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Hitachi's wide-ranging automotive technologies include car audio, the 
Satellite Drive Information System featured on Nissan's CUE-X concept car, 
a car telephone, and a microcomputer engine control system. 
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Automobiles should be more than safe, comfortable 
machines. They should also be able to communicate 
with the world around them. 
Recent advances in car electronics technol
ogy have been remarkable. They've not only 
improved basic functions such as engine 
control, they're now being seen in man
machine interfaces providing more comfort 
and operating ease, and even in communi
cations with the surrounding world. Down 
the road there are things even more exciting. 

Hitachi's scientists and engineers are at 
work on a Multi Information System using a 
color thin filter transistor LCD to display 
operating information, road maps and a 
navigational system using these maps. With 
this system a driver could obtain a variety of 
driving information simply by touching the 
display screen. Eventually, he'll be able to 
issue verbal commands to, for instance, 
regulate the temperature within his car. 
Hitachi electronics and semiconductor tech
nology can also bring free communication 
with the outside and determine a car's 

exact location through use of Global Posi
tioning System satellites. 

Hitachi has also developed a highly 
acclaimed hot wire air flow sensor used in 
engine management. It helps achieve the 
diametrically opposed goals of maximum 
power and fuel economy. And we've created 
many other superior products for driving 
control, suspension control, air conditioning 
and audio. 

We link technology to human needs; and 
believe that our special knowledge will 
create new, highly sophisticated functions 
that are also easy to operate. Our goal in 
automotive electronics - and medicine, 
energy and consumer electronics as well -
is to create and put into practice innovations 
that will improve the quality of life the world 
around. 

• HITACHI 
Hitachi, Ltd. Tokyo • .Japan 
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THE AUTHORS 
C. KUMAR N. PATEL and NICO

LAAS BLOEMBERGEN ("Strategic De
fense and Directed-Energy Weap
ons") cochaired the panel created to 
evaluate the feasibility of directed
energy weapons for the American 
Physical Society. Patel, who heads 
the physics and academic affairs di
vision of the AT&T Bell Laboratories, 
was born in India and received his 
undergraduate degree at the Univer
sity of Poona in 1958. He holds an 
M.S. (1959) and a Ph.D. (1961) from 
Stanford University. Soon after join
ing Bell Laboratories in 1961, Patel 
invented the carbon dioxide laser. 
Bloembergen, who is Gerhard Gade 
University Professor at Harvard Uni
versity, was one of the recipients 
of the 1981 Nobel prize in physics. 
He was born in the Netherlands, ob
tained his D.Phil. in 1948 from the 
State University of Leiden and be
came an associate professor at Har
vard in 1951. Bloembergen won a Na
tional Medal of Science in 1974. 

ALAN DRESSLER ("The Large-Scale 
Streaming of Galaxies") is an astrono
mer at the Carnegie Institution of 
Washington's Mount Wilson and Las 
Camp an as Observatories. He has a 
bachelor's degree from the Universi
ty of California at Berkeley and in 
1976 was awarded a Ph.D. in astrono
my and astrophysics by the Universi
ty of California at Santa Cruz. After 
five years as a postdoctoral fellow at 
what were then known as the Hale 
Observatories he took up a perma
nent position. Dressler specializes in 
optical observations of other galax
ies and is particularly interested in 
galaxy formation and evolution. 

HAROLD VARMUS ("Reverse 
Transcription") became interested in 
RNA tumor viruses (now known as 
retroviruses) while working as a clin
ical associate at the National Insti
tutes of Health in the late 1960's. Cur
rently American Cancer Society Pro
fessor of Molecular Virology at the 
University of California at San Fran
cisco, he began his academic career 
studying English literature, in which 
he earned a B.A. at Amherst College 
in 1961 and an M.A. at Harvard Uni
versity in 1962. He enrolled in medi
cal school at Columbia University in 
1962 and on receiving his M.D. in 
1966 began an internship at Colum
bia-Presbyterian Hospital in New 
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York. Varmus went to the National 
Institutes of Health in 1968 before 
moving to U.C.S.F. in 1970. 

JAMES L. DYE ("Electrides") chairs 
the department of chemistry at Mich
igan State University. He joined the 
faculty after getting an A.B. in 1949 at 
Gustavus Adolphus College and a 
Ph.D. in 1953 from Iowa State Univer
sity. In 1975 and 1976 he worked as a 
Guggenheim Fellow and a Fulbright 
Research SCientist at the University 
of Strasbourg, and he also spent part 
of 1982 and 1983 on sabbatical at Bell 
Laboratories. Dye has directed Michi
gan State's Center for Fundamental 
Materials Research and is a member 
of the American Chemical Society. 

SPENCER C. H. BARRETT ("Mimicry 
in Plants") is associate professor of 
botany at the University of Toronto. 
His specialties-the evolution of mat
ing systems in plants and the genet
ics of weeds-grew out of an expedi
tion to Swaziland required for his un
dergraduate degree in agricultural 
botany. After receiving his B.5c. in 
1971 at the University of Reading, he 
spent a year in Brazil collecting seeds 
for the genetic-resources conserva
tion program of the Royal Society of 
London. He then went to the Univer
sity of California at Berkeley, where 
he was awarded his Ph.D. in 1977. 
Barrett has been at Toronto since re
ceiving his doctoral degree. 

MARK HORTON ("The Swahili Cor
ridor") has directed numerous expe
ditions to Shanga and Zanzibar since 
1980. He holds a B.A. (1978) and Ph.D. 
(1984) from the University of Cam
bridge and now works as a research 
fellow in archaeology at the Universi
ty of Oxford. Along with his excava
tions in Africa, which are sponsored 
by the British Institute in Eastern Afri
ca, Horton has explored sites in Sri 
Lanka and Central America, and his 
enthusiasm for industrial archaeolo
gy frequently leads him to dig in Brit
ish soil as well. 

GEORGE A. MILLER and PATRICIA 
M. GILDEA ("How Children Learn 
Words") began their collaboration 
when Gildea was doing postgraduate 
work at Princeton University. Miller 
is currently James S. McDonnell Dis
tinguished University Professor of 
Psychology at Princeton, where he 

has been on the faculty since 1979. 
After getting his bachelor's and mas
ter's degrees at the University of Ala
bama he earned a Ph.D. from Har
vard University in 1946. He worked 
as a research fellow in Harvard's Psy
cho-Acoustic Laboratory until 1948, 
when he was made assistant profes
sor of psychology. Between 1951 and 
1955 he taught at the Massachusetts 
Institute of Technology; in 1955 he 
returned to Harvard, where, in 1960, 
he and Jerome S. Bruner founded 
the Center for Cognitive Study. Mil
ler went to Rockefeller University in 
1968 and to Princeton 11 years lat
er. Gildea worked on the "dictionary 
project" through a postdoctoral posi
tion she held at Bell Communications 
Research in 1984. Currently assistant 
professor of psychology at Rutgers 
University, she has a B.A. (1979) from 
Sarah Lawrence College and an M.A. 
(1981) from Princeton. Her interest in 
vocabulary development grew out of 
research for her Ph.D., which she re
ceived from Princeton in 1984. Gildea 
went to Rutgers in 1985. 

RICHARD E. BALZHISER and KURT 
E. YEAGER ("Coal-fired Power Plants 
for the Future") have been at the Elec
tric Power Research Institute (EPRJ) 
in Palo Alto since the early 1970's. 
Balzhiser, who went to the institute 
in 1973, heads its research and plan
ning activities as executive vice
president. His bachelor's (1955), mas
ter's (1956) and Ph.D. (1961) are from 
the University of Michigan, where he 
was made professor of chemical en
gineering in 1961. He taught there 
until 1971, when he joined the White 
House Office of Science and Tech
nology as assistant director. Balz
hiser moved to EPRJ two years lat
er. Yeager, who is vice-president in 
charge of EPRJ

'
S coal-combustion-sys

tems division, went to the institute in 
1974. He got a B.S. in 1961 at Kenyon 
College and an M.S. in 1964 at the Uni
versity of California at Davis. While 
serving in the U.S. Air Force he stud
ied fluid dynamics and mechanical 
engineering at the Technical Appli
cation Center. In 1968 he joined the 
MITRE Corporation, where he later 
held a position in the environmental
systems department. Yeager was ap
pointed director of energy research 
and development planning for the 
Environmental Protection Agency's 
Office of Research in 1972 and then 
moved to EPR!. Both authors would 
like to thank the staff members of 
EPRl who helped in the preparation of 
their article. 
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Nuclear energy helped Atnerica 
achieve its enet:gy balance. 
Is it a balance "We can keep? 

The 1973 Arab oil embargo 
forced America to turn to 

alternatives to foreign oil. 
Reliable alternatives. America 
increased its use of electric
ity from nuclear energy and 
coal and began to make im
portant strides toward energy 
independence. 

We have since let our 
guard down. Oil imports are 
rising steadily and now rival 
1973's. The implications of 
this foreign dependence are 
clear. So are the solutions. 

A dangerous rise 
in oil imports 

America imported four million bar
rels of oil a day in 1985. In 1986, 
that figure jumped to over five 
million barrels a day. By 1990, we 
will most likely rely on imports for 
nearly half our needs. Some say as 
much as 75%. Compare that to 
35% in 1973. 

W hat happens when we 
become too dependent on foreign 
sources? We lose our balance. It's 
the first misstep toward losing our 

©1987USCEA 

energy security. In 1973, that 
meant short supplies, long gas 
lines, expensive fuels and critical 
damage to our economy. 

A reliable supply 
of nuclear electricity 

America has over one-fourth of the 
world's uranium. We have over 100 
plants to convert it to electricity. 
According to energy analy sts at 
Science Concepts, Inc., U.S. nu
clear plants saved over two billion 
barrels of oil between 1973 and 
1986. That's roughly one-fourth of 
the total amount of oil imported 

Arab OPEC countries during 
the same period. 

And, while our use of oil and 
natural gas is down from 1973 
levels, we now use about 45% more 
coal and almost 400% more nu
clear energy than we did then. 

Nuclear energy 
for a secure future 

Obviously, nuclear energy can' t 
completely replace oil here. And 
our own limited oil resources will 
force us to continue to rely on 
foreign suppliers. The good news 
is nuclear energy and coal, Ameri
ca's two leading sources of elec
tricity, have helped us establish a 
more secure energy mix. They can 
help us build a more secure energy 
future. 

For a free booklet on energy 
independence, write to the U.S. 
Committee for Energy Awareness, 
P.O. Box 1537 (US20), Ridgely, MD 

21681. Please allow 4-6 weeks for 
delivery. 

Information about energy 
America can count on 

u.s. COMMITTEE FOR ENERGY AWARENESS 
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SCI ENe E AND THE CIT I ZEN 
Two Steps Forward ... 

Many sdentists perceive a lack 
of direction in the space program 

S ince the National Aeronautics  
and Spac e Administration's  so
lar-system exploration c ommit

tee was created in 1 980,  "for every 
two steps forward we have sl ipped 
back thre e , "  David Morrison,  the 
committee ' s  c hairman, wrote in a 
recent  letter to NASA administrator 
James C. Fletcher .  While plans for 
manned missions are in limbo (the 
Reagan Administration has not re
sponded to last year's recommenda
tion from the National Commission 
on Space that manned exploration of 
Mars be adopted as a national goal , 
and the plan to build a spac e sta
tion remains c ontentious) unmanned 
spac e science is  faring even worse. 

Morrison's  le tter ,  which c onstitutes 
his committe e ' s  final report ,  com
plains that most of the committe e ' s  
earlier recommendations for a revi
talize d planetary-science program 
have been ignore d .  He points out that 
NASA'S budget request for planetary 
sc ience ,  a modest  $ 3 1 0  million in 
1988 ,  is  less  than a fourth of the an
nual expenditure for planetary sci 
ence  in the early 1 970's. The reduced 
ac cess  to spac e stemming from the 
Challenger disaster has aggravated 
the " lac k of c ommitment . " Morrison 
e stimates that a 1 00 percent budget 
increase over three years is  neede d ,  
along with a "specifi c  c ommitment 
and well-understood long-range ob
j e c tive s . "  

Afte r launching t h e  plane tary mis
sions already approved-the Cali/eo 
mission to Jupiter,  the Magellan mis
sion to Venus and the Mars Observ
er-the agency's  next order of busi
ness,  Morrison wrote , should be to 
start c onstruction of the Mariner Mark 
II space c raft, a general-purpose de
vice that can be adapted to a range 
of missions.  

The first Mariner Mark II mission 
will  probably be the Comet Re ndez
vous and Asteroid Flyby, which its 
supporters hope will be launched 
in 1 994 . The spac ecraft would first 
approac h an asteroid and later fly 
alongside the comet Tempel 2 and 
fire a pene trator into it .  If work on the 
Mariner Mark II does not begin this 
year, Morrison says,  the c raft will not 

18 

22 PHYSICAL SCIENCES 
27 TECHNOLOGY 

29 BIOLOGICAL SCIENCES 
32 MEDICINE 
35 OVERVIEW 

be ready in time , and there will be 
no other opportunity for a comet  
rendezvous in this  c e ntury. As the 
sec ond miss ion for the new Mariner  
spac e c raft, Morrison recommends 
Cassini :  a voyage to Saturn and i ts  
moon Titan, to be undertake n  with 
the European Spac e Agency. Morri
son warns that delay will j e opardize 
the Cassini mission by c hil l ing Euro
pean interest .  

William L. Quaide ,  chief  of NASA'S 
planetary-science branch,  concedes  
Morrison's  last  point  but defends 
NASA'S record,  pointing out that the 
agency has been busy reenginee� 
ing the Cali/eo mission.  That probe 
was to have been launc h e d  from the 
space shuttle by a Centaur upper
stage rocket ,  but the plan was can
c e l e d  last year on grounds of safety.  
The Inertial Upper Stage that will  be 
used in plac e of the Centaur is  less  
powe rful, requiring a c omplicated 
gravity-assist  traj e c tory. 

At the same time NASA has be gun 
to investigate possible future mis
sions for the manned spac e program , 
establishing a new Offi c e  of Explora
tion for the purpose .  Many officials 
see manne d  exploration of Mars as 
a long-term target .  Some think the 
c losed life-support technologies re
quired for such a mission-which 
would take months in each dire c 
tion-should first be tested in the rel
ative proximity of the moon.  A per
manent lunar base would also make 
it possible to carry out studies of the 
physiological e ffects  of prolonged 
exposure to low gravity and would 
provide a valuable site for astronomi
cal observations and other researc h .  
The i d e a  seems to be gaining m o 
mentum : NASA has allocated $ 1. 2  mil
lion this year for studies of how to 
build a lunar bas e .  -Tim Beardsley 

Chemical Warfare 

A truce between environmentalists 
and pestidde makers unravels 

A fight is brewing as Congre ss  trie s  
J-\. once again to rewrite  the princi
pal law controlling the l icensing of 
pe stic ides :  the Federal Insect ic ide ,  
Fungic ide , and Rodenticide Act ,  or 
FIFRA. New far-reac hing controls on 
pe sticides that find their way into 
groundwater have been proposed in 
the Senate and are l ikely to be op
posed by the National Agricultural 
Chemicals Association (NACA). The 
groundwater c ontrols go beyond 
those agree d  to last year by an alli
ance of the NACA and the Campaign 
for Pesticide Reform, an umbre lla 
group of environmental organiza
tions and consumer groups,  and the 
short-lived truce seems l ikely to 
break down. 

The c ompromise of last year was 
reached afte r  the environmental lob
by agre e d  to support the manufactur
ers' long-standing request  for an ex
tension of a pe sticide patent 's  dura
tion from 1 7  years to a maximum of 
22 years , an increase meant to com
pensate for the time it  takes  a compa
ny to get marketing approval from 
the Environmental Protection Agen
cy .  In return the industry agre e d  to 
pay fe e s  to defray the cost of the EPA'S 
slow-moving e ffort to complete mod
e rn safety reviews of all 600 pe sticide 
ingredients in use today. The EPA has 
b e e n  working at this "reregistration" 
since 1 97 2  but by the end of this  year 
will  have completed the proc ess  for 
only three ingredients .  Under last 
year's agre ement the EPA would have 
been compelled to finish the task in 
about nine years , with industry pay
ing $ 1 5 0 ,000 for each review. The 
c ompromise legislation fe ll at the last 
fen c e ,  however,  when Congre ss ran 
out of time for considering some 
ame ndments .  

This year the Campaign for Pesti
c ide Reform is capitalizing on the 
e le ction of a more sympathetic Con
gre ss by seeking to stre ngthen con
trols further .  Besides the groundwa
ter provisions (which would allow 
the EPA to make manufacturers them
selves monitor c ontamination of 
groundwater and also to halt the use 
of offe nding pe stic ides)  the new pro
posals would inc rease the reregistra-
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tion fe e .  They would also scrap the 
pre sent requirement that the EPA 
automatic ally compensate industry 
for the value of pe sticide stocks that 
have to be de stroyed-a "ludicrous" 
requirement,  according to John A.  
Moore , the EPA'S assistant adminis
trator for pe stic ides and toxic sub
stanc e s .  The NACA says it  will  oppose 
any changes that go beyond last 
year's  c ompromise .  This year may 
be the last chance for pe sticide re
form for some tim e ,  be cause congres
sional and presidential elections will 
make the passage of c ontroversial 
legislation difficult .  

One le gal snare for the EPA that will 
almost surely not be abolished by 
any new le gislation is  the infamous 
Delaney clause ,  a 30-year-old statute 

that forbids the EPA to approve any 
use of a pe sticide that indu c e s  tu
mors in laboratory animals if it  is  also 
concentrated in the c ourse of food 
processing.  Pesticides that are not 
concentrate d in this way are re gulat
ed on a risk-benefit  basis .  The dis
tinction may, paradoxic ally,  increase 
the risk of cancer from dietary pe sti
c ide residue s ,  ac c ording to a recent  
study by the National Academy of 
Sc iences :  the EPA must allow known 
oncogenic pesticides that do not be
come concentrate d to b e  used in 
some applications b ecause a less  on
cogenic substitute falls afoul of Dela
ney.  Yet because of its popular repu
tation as a beneficent  requirement ,  
the clause is  considered to be politi
c ally unmovable . -T.M.B. 

PHYSICAL SCIENCES 

Big-Bang Bashers 

New research revives dissident views 
of the universe's fonnation 

F e w  ideas in modern sc ience 
have proved as robust  as the 
theory of the big bang.  The the

ory holds that the universe e xploded 
into being some 1 5  to 2 0  bill ion ye ars 
ago and that as it expanded ,  gravity 
caused relatively dense regions of 
matter to coalesce into stars and gal
axi e s .  The faint microwave radiation 
that pervades the universe , theorists 
say,  is the afterglow of the c ataclysm, 
and the red shifts (displacements to
ward the red end of the spectrum) 
seen in l ight e manating from distant 
obj e c ts testify to the continuing ex
pansion of the unive rse .  Like the the
ory of evolution,  the big-bang model 
has undergone modification and re
finement ,  but it  has resisted all  seri
ous challenges .  

Nevertheless ,  ever since the the
ory won general acceptance about 2 0  
ye ars ago a few scientists h a v e  per
sistently attacked some of its fun
damental assumptions.  One group 
of crit ics argues  that ele ctromagnet
ic forces  gene rated by plasma have 
been more important than gravity in 
shaping the universe ; anothe r  as
serts that red shifts are not necessar
ily a relic of the big bang's c ontinu
ing outward thrust.  These groups ,  
although l o n g  relegated t o  "fringe " 
status by mainstream astrophysi
cists,  have been invigorated of late 
by new converts and new findings. 

The elder statesman of the plas-
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ma dissidents is  Hannes Alfven of 
the Royal Institute of Technology in 
Stockholm. Alfven, who won the No
bel prize for physics in 1 970,  be
lieves interstellar space is  fi lle d with 
long filaments and other structures 
of plasma, that i s ,  electrons and posi
tively charged ions .  The same ele c 
tromagnetic forc e s  t h a t  p u s h  plas
mas into distinctive shapes in the 
laboratory, Alfven says, caused this 
cosmic plasma to c o ale sce  into galax
ies ,  s tars and planetary systems. 

Alfven bel ieves the universe is ex
panding,  but h e  speculates  that the 
expansion is  driven by the energy re
le ased when matter and antimatter 
meet and annihilate each other. He 
also bel ieves the expansion is  le ss 
dramatic than the big-bang theory 
proposes :  a universe dominated by 
electromagnetic forc e s ,  he contends,  
could never have b e e n  less than one
tenth of its pre sent  diameter .  

Critics  have charged that Alfven' s  
cosmological i d e a s  a r e  vague a n d  un
supported by observations. But Tim
othy E.  Eastman of the Space Plasma 
Physic s Branch of the National Aero
nautics  and Space Administration 
points out that laboratory experi
ments with ever more powerful plas
ma generators and me asurements by 
space probes have confirmed many 
of Alfven's predic tions concerning 
plasmas within the solar syste m ,  at 
least. "There is  a revolution brew
ing ,"  Eastman remarks,  "in applying 
this knowledge to astrophysic s . "  

Workers at t h e  L o s  Alamos Nation
al Laboratory are already doing just  
that .  With the help of superc omput
ers a team led by Anthony L. Per-

att has created cosmological models  
based on recent  findings about plas
mas and on Alfven's  theori e s .  One 
simulation shows how plasma fila
me nts like those hypothesized by 
Alfven could generate the uniform 
microwave background, the disc ov
ery of which was the clinching evi
dence for the big-bang model .  Other 
simulations show how ele c tromag
netic  forces  would help gravity to 
shape clouds of plasma into galax
i e s .  The simulations ,  Peratt says,  pro
duce e very known type of galaxy 
without invoking the pre s e n c e  of in
visible "dark matter ,"  whose gravita
tional e ffe c ts play a crucial  role in 
most c osmological models .  

Although some plasma dissidents 
are also red-shift dissidents ,  the puta
tive dean of the latter group, Halton 
C. Arp of the Mount Wilson and Las 
Campanas Observatori e s ,  says h e  
does  not share Alfven's "plasma ap
proac h . "  Arp is  concerned less with 
proposing alternative models of the 
cosmos than with undermining the 
Hubble relation betwe e n  red shift 
and distan c e ,  which Arp has c alle d 
the "singl e ,  frail assumption on 
which so much of modern astrono
my and cosmology is  built." Named 
for the American astronomer Edwin 
P .  Hubble , who proposed it ,  the Hub
ble relation implies  that obj e cts out
side our galaxy are re c e ding from the 
e arth at speeds proportional to their 
distanc e .  

Arp says he h a s  observed many 
obj ects with red shifts that do not 
c onform to the Hubble relation .  H e  
maintains t h a t  quasars,  for example , 
whose large red shifts suggest  they 
are the most distant obj e cts  in the 
universe , are actually no more dis
tant than galaxies and are probably 
offshoots of them. The images of 
most quasars, Arp points out ,  appear 
near galaxies with much smalle r  red 
shifts; moreover,  luminous material 
appears to connect  c e rtain quasars 
with galaxi e s .  Arp contends that be
c ause it  is  unlikely these supposedly 
connected obj ects  are moving at 
gre atly different speeds,  their  red 
shifts-and possibly all  red shifts
probably result from something oth
er than rece ssional velocity. 

Most astronomers have dismissed 
Arp 's  observations as coincide n c e s  
t h a t  statistic ally a r e  not re ally sur
prising. In the past few years, how
ever, Jack W.  Sulentic of the Univer
sity of Alabama has reporte d that his 
own observations c orroborate Arp's  
claims of l inks betwe en obj e cts with 
different red shifts.  Research in op
t ics has given Arp ' s  work a boost of 
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Plasma physics paints a picture of the cosmos 
different from that of conventional astrophysics 

PLASMA CLOUD under the influence of electromagnetic forces as well as gravity coalesces 
into a galaxy in a computer simulation done at the Los Alamos National Laboratory. 

another kind.  Emil Wolf of the Uni
versity of Rochester proposed last 
year that the spectrum of c e rtain 
forms of coherent l ight,  in which the 
waves travel in step with one anoth
er ,  can shift as the l ight propagates 
through spac e .  This year other work
ers at Rochester carried out labora
tory experiments-one with l ight and 
one with sound wave s-that they 
say confirm Wolf's prediction.  Wolf 
thinks this mechanism might be re
sponsible for all or part of the red 
shift seen in the spectra of quasars.  

Those astrophysicists who rej e c t  
t h e  positions o f  Alfven a n d  Arp-and 
most do-c oncede that recent  obser
vations have strained the standard 
big-bang model.  The orists are partic
ularly disturbed , Jeremiah P .  Ostriker 
of Prince ton University note s ,  by the 
growing evidence of large-scale in
homogene ity in the universe 's  struc
ture , which c onflicts with the unifor
mity of the c osmic background ra
diation. Nevertheless ,  Ostriker says,  
theorists have proposed some solu
tions that are unconventional but do 
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not re quire abandoning the standard 
model .  

Lawrence M .  Krauss of Yale Univer
sity points out that Alfven and Arp 
have attac ked parts of the big-bang 
model without offe ring a comprehen
sive alternativ e .  "They're working 
against something that explains ev
erything very wel l , "  he says.  He ac
knowledges ,  however, that the per
sistence of such dissident views as 
those of Alfven and Arp reflects  the 
tenuous character of all cosmological 
theori e s .  "There are a lot  of funda
mental assumptions we base our 
model on," Krauss says,  "that may be 
wrong ."  -John Horgan 

All Is Flux 

Nothing, including hot spots 
in the earth's mantle, stays still 

T o those who would write the his
tory of the e arth the c onstant flux 

of its crustal plates is a c halle nge .  AI-

though past plate motions can be re
c onstructed from the stripe d  magnet
ic anomalie s that paralle l  midocean 
spreading c e nters ,  that method does 
not work for the period betwe e n  1 1 5 
and 80 million years ago when no 
magnetic fie ld  reversals took plac e ;  
moreover,  t h e  stripe s  rec ord only the 
motions of the plates with respect to 
one another and not their absolute 
motions with respect to the e arth 's  
interior.  For  some years now many 
inve stigators have thought volcanic 
hot spots,  of which Hawaii is  the be st
known example , offered a solution.  

Considerable evidence suggests 
that the hot spots overlie rising 
plume s of rock anchored deep in the 
mantl e .  If, as it  has seemed re ason
able to assum e ,  the plumes are sta
tionary , then they define a fixed ref
erence frame , and the tracks they 
leave at the surfac e-island chains 
and undersea volc anoe s ,  for exam
ple-re cord the absolute motions of 
the plate s .  

Yet h o t  spots a r e  n o t  fi x e d ,  acc ord
ing to a report in Nature by Peter Mol
nar and Joann Stock of the Massa
chusetts Institute of Technology.  The 
workers starte d their analysis with 
the Hawaiian hot spot ,  whose track 
on the Pacific plate (be ginning with 
the Emperor Se amounts and c ontinu
ing with the Hawaiian Islands) is  well 
defined and well  dated for the past 68 
million years.  They then used rela
tive plate motions derived from mag
netic anomalie s  to c alc ulate where 
the tracks of hot spots should lie 
on other plate s ,  assuming that the 
plumes themselves are not in mo
tion.  By comparing these predicted 
tracks with the observe d tracks of 
five hot spots-those associated with 
the volc anic islands of Ic eland,  Tris
tan da Cunha in the South Atlan
tic and Reunion,  Kerguelen and St .  
Paul 's in the Indian O c e an-Molnar 
and Stock put the fixity hypothesis  to 
the test .  

In  all five cases  the workers found 
that the c alculated hot-spot tracks di
verged from the observed tracks by 
hundreds of kilometers .  The results 
imply that the unde rlying plumes 
must be moving with respect to the 
Hawaiian plume at a rate of betwe en 
one c e ntimeter and two c e ntimeters 
per year,  or roughly one-tenth as fast 
as the plate s .  The conclusion does 
not mean that all reconstructions of 
plate motions based on hot spots are 
invalid,  but it  does place a limit on 
their pre cision.  Acc ording to Molnar,  
inve stigators will have to be more 
c autious in rec onstructing compar
atively small-scale geologic events ,  
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E
VERY month Eastern Airlines 

has five days to assign 12,000 

pilots and flight attendants 

to thousands of different routes. But 

flight crews aren't automatically 

assigned a monthly world schedule. 

They bid on routes, and assignments 

are made on the basis of seniority. 

For years this process was handled 

manually. Eastern had to deliver route 

selections to its employees, wait for 

employees to fill out their bids and 

return them to a specific destination, 

put route preferences in order of 

make 

assignments and return approved 

schedules to employees. 

The whole process was unwieldy 

and inefficient. And Eastern wanted 

an automated solution that would 

relieve this aggravation. 

So Terry Bridges and Unisys were 

called into tl,ction. "Eastern had 12,000 

employees traveling throughout the 

western hemisphere and no easy way 

to reach them." 

They were already using Unisys 

computers to handle other aspects of 

airlines operations. Drawing on the 

equipment and data base already in 

place, and using a Voice Information 

Processing System in an innovative 

way, they found the solution they 

were looking for. Eastern and Terry 

developed the first automated crew 

bidding system in the world. 

"Now, flight crews just pick up a 

touchtone phone and they're into the 

system. Going step-by-step through 

the interactive system, they can enter 

their bids, receive their bid awards and 

even swap flight assignments. 

"We all really worked together

crews, management and Unisys-to 

make everybody's life easier. And, well, 

that's the power of 2." 

Unisys and airlines. The power of 2. 

"Simplifying Eastern's 
route-bidding system 

was the problem. We were 
sure our computers 

would be the 
solution:' 

Terry Bridges, Account Executive, Unisys 

• 

UNISYS 
The power of 2 
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such as the c ollision of small terranes  
with we stern North America.  

Whereas the notion of fixed hot 
spots has been convenient for pale o
geographers,  it  has trouble d workers 
who study the dynamics of the man
tle , acc ording to Peter Olson of Johns 
Hopkins University.  Writ ing in the 
same issue of Nature, Olson argues 
that the hot-spot drift detected by 
Molnar and Stock makes physical 
sense.  Recent  se ismic results suggest 
that the lower mantle is in vigorous 
convective motion, driven by heat 
flowing out of the c ore . Since the 
plumes' are thought to originate near 
the c ore-mantle boundary (at  a depth 
of about 2 ,900 kilometers) ,  it  would 
be surprising if they were not mov
ing too. -Robert Kunzig 

Currents in Plastics 

Workers make an organic polymer 
whose conductance rivals copper's 

European inve stigators in search of 
better conductive materials have 

been extraordinarily fe cund of late . 
It was Swiss workers who disc ov
ered last year that c e rtain c e ramic 
oxides can superconduct at rec ord
high tempe rature s ( about 1 00 de
gre e s  Kelvin at last c ount) .  Now in
ve stigators at the BASF Laboratories 
in Ludwigshafen ,  West  Germany, 
have refined an organic polymer that 
displays the highest conductivity at 
room temperature , for its weight ,  of 
any known mate rial. 

Although the new organic polyme r  
is  overshadowed by the astounding 
advances  in superconductors,  it  too 
represents a bre akthrough in solid
state physics ,  acc ording to Alan j. 
Heeger  of the Unive rsity of California 
at Santa Barbara. Heeger ,  who has 
tested the polymer,  thinks it  may 
be the prototype for a long-sought 
plastic conductor-one that c ould be 
much cheaper ,  lighter and more mal
leable than metal c onductors.  

The base of the c onductor devel
oped at BASF by Herbert Naarmann 
and N .  Theophilou is  polyac e tyle n e ,  
w h i c h  c onsists of chains of c arbon 
and hydrogen atoms. When it  is 
"doped" with iodine acc ording to a 
spec ial proc e s s ,  the polyac etylene 
has a c onduc tanc e of about 1 5 0 ,000 
siemens ( a  s iemen is  the reciprocal of 
an ohm, the unit of resistanc e )  per 
c e ntimeter,  Naarmann and Theophi
lou report.  That is about a fourth the 
c onductance of an equal volume of 
copper .  By weight the polymer is 
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twic e  as conductive as copper ,  mak
ing it  the world 's  most conductive 
material, according to Arthur ] .  Ep
stein of Ohio State University. 

H e e ger and Alan G .  MacDiarmid of 
the University of Pennsylvania dis
covered 10 ye ars ago that iodine 
doping makes polyacetylene a con
ductor.  Polyac e tylene is  ordinarily 
a semiconductor;  the addition of io
dine apparently pulls tightly bound 
ele c trons out of the polymer chains,  
leaving positively charged hole s that 
make c onduction possible . The sam
ples produced by Heeger  and Mac
Diarmid, however,  had a conduct
ance of only about 200 siemens per  
c entimeter .  They also decomposed 
in the open air  within a few hours.  
The BASF material, in c ontrast,  can 
maintain its mole c ular stability in the 
open air at room temperature for 
more than a month.  

The material's improved conduct
anc e and stability both seem to de
rive from BASF'S synthe sizing proc
ess ,  which le aves the polymer's  mol
e cule s c onsiderably less j umble d 
and fragmented than usual. Epstein 

suggests that elec trons can move 
with le ss interference along the long
er ,  straighter mole cule s and that 
such mole cule s are le ss susceptible 
to oxidation, the main cause of insta
bility. The fac t  that the polymer 's  
c onductance does not increase at  
lower temperatures ,  Heeger  says ,  
suggests  it is  still somewhat impure 
and hence not as stable or conduc
t ive as it  c ould b e .  Inde e d ,  there are 
informal reports that newer sample s 
produced at BASF have a c onductance 
higher than copper even by volume .  

I n  its present form the BASF materi
al is not appropriate for widespread 
application,  because it  lacks the ma
j or qualit ies that make plastic s  attrac
tive .  Polyace tylene does not dissolve 
in water or any other liquid,  includ
ing acids. Moreover, it  does not melt 
or b e c ome pliable when heated; it  
decomposes .  Heeger  thinks more re
search should turn up related poly
mers that are both highly conduc
t ive and proce ssible by conventional 
means.  "There is no reason to be
l ieve [high conductance]  is  spec ific  to 
polyacetyle n e , "  he says.  -J.H. 

TECHNOLOGY 

Plain Sense 

A prairie experiment aims to make 
more sense of satellite imagery 

S atellites  provide a powerful tool 
for monitoring droughts, defor
e station,  crop fluctuations and 

other natural and man-induc e d  proc
esses on a broad sc ale . But although 
the resolution of satellite -based in
struments has increased ,  the ability 
of scientists to interpret the images 
has not kept pac e .  

This year more than 1 00 workers 
from the U . S . ,  Canada and Gre at Brit
ain are engaged in an unusual experi
ment  on the plains of Kansas to c or
rect  the situation. The investigators,  
who include biologists ,  mete orolo
gists and remote-sensing experts , are 
observing a tract of land and the 
overlying atmosphere dire ctly (at  
ground level  and from plane s  and 
helicopters)  while remote-sensing 
satellites pass above. Over the next 
two ye ars the workers will compare 
the satellite image s with the other 
data in order to determine how the 
interpretation of such images can be 
improved.  

The focus of the $ l O-million experi
ment ,  funded mainly by the National 

Aeronautics  and Space Administra
tion, is  a square of gently rolling prai
rie , cut by an occ asional gully , me as
uring 15 kilometers on a side . The 
land was chosen in part for its prox
imity to Kansas State University in 
Manhattan, a c e nter of research in re
mote sensing, and also be cause "we 
wanted something fairly repre s e n
tative , "  according to Forrest  Hall of 
NASA'S Goddard Space Flight Ce nter.  

An important goal of the proj e ct ,  
Hall says ,  is  to understand "how data 
scales from the ground level to the 
remote-sensing leveL "  All told, five 
satelli tes are gathering images of the 
site , at altitudes ranging from 40,000 
kilometers to about 750 kilometers .  
Me anwhile a U-2 is  scanning the area 
from high in the stratosphere and six 
planes  and a helicopter are taking 
readings at lower altitudes .  Instru
ments on the ground me asure pre
c ipitation,  wind speed ,  the moisture 
c ontent of the soil and other vari
able s ,  and workers c olle ct  sample s of 
vege tation. 

Ghassem Asrar of Kansas State 
notes that the proj e c t  should show 
how heat ,  humidity and other at
mospheric c onditions can distort sat
ellite image s from moment to mo
ment ;  this knowle dge , he  says,  may 
suggest ways to eliminate the distor-

r-----------, 
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tion automatically.  The experiment 
should also unveil the complex proc
esses  that can alter a satellite's view 
of the e arth's surface from day to day 
and season to season:  c hanges in the 
refle ctivity of the soi l  and in the c olor 
and density of the vegetation, for ex
ampl e .  "You have thre e dynamical 
syste ms:  soil, plant l ife and the at
mosphere," Asrar says. "Any c h ange 
in one affects  the others . "  -J.H. 

Butterfly Catcher 

Butterfly-shaped flaws gather up 
metallic impurities in silicon 

M etallic impurities  in a crystal of 
si l icon degrade the performance 

of inte grated circuits laid out in the 
crystal's surface layer. Such impu
rities  are usually removed by heat
tre ating the crystal so that another 
impurity, oxygen, can c ombine with 
them to form pre cipitate s .  The pre
c ipitates migrate aW'ay from the sur
fac e  and also create internal struc
tural defects  that attract remaining 
contaminants.  Employing one impu
rity in a semiconductor to get rid of 
oth ers is called gettering.  

A group of investigators at the Mas-
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sachusetts Institute of Tec hnology 
has now found a new gettering proc
ess  for crystalline silic on.  Like the 
standard process, it depends on h e at 
to form pre cipitates and structural 
defects, but it can be applied to oxy
gen-free sil icon and c an probably be 
made to work much more quickly . 
The spec ial charm of the process  is 
that under an e lectron microscope 
the defects  it cre ates look remark
ably like butterfl ies .  

In  the new gettering proce ss, de
veloped and studied in the labora
tory of Harry C. Gatos and Jacek La
gowski, the silicon crystal is  h e ated 
to a temperature of 1, 170 degre e s  
Celsius for six hours in an atmos
phere of oxygen and hydrochloriC 
acid .  It  is then plac e d  in nitrogen and 
heated to 700 de gre es  for 20 h ours 
and to 1,000 degre e s  for six more 
hours . A crystal subje cted to the 
proc ess  develops "butterfly defe c ts," 
which were first gl impsed by Osamu 
Ueda, a visiting scie ntist from Fujitsu 
Laboratories, Ltd.,  in Japan, working 
with graduate students Krys Nauka 
and Mark Goorsky. 

Lagowski theorizes  that the defects  
evolve from interstitial atoms of sili
con: silicon atoms that are wedged 
be twe en the regular plane s of the 
crystalline latti c e .  In the course of the 

new gettering process  the interstitial 
silicon atoms are removed from the 
surface layer, le aving most of the 
interstitial atoms in the underlying 
material .  There they aggregate and 
grow into complexes that c ause de
formations in the regular atomic lat
tice, known as loop dislocations.  At 
the same time metallic impurities  in
teract with the complexes to form 

BUTTERFLY is actually a microscopic 
tangle or flaws and precipitates 
within a crystal or silicon. 
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pre c ipitates, which also result in loop 
disloc ations . The proliferation of in
terlocked disloc ations distorts the 
surrounding array of atoms, allowing 
metallic atoms to approach and be 
c apture d by the disloc ations as the 
temperature is raised in the final step 
of the process .  The entangled dis
loc ations and pre c ipitates actually 
form a c omplicated thre e-dimension
al structure about a micrometer in di
ameter that looks like a butterfly 

only when it is seen from a partic u
lar angle .  

Although the butterfly defects  took 
shape during more than 30 hours 
of heat  tre atme nt, the investigators 
are c onfident that the defe c ts can 
be forme d  much more quic kly-per
haps in seconds rather than hours . 
They are working with Texas Instru
me nts, Inc . ,  on an excee dingly rapid 
ge ttering proc ess  base d  on fast-grow
ing butterflies .  -Gregory Greenwell 

BIOLOGICAL SCIENCES 

High-Tech Horses 

Can biotechnology give 
a lift to American jumpers? 

T he eque strian sport of j ump
ing, once ruled by European 
riders, has re ce ntly be en dom

inated by Americ ans.  Indeed, the U . S .  
team w o n  t h e  gold medal i n  show 
j umping in the 1984 Olympic s .  Al
most all the horses  these new c om
petitors ride, however, are still Eu
rope an, the product of centuries  of 
care ful bre eding.  

Some U.S .  breeders are c ounting on 

biote c hnology for a quick re medy.  
By bringing embryos from a c h am
pion mare to term in surrogate moth
ers, thereby increasing her produc
tive output to 15 or more foals per 
ye ar, they hope to c ompre ss c on
siderably the period of trial and er
ror needed to create a new bre e d  of 
home grown "sport horses ."  

Colorado State University has led 
the e ffort to re fine modern bre eding 
tec hnologies and make them avail
able to raisers of sport hors e s .  B .  W: 
Picke tt, who h e ads the university's 
equine sc iences  program, notes that 
although cattle growers have exploit
ed biote c hnology for decades,  it has 

attracted intere st within the more 
conservative, tradition-bound realm 
of horse bre e ding only in the past 
few years.  

A maj or reason, Pickett says, is that 
racing has long be en the dominant 
equine sport in America, and the or
ganizations that overse e  the racing 
bre e ds-the thoroughbre ds, stan
dardbre ds and quarter horses-pro
hibit or severely limit the use of 
bre eding tec hnologies even as pe
destrian as artific ial inse mination. To 
compete in  international j umping 
eve nts, in contrast, a horse need not 
belong to any speC ific bre ed .  The 
growing popularity of these eve nts, 
Pickett notes, combine d  with an in
cre aSing amount of prize money, has 
made proved winners-and their off
spring-incre asingly valuabl e .  

T o  carry o u t  an embryo transfer, 
workers at Colorado State artific ially 
inse minate a mare and one week lat
er flush the uterus with a saline solu
tion.  If fertil ization has occ urre d, the 
solution will  flush out an embryo 
about a mill imeter in diame ter, con
sisting of from 60 to 90 ce lls still e n
cased in the egg's outer me mbrane, 
or shell. After locating the e mbryo 
under a microsc ope, the workers 
transfer it to the uterus of a surrogate 
mare either through an inc ision in 
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i diplomat r ! • I 
I What sort of people need to learn a I foreign language as quickly and effecI tively as possible? Foreign service I • personnel, that's who. Members of I 
I America's diplomatic corps are assigned I 
I to U.S. embassies abroad, where they I must be able to converse fluently in 

I every situation. I 
I Now you can learn to speak Spanish I just as these diplomatic personnel 
I do - with the Foreign Service Institute's I 
I Programmatic Spanish Courses. You'll I 
I learn latin American Spanish recorded I by native speakers. 
I The U.S. Department of State has • 
I spent thousands of dollars developing • 
• this course. Irs by far the most effec- • 
I 

tive way to learn Spanish at your own I convenience and at your own pace. 

I The course consists of a series of I 
I cassettes and accompanying textbook. I Simply follow the spoken and written 

I instructions, listening and repeating . •  
I By the end of the course, you'lI be I 
I leaming and speaking entirely in Spanish! I This course turns your cassette 

I player into a "teaching machine." With I • its unique "programmatic" learning • 
method, you set your own pace - I I testing yourself, correcting errors, re

I inforcing accurate responses. I 
I The FSl's Programmatic Spanish I Course comes in two volumes, each I shipped in a handsome library binder. • 
I Order either, or save 10% by ordering I 
I both: • 
I 0 Volume I: Basic. 12 cassettes • 
I (17 hr.), manual, and 464-p. text, $135. I o Volume II: Intennediate. 8 cassettes 

I (12 hr.), manual, and 614-p. text, $120. I • 
(CT residents add sales tax) I 

I TO ORDER BY PHONE, PLEASE CALL • 
I TOLL-FREE NUMBER: 1-800-243-1234. I 
• To order by mail, clip this ad and send I 
• with your name and address, and a I 
I check or money order-or charge to I your credit card (AmEx, VISA, Master- I I Card, Diners) by enclosing card number, 

I expiration date, and your signature. 
• 

• The Foreign Service Institute's I 
I Spanish course is unconditionally I guaranteed. Try it for three weeks. If I I you're not convinced irs the fastest, 

I easiest, most painless way to learn I • Spanish, return it and we'lI refund every I penny you paid. Order today! I 130 courses in 46 other languages 
• 

• also available. Write for free catalog. I l Our 15th year. I 
I Audio-Forum I 
I Room K926 I 
I On-the·Green, I Guilford, CT. 06437 • (203) 453-9794 . I \ aUDIC.,:aAUm®: 
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her  side or through her  birth c anal. 
The donor mare is  then fre e  to con
c e ive another e mbryo or to return to 
competition.  

In the past five ye ars e mbryo trans
fers done at Colorado State have pro
duc e d  some 1 5 0  foals from stock sup
pli e d  by half a dozen sport-horse 
breeders,  according to Edward L .  
Squire s ,  who ove rse e s  the equine 
breeding program. Many of the foals 
are crosses between Europ e an warm 
bloods,  even-tempered and relative
ly thickset horse s that excel at j ump-

ing,  and American thoroughbre ds ,  
known for their speed and competi
tive temperame nt-a mix that is  con
sidered a particularly promising one,  
Squires says.  

Before an e mbryo is  transferred it  
can be split  to increase a mare 's  out
put even more . Part of the cellular 
material is  withdrawn from the em
bryo and plac e d  in the hollowed 
shell of another e gg ;  each part is  
implante d in a different  surrogate , 
thereby producing two foals from 
one e mbryo. Embryo splitting is  still 

Embryo transfer produces foals faster, 
but does it make better competitors? 

ONE-WEEK-OLD EMBRYO flushed trom an artificially inseminated mare is cut in two while 
held by suction trom a pipette (top); each halt can then be implanted in a surrogate 
mother. The technique served to produce the genetically identical twins Question (with 
the sunburned nose) and Answer at Colorado State University three years ago. 
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experimental ,  but a potential spinoff 
of the technique is  already evide nt: 
the genetically identic al foals the 
method yields would e nable bre e d
ers to evaluate the e ffects of different 
training or nutritional programs with 
great pre cision. 

Peter  H .  Birdsall ,  a Canadian veteri
narian and authority on sport-horse 
bloodlines who in 1 984 formed the 
Horses in Sport Federation to keep 
track of the budding bre e d ,  bel ieves 
that if the methods are j udiciously 
applied to high-quality stock,  they 
could help U.S .  breeders catch up to 
the Europeans.  Otherwi s e ,  he warns ,  
the techniques could  quickly flood 
the market  with mediocre horses .  

As for those sport  horses already 
produce d  by embryo transfer ,  Bird
sall  says i t  is  "too e arly to tell" wheth
e r  they will  l ive up to expectations :  
the first crop of five-year-olds is  only 
now ready for c ompetition. -JH. 

Potato Eaters 

Mother was wrong: the skin 
may not be "the best part" 

Two groups at Cornell  University 
have separately reported some 

good news and some bad news about 
potatoe s .  One group has come up 
with a hybrid potato that may be 
much more resistant to insects than 
those now grown in North America .  
The other group warns that potatoes  
cooked in the ir  skins may sometimes 
b e  harmful. 

First the good news. In the 1 970's  
Ward Tingey and Robert Plaisted 
read about a wild Bolivian potato, 
Solanum berthaultii, that has what 
seemed to be a potentially valuable 
trait .  The species  exudes a c lear 
c h e mical  from microscopic glandu
lar hairs on its leave s .  On c ontact 
with air this mixture of phenolic com
pounds and polyphenyl oxidase re
sults in a brown, tarlike glue that 
sticks to the fee t  and mouthparts of 
soft-bodied insects such as aphids 
and traps them. Larger insects such 
as the Colorado potato b e e tle ( the 
most serious U.S .  pest  of potatoes )  
find i t  difficult to get  a foothold on 
leaves covered with the tar;  it  is  
therefore hard for them to fe e d  on the 
leave s ,  and so they mature and re
produce more slowly.  

For the past dec ade Tingey and 
Plaisted have sought to transfe r  this 
insect-re sistance trait  to a species  
adapted to North American c ondi
tions.  The team has now developed 

hybrids e stimate d to have a resis
tance to insects e qual to that pro
duce d  by three or four applic ations 
of insecticide .  The hybrids have also 
inherited some unde sirable traits 
from their Brazilian progenitor. For 
example ,  they stop produCing tubers 
when the day is  more than 1 2  hours 
long.  Tingey thinks that in a decade 
or so these traits can be e liminate d ,  
a n d  that farmers w i l l  have a tougher 
plant with a higher yield of potato e s .  

N o w  t h e  bad news:  potatoes  c a n  
m a k e  y o u  sick ,  according to N e l l  I .  
Mondy a n d  Barry T.  Gossel in of Cor
nell .  Concentrate d in the skins of 
potatoes  are toxins cal led glyc oal
kaloids, which are produce d  in re
sponse to stre sses  such as insects  or 
heat .  Pee ling potatoes  before cook
ing gets rid of glycoalkaloids; Mon
dy and Gosselin maintain that boiling 
potatoes  in their skins or frying the 
skins can heighten the problem.  The 
toxins apparently migrate into the 
potato ' s  flesh when i t  is boiled; frying 
the skins e liminates water and con
centrates the toxins .  

Eating too large a quantity of the 
glycoalkaloids results in he adach e s ,  
nausea  a n d  diarrhea. P e o p l e  do not 
often associate such symptoms with 
the e ating of potato e s ,  Gosselin says, 
but there are documented cases  of 
il lness  and-very rarely-de ath. In 
1 979, for instance ,  1 7  English school
boys were hospital ized after e ating 
toxic potatoes .  The latest document
e d  de ath occurre d in a village in Cy
prus in 1 9 3 3 .  The level of toxins in a 
potato ' s  pee l  depends on the variety, 
the c onditions of the growing se ason 
and the method of storage . A Single 
potato might give rise to symptoms 
if it  has turne d  green under display 
lights or has sprouted in an unventi
lated storage bin. 

What about societ ies  that have de
pended on potato e s ,  such as poor Eu
ropeans in the 1 8th and 1 9th c e ntu
ries and some South American Indi
ans? The Irish most l ikely pee led 
the irs ,  Mondy says .  And there  is  e vi
dence that the Incas ,  in the potato's 
land of origin,  stored the tubers in 
cool ,  dry plac e s .  -Elizabeth Collins 

Beeboppers 

u.s. bee experts disagree over where, 
or whether, to stop "killer bees" 

The saga of the Africanized b e e s  
be gan in t h e  1 950 's. A genetic ist  

brought African honeybee s  to Brazi l ,  
hoping to bre e d  better honey pro-

AFRICAN/ZED BEES surround a single 
European bee (top center) in a photograph 
made by Grley R. Taylor, Jr. European 
bees are slightly larger; otherwise the 
two strains are virtually indistinguishable. 

ducers than the indigenous variety, 
an e arlier import from Europe .  The 
African bees e scaped,  and they soon 
proved to b e  less  adept at producing 
honey than at viciously defending 
their hives and "Africanizin g , "  or ge
netically overwhelming,  the Europe
ans.  Over the next three decades the 
Africanized bees spread through 
South and Central Ame ric a ,  e arning 
the sobriquet "killer b e e s "  for their 
swarming,  occ asionally fatal attacks 
on animals and humans.  

They are now in southern Mexi
co, moving north at about 200 miles 
per  year.  Most-but not all-U.S .  bee 
experts agree that Africanized b e e s  
p o s e  a genuine threat,  less  to human 
lives or even to the honey industry 
than to the crops (worth bil l ions of 
dollars) that European honeybe e s  
pollinate during managed releases; 
beekeepers ,  these authorit ies say, 
would have great difficulty manag
ing Africanized b e e s .  The authorities 
strongly disagree ,  however, about 
where and how to stop them.  

The U.S .  Agricultural Research 
Service (ARS) wants to choke the bees 
off at Mexic o 's  Isthmus of Tehuante
pec,  just  north of where they were 
last spotted. The servic e originally 
sought congressional approval for a 
$ l O-million proj e c t  that would span 
the e ntire isthmus. U.S. and Mexican 
workers would destroy nests of Afri
canized b e e s ,  kill  their drones with 
pheromone-baited traps and replace 
their queens with European queens,  
all the while keeping the European 
hives isolate d .  Offic ials would also 
quarantine the area,  c h e c king ve hi
cles that might c arry bees north. 

Other bee inve stigators charged 
that the proj e c t  would be unwork-

3 1  
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able and wasteful ,  and this past May 
the ARS presented a much less ambi
tious plan involving only the Pacific  
side of the isthmus.  ARS workers still  
insist that even the scale d-down, $ 2 -
million proj e ct ,  w h i c h  t h e y  e x p e c t  t o  
be gin t h i s  fal l ,  c a n  stop or a t  least  
stal l  the bees .  "The bees are not c hal
lenging the Eastern side of the isth
mus,  and so the plan is  to trap them 
on the other side , "  Hac hiro Shimanu
ki of the ARS says.  "Even if we fai l ,  
we' l l  learn . "  

Orley R.  Taylor, Jr . , of t h e  Universi
ty of Kansas says he supports the ARS 
e fforts to develop "bee  suppre ssion" 
tec hniques but calls their goal of 
stopping the bees a fantasy. "Mexico 
is  a very big c ountry and this bee  is  a 
supertramp,"  he says.  "They don't  
have the money,  the personnel  or the 
technology to stop it ."  

Taylor is seeking funds to c arry out 
a study in Jalapa, about 200 miles 
north of the isthmus, where he is  
planning to monitor the "genetic 
swamping" of European bees  by Afri-

canized ones .  He is  also trying to cul
tivate European strains that are less 
likely to become Africanized.  He has 
isolated some European b e e s ,  for ex
ample ,  whose mating fl ights tend to 
take place at t imes of day different 
from those of the Africanized b e e s .  
Such researc h ,  perhaps combined 
with what is  learned from the ARS 
proj ect ,  Taylor says,  may lead to an 
e ffe c tive program to stop Africanized 
bees  in the future . 

But should the bees  be stopped? 
Roger A.  Morse of Cornell  University 
says his studie s  of Africanized b e e s  
in Africa a n d  South America h a v e  led 
him to bel ieve they are  good honey 
producers and pollinators;  best  of all ,  
they are resistant to diseases that 
currently plague European b e e s .  He 
concedes  they are "nasty little bees" 
but maintains they are manage able 
and may actually be a boon for U . S .  
agriculture . In  fact ,  M o r s e  s a y s ,  he 
suspects U.S.  farmers have already 
begun importing Africanized bees to 
pollinate their crops.  -].H. 

MEDICINE 

Never a Right Age 

But the divorce of parents is 
hardest on adolescents 

O f the 1 .2  million children in 
the U.S.  who experience di
vorce every year, teen-agers 

are often assumed to be the ones 
most c apable of coping with the dis
ruption of their homes. Actually, 
though, the impact of divorce on 
the already "tumultuous passage" 
through adole scence can cause last
ing psychic and social  inj ury , Murray 
M .  Kappelman of the University of 
Maryland School of Medicine writes  
in American Family Physician. There is  
therefore no reason for parents he ad
ing toward divorce to wait until they 
think their children are "old enough 
to handle i t ."  

Adolescents depend on parental 
role models in trying to unde rstand 
the be haviors and attitudes of each 
sex,  acc ording to Kappelman. Teen
agers who must  do without either 
role model  at a t ime of sexual matura
tion may experience a deep sense 
of abandonment and become suspi
cious of emotional relationships.  Ad
olescence is  also a t ime of open or 
tacit rebell ion.  A teen-ager's obstrep
e rous atte mpts to e stablish an inde
pendent self-identity may make it  ap-
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pear that the preservation of family 
struc ture is less c ritical for him or her 
than it is  for a younger child, Judith S. 
Wallerstein of the University of Cali
fornia at Berkeley remarks,  but in 
fac t  it is  pre cisely in this testing peri
od that a safety net is  most needed .  

Kappe lman pOints out  that  teen
agers  often b lame themselves for the  
rift in the family. Moreover,  they may 
be thrust by divorce into responsi
bilit ies and concerns beyond their 
years.  Particularly if the adolescent  is  
the oldest chi ld in the home , he or 
she may be forced to take on the role 
of the absent parent or to support the 
c ustodial parent emotionally. Then 
too,  the state of the family's finances 
often evokes fe ar: How will  we live? 
Can I go to col lege? Such conc erns 
are well  founded.  Acc ording to Bu
reau of the Census data, more than 
80 percent of the c hildren whose 
parents have been divorc e d  l ive 
with their mothers ;  the 1985 median 
income for such single-parent fam
ilies with children from the age of 12 
through 17 was $ 15 , 249 ( c ompared 
with $ 2 7 ,600 for families that had a 
father at the head) .  

Although there is "never a r ight 
age" for divorc e ,  Peter  A.  Wish and 
Lesl ie-Beth Berger of the New En
gland Institute of Family Relations 
think an easier time for both parent 
and c hild may be when the chi ld is  

betwe e n  the ages of 9Y2 and 1 2 ,  al 
though such c hildren do often re
spond to divorce by doing poorly in 
school .  Still  younger c hildren ,  on the 
other hand, may become dependent 
and demanding.  

Teen-agers,  however,  tend to act 
out their sense of rej e c tion and dis
placement,  and so their response is  
often the most difficult  to handle and 
the most dangerous. As Kappelman 
points out,  they are more l ikely than 
younger children to have access  to 
such dange rous modes of response 
as drugs ,  alcohol  and suicide . -E.c. 

Bespoke Bactericide 

Compounds tailored to fool bacteria 
may augment the antibiotic arsenal 

A I though the discovery of antibiot
J-\. i cs  led  to gre at advanc e s  in c l ini
cal  practi c e ,  it  did not provide a pana
cea for bacterial illnesses .  There are 
some types  of bac teria against which 
antibiotic s  are ineffe c tive . Further
more , some strains have developed 
resistance to all maj or antibiotic s .  
The answer to b o t h  problems m a y  l i e  
in tailoring drugs to achieve specific  
bacteria-killing e ffects ,  as a Swedish 
research group reports  in Nature. 

The group in Swe den,  headed by 
Stephen M .  Hammond of Astra Alab, 
chose as their targe t  the gram-nega
tive bacteria (so called be c ause they 
fai l  to absorb a stain devised by the 
19th-century Danish physician Hans 
Christian Joachim Gram).  Among the 
gram-negative bacteria are gonococ
c i ,  which c ause gonorrhea ,  meningo
cocc i ,  which c ause meningitis ,  and 
the various forms of salmonella ,  a 
maj or gastrointestinal pathogen.  Al
though there is  a need for agents that 
act  only on gram-ne gative types ,  few 
such c ompounds exist ,  the investiga
tors note . 

In their attempt to formulate such a 
drug,  the workers in Sweden chose 
to focus on the synthesis  of the mem
brane that  encloses the bacterium. A 
significant component of the mem
brane in gram-negative bacte ria is 
a molecule called KDO.  Hammond 
and his  colleagues found that an ana
logue of KDO called NHdKDO inter
rupts membrane synthesis .  The rea
son seems to be that the analogue re
sembles KDO closely enough to be 
taken up by asse mbly enzymes but 
lacks the chemical structure neces
sary for contributing to the  growing 
membrane .  

Yet  a problem remaine d :  NHdKDO 
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' .. Your Premier Volume 

THE TIMING OF BIOLOGICAL CLOCKS 
Arthur T. Winfree 

T H f:  T I M I N G  O F  8 1 0 L O G ! C A l  ( t O C )( S  

In 193 1 ,  Wiley Post flew around the world 
in eight days and became the first human being 
to experience jet lag . The fatigue and disoriel1ta
tion he felt happens to all of us when rapid long
distance travel knocks our "internal clocks'�our 

In the early 1930s, Wi/ry Post used the Winnie Mae to study jet lag and its 
aJJect on pi/ot perJormance. Courtesy of the National Air & Space Museum, 
Smithsonian Institution. 

circadian rhythms-out of kilter with local time. 
Arthur Winfree describes jet lag as "that dis
concerting sensation of time travelers that their 
organs are strewn across a dozen time zones 
while their empty skins forge boldly into the 
future." 

Jet lag, biorhythms, mosquito insomnia, 
temporal isolation experiments, the sleep move
ment of plants, "forbidden phases" of sleep 
when one cannot 
awake spontane
ously-these are 
some of the many 
fas cinating as
pects of circadian 
rhythms that Dr. 
Winfree explores 

Winfree shows that the most critical property 
of biological clocks is their ability to be reset on 
cue, enabling them to regain synchrony with a 
changing environment (as when we travel across 

Flowering in the morning glory, as in many other plants, is timed by a 
circadian clock. Courtesy of Travis Amos. 

time zones) or to adjust the body's 2 5-hour 
rhythm to the 2 4-hour solar day. 

ReportiIlg experiments on animals, plants, 
and single cells, he not only illustrates the prin
ciples that guide the resetting of biological clocks 
but reveals that each of these clocks has a 
vulnerable phase when a suitably intense cueing 
stimulus can produce a thoroughly unpre
dictable resetting-perhaps even annihilating 
the clock's rhythm entirely. 

The graphics 
that Winfree uses 
are as innovative as 
his i n s ights . B y  
u s i n g  gra d i e n t  
color rather than 
the conventional 
clock dial to ex-
press the passage of Has this cave salamander, living in 
time, Winfree helps temporal isolation, lost its circadian 

US visualize the true rhythm icity? Courtesy of Chip Clark. 

continuities-and discontinuities-of the in
ternal cycles that govern the processes of life. 

Arthur T. Winfree is one of the world's fore
most theoreticians of circadian rhythms. Trained 
as a biophysicist, Winfree received a MacArthur 
Grant for his work on biological clocks. Former
ly at the Institute for Nonlinear Science at the 
University of California at San Diego, he is now 
with the Department of Ecology and Evolution at 
the University of Arizona at Tucson. Professor 

in The Timing of . . . . .  . 

Biological Clocks Winfree 's innovatIVe use oj gradIent color to express the passage oj tIme helps us Vlsualzze the 

. biological cycles that govern the processes oj life. Courtesy of Arthur Wmfree. 

Winfree is also 
the author of 
the classic work 
The Geometry of 
Biological Time 
and When Time 
Breaks Down, a 
technical mono
graph on circa
dian rhythms. 

199 PAGES, 233 ILLUSTRATIONS 
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MOLECULES 
P W Atkins 

M O L E C U L E S  

Everything we breathe, touch , eat, drink,  and 
smell is made of molecules. They determine the taste of 
a barbecue and the fragrance of a rose. Yet, to many of us, 
molecules are an unfamiliar, abstract notion, hidden far 
below the surface of visible reality. 

In this highly readable work, P. W. Atkins now makes 
the molecular world understandable, accessible, and 
familiar. You will meet the molecules that make sugar 
sweet, that make soap "soapy," and that give rise to the 
brilliant palette of colors unveiled in autum foliage. You 
will see molecules that can quell pain and alleviate 
depression as well as those that can induce addiction and 
wreak havoc on our environment.  

Lavishly illustrated and filled with original insights, 
M OLECULES portrays the structures of the substances 
that make up our everyday world and our daily experi
ences, showing us their shapes, their interrelations, why 
they behave as they do, and how they carry out their 
tasks. It gives us a more imaginative appreciation of the 
richness, economy, and variety of nature. 

P. W. Atkins lectures in physical chemistry at the 
University of Oxford .  He is the author of The Second Law 
(for the Scientific American Library) and the widely used 
textbook Physical Chemistry, now in its third edition.  

256 PAGES, 290 ILLUSTRATIONS 

EINSTEIN'S LEGACY 
Julian Schwinger 

E I N S T E I N ' S  L E G A C Y  

NObel laureate Julian Schwinger tells the cap
tivating story behind one of the twentieth century's 
greatest achievements, the theory of relativity. 

The groundwork was laid first by Isaac Newton and 
then by James Clerk Maxwell . But it was left to the 
sixteen-year-old Einstein to glimpse, for the first time, 
that the unifying theories of these two giants were 
incompatible. 

In a lively and compelling narrative, Schwinger 
recounts Einstein's quest for the reconciliation of the 
conflict-a quest that ultimately led to the unification of 
matter and energy and of space and time in Einstein's 
special and general theories of relativity. 

Schwinger carries this story to the space-age experi
ments that have been designed to confirm Einstein's 
legacy-and pOSSibly lead to a still more comprehensive 
theory. 

Julian Schwinger was awarded the Einstein Prize in 
195 1 ,  the National Medal of Science in 1964 , and 
the Nobel Prize for Physics in 196 5 .  He is currently 
University Professor of the University of California. 

"Delightful and instructive . . . .  An ideal gift for the 
curious non-expert. "-NATURE 

250 PAGES, 200 ILLUSTRATIONS 

"Tm difference [between this and other book series] comes in the quality of the . 

DistingUished researchers take the trouble to talk simply and directly about the work they c 

The largest Jorms oJ IiJe reproduce at a slower rate and live much longer than smaller 
organisms. O n  Size and Life examines why. 

A molecular view oJ the plasma membrane. Elect 
axopod oJ the heliozoon Echinosphaerium nuder 

PHOTO CREDITS-Daphnia: james Bel l ,  Photo Researchers, Inc./H ummingbird: Crawford H. Greenewalt ,  VIREO /Robert Wadlow, 8 ' 9 1/2 " rai l ,  and h i s  father:  Wide World Photos/Elephant:  Pete r )1 
Black Star/Important anatomical divisions of the bra i n :  Pa int ing by Bill  Andrews/Coca sh ruh, source of cocaine:  W. H. Hodge, Peter Arnold, Inc. 
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EXTINCTION 
Steven M. Stanley 

E X T I N C T I O N  

S ince the rise of multicellular life, a handful of 
mysterious cataclysms has swept our planet.  These geo
logically brief outbreaks of mass extinction have 
decimated tens of thousands of thriving species, from 
huge dinosaurs to microscopic algae. 

In EXTINCTION, Steven M. Stanley gives us a 
fascinating account of these dramatic global disasters, 
investigating what the rich storehouse of rock and fossil 
clues-and the revolutionary findings of plate tec
tonics-can tell us about their origins, progress, and 
implications. 

In light of recent speculation that meteor impacts 
may have ended the reign of the dinosaurs through an 
early version of "nuclear winter'�about which Stanley 
has much to say-EXTINCTION is a timely as well as 
intriguing geological detective story. 

S teven M .  S tanley, professor of paleobiology 
and director of graduate studies at Johns Hopkins 
University, is a Guggenheim Fellow and winner of the 
Schuchert Award of the Paleontological Society. 

242 PAGES, 183 ILLUSTRATIONS 

OTHER VOLUMES IN THE LIBRARY. 
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PERCEPTION 
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uthors, who combine eminence in their fields with proven gifts of exposition." 
-Nigel Calder, NATURE 

� doing and how it is solving yet another part of the mystery of the human and natural worlds." 
-Steven Rose, NEW SCIENTIST 

, m icrograph of a section through an 
lim. From The Living Cell. 

Drugs and the Brain explores the drugs thaI have led to a new understanding of the brain and 
that have changed our conception of many m ental disturbances. 
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JOIN OUR LIBRARY THERE IS NO RISK INVOLVED. 
Created out of the collaboration of scientists and editors that distinguishes SCIENTIFIC 

AMERICAN itself, each volume in the SCIENTIFIC AMERICAN LIBRARY: 
D Covers a topic of major interest with immediate relevance to ongoing research. 
D Carries the authority of an author who has made a significant personal contribution to its subject . 
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did not pene trate the intact bacteri
um. The solution was to link the ana
logue to a pair of amino acids .  The 
amino acids are taken up by trans
port systems that bring needed sub
stance s  into the bacterial cell ,  and the 
drug rides with them. The strate gy 
is  e ffe c tive ; the c ombination of 
NHdKDO and amino acids is  a "po
tent bacteric ide " for gram-ne gative 
organisms, the inve stigators write . 
They add that since KDO is not pres
ent  in mammalian cells ,  the new drug 
should be toxic for bacteria but quite 
safe for human tissue s .  

Although t h e  work in S w e d e n  is  
only a first step,  the designer-drug 
approach may have broad implica
tions.  In a c ommentary in the same 
issue of Nature Chris Higgins of the 
University of Dundee argue s that be
cause the transport systems exploit
ed by the new drug are ubiquitous ,  
t h e r e  a r e  " e n d l e s s  possibil ities  for 
designer herbicides and chemothera
peutic drugs ."  What is  more ,  the ami
no acid pair to which NHdKDO is 
linked is  c arri e d  into the bacterium 
by two different transport systems.  
Hence two mutations would be re
quired to block the compound's en
try , which lowers the c hance that re
sistance to the tailor-made drug will  
soon be ac quire d .  -John Benditt 

Radical Therapy 

Drugs may combat brain damage 
by toxic oxygen free radicals 

Asudden blow to the he ad-in an 
automobile accident ,  a fight or a 

fall-can lead to brain damag e ,  but 
the damage does not result  from the 
impact alone .  Rather ,  much of the 
ce l l  de ath probably occurs when 
harmful molecules loosed by the 
trauma launch a c hemical attack on 
nerve cells and surrounding blood 
vessels .  Although no e ffe c tive treat
ment for such damage exists, sever
al c ompounds are showing promise 
and could benefit  victims of stroke 
and c ardiac arre st as well .  

The drugs work by thwarting the 
e ffects of de structiv e ,  charged mole
cules  of oxygen cal led fre e  radicals .  
Small  amounts of oxygen fre e  radi
cals are generated by ordinary ce l l  
metabolism; a severe  head inj ury dis
rupts normal metabolic proc e s s e s ,  
unleashing a torrent of radi c als .  Simi
larly, brain c e lls  recovering from a 
stroke or c ardiac arrest also produce 
an excess of fre e  radicals .  In large 
numbers the fre e  radicals cause a 

cascade of reactions that disrupt 
DNA, c ripple enzyme s ,  sabotage mo
lecular gate s and weaken and punch 
holes in ce l l  membranes .  

Inve stigators have reasoned that 
brain damage might be reduc e d  if 
these s e condary e ffects  could be 
minimized.  A number of years ago 
a search be gan for c ompounds that  
could scave n g e ,  or neutral ize ,  oxy
gen radicals .  Of the many c andidate s ,  
only a few seem suitable for u s e  i n  
t h e  brain.  Che mists at t h e  Upj ohn 
Company confronted the problem 
by de signing a class of novel com
pounds they c all lazaroids. Prelimi
nary studies  published in the Journal 
of Biological Chemistry suggest  that,  in 
addition to their scavenging activity, 
lazaroids penetrate cell membranes 
to prote c t  them from fre e-radical  at
tack.  Upj ohn hopes to test  the drugs 
in clinical trials this fal l .  

There is  also renewed interest  in 
probucol ,  a substance  that has been 
prescribed for more  than 10  years  to  
lower  chole sterol leve ls .  Recent  in
ve stigations of the drug's mechanism 
have focused on its role as a powerful 
oxygen-radical scavenger .  The man
ufacturer of Probucol ,  Merrell Dow 
Pharmac euticals ,  Inc . ,  has e mb arke d 
on a program intended to gauge its 
potential in a spectrum of cl inical  
applications.  

One of the properties that recom
mend both lazaroids and probucol is  
their abil i ty to cross the blood-brain 
barrier .  Workers at the Johns Hop
kins medical institutions have de
scribed enc ouraging results with a 
molecule too large to pass through 
the barrier .  The substanc e ,  an en
zyme cal led superoxide dismutase 
(SOD),  i s  an old favorite with oxygen
radical investigators;  although new 
to brain researc h ,  it  i s  known to re
duce fre e-radical damage dramatical
ly in many other tissues .  Gre gory B. 
Bulkley, Re ginald ] .  Davis and Rich
ard ] .  Traystman reported at a recent  
m e e ting that  c ats deprive d of oxy
gen for half an hour regained signifi
cant brain responses when they were 
tre ated with SOD.  

Although these results spark c au
tious optimism, all such experiments 
have inevitable pitfal ls .  Experimental 
models are far removed from clinical  
re ality: Upj ohn investigators,  for in
stan c e ,  me asure brain damage in 
mice by the animals' ability to grasp 
a string. Furthe rmore , data implic at
ing oxygen-radical damage in stroke 
and severe head inj uries are ple ntiful 
but almost entirely circumstantial .  
Hence tests of drug e fficacy are indi
rect at best .  -Karen Wright 
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OVERVIEW ter-the mirror width of several 
planned te lescope s-re quire s tech
niques that have become fe asible 
only with the advent of fast comput
ing. A single mirror of that size would 
sag unless i t  were very thick,  which 
would entail large and expensive 
telescope b e arings to cope with the 
weight .  The W.  M .  Keck te lescope ,  
now being bui l t  by the University of 
California and the California Institute 
of Tec hnology on Mauna Kea in Ha
waii ,  will  get  around the problem by 
using 36  l . B-meter hexagonal mir
rors to form the e quivalent  of a sin
gle l a-meter mirror. Computer-con
trol led "active optics"  will  enable the 
mirrors to work in concert by adj ust
ing the mirror supports in incre
ments as small as a mil l ionth of an 
inch to compensate for c hanging 

Electric Eyes 

Microelectronic devices give 
astronomers new powers of seeing 

M icroelectronics is now trans
forming the tools of optic al 
astronomy on the largest and 

smallest  scales .  As c omputer c ontrol 
makes i t  possible to build and oper
ate ever larger te lescopes ,  l ight-sen
sitive semic onductors will  ensure 
that fewer of the photons such instru
ments can gather in unpre c e dented 
quantity go to waste . Thus equipped,  
astronomers will  be able to gl impse 
obj e c ts so distant that the faint l ight 
reaching the e arth left them when 
the universe was less  than half  i ts  
c urrent age .  They will  also be able to 
take optical spe ctra of stars in ne arby 
galaxies ,  peer  through the clouds of 
gas and dust that veil  galactic c enters 
and perhaps even see  planets cir
cl ing ne arby stars. 

Over the past dec ade semiconduc
tor l ight detectors cal led c harge-cou
pled devic e s ,  or cco 's ,  have replac e d  
photographic film as t h e  standard 
me dium for rec ording images of as
tronomical obj e cts .  Much more sen
sitive than the fastest films, cco's 
detect as many as 70 percent  of the 
photons that strike them by accumu
lating e lectrons produc e d  by the col
lisions. At present the devices  re
spond to only a limited range of 
wavelengths,  but fluore scent  coat
ings promise to extend the wave
length sensitivity by c onverting in
coming radiation into a frequency 
cco's can detect .  Increases in the 
number of picture e lements per  de
vice will  expand their fie ld of view;  
many astronomers are anxiously 
awaiting a new cco with more than 
four million picture e lements ,  made 
by Tektronix, Inc .  Its appe aranc e has 
been delayed by mysterious devel
opment problems.  

N e w  technology may also  spe e d  
t h e  analysis of l ight from distant 
obj e cts .  Colle c ting enough light for 
spectroscopy can require hours of 
observing,  but new syste ms,  by auto
mating parts of the process ,  can take 
spectra from many obj e cts at the 
same tim e .  In one arrangement the 
light from 5 0  or more obj e cts in a 
te lescope 's  fie ld of view is channeled 
along optical  fibers to a spectro
graph.  Newer fiber-optic syste ms,  
such as one developed by John Hi l l  at 
the Lick Observatory, rely on a robot 

to move the fibers into their c orre c t  
positions in t h e  focal  plane of the 
te lescop e .  

Me anwhile t h e  te lescopes them
selves are becoming more powerful .  
A telescope's  l ight-gathering ability 
can be improved by e nlarging its pri
mary mirror, but there must be no 
c ompromise in optic al quality: the 
shape of the mirror surface must be 
accurate to a few millionths of an 
inc h .  The world's largest optical te le
scope ,  a six-meter instrument in the 
Caucasus Mountains of the U . S . S . R . ,  is  
said to produce mediocre images be
cause of an imperfe c t  mirror. 

Achieving the needed tolerances  
over  a surfac e  eight  meters  in diame-

Rigid cyclopean telescopes are giving way 
to instruments with many flexible eyes 

W. M. KECK TELESCOPE, shown in a model ( left), will have a mirror composed of" hexagonal 
segments. A rotating oven at the University of" Arizona supports a "spin-cast" mirror (right). 

MULT/MIRROR TELESCOPE, operated by the Smithsonian Institution and the University 
of" Arizona, is the first large telescope to use mUltiple primary mirrors and active optics. 
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NordIc/rack #1 

(j1yy 70cL In tests of exercise efficiency at a 
major university, NordicTrack burned 
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gravitational stre sses  as the tele
scope moves.  

Together the mirrors must define a 
paraboloidal surfa c e ;  during the 
grinding each glass blank will be 
stre ssed so that the ground spherical  
surface springs into just  the right 
shape when the stre ss is  released.  
The progress has not been smooth,  
however:  c utting blanks into hexa
gons causes distortions ,  and testing 
has fal len be hind schedule.  Proj e c t  
sc ientist jerry E.  Nelson remains con
fident that corre c tive polishing will  
solve the problem,  and he expects 
the Keck telescope to see  " first l ight" 
on sche dule in 1990. 

]. Roger P. Angel  of the Unive rsity 
of Arizona is developing a different 
strategy for mirror making,  one that  
exploits  the fortunate coincidence 
that the surface of a spinning l iquid 
assume s the form of a paraboloid.  He 
spin c asts l ightweight mirrors with 
a honeycomb internal structure in a 
revolving furnace .  The tec hnique 
should reduce grinding time to a few 
weeks ,  from the ye ars require d to 
grind a mirror from a flat blank. Be
cause c urvature varies  across  a pa
raboloidal surfac e ,  Angel  is a lso try
ing to perfe c t  a c omputer-control led 
" lap , "  or grinding tool ,  that changes 
shape as it  works its way across the 
surface of the mirror. 

Spin-cast mirrors can be deeper  
than mirrors that  are  made by con
ve ntional methods ;  by reducing focal  
length this should al low telescopes 
to be shorter  and l ighter-and hence 
cheaper .  Angel  has successfully cast  
a 1 .8-meter mirror and hopes eve ntu
ally to scale up his tec hnique to make 
the e ight-meter mirror for the Magel
lan tele scope , which several institu
t ions,  among them the Carnegie Insti
tution of Washington, plan to con
struct in Chile . 

Spin-cast primary mirrors would 
also be inc orporated in the Columbus 
proj e ct ,  which is  to be built  in Arizo
na by a unive rsity c onsortium, and in 
the National New Technology Tele
scope,  a gleam in the eye of Jacques 
M .  Beckers of the National Optical As
tronomy Observatorie s  but still  of
fiC ially only a technology-develop
ment proj e ct .  The N NTI would have 
four e ight-meter mirrors arranged in 
a square on a single mount; the l ight 
from all four could be brought to a 
single focus ,  giving the te lescope the 
light-gathering ability of a single 16-
meter instrument and the resolution 
of a 12-meter one .  

The European Southern Observa
tory has taken a different approach 
with its proposed Very Large Tele-
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scope (which would be the world 's  
biggest  optical te lescope) .  The te le 
scope ,  to be bui l t  in Chi le  if it  is  
approved,  would actually consist  of 
four e ight-meter te lescopes arranged 
in a l ine .  They would be l inked by op
tical interferometry to give the light
gathering ability of a 1 6-meter tele
scope ,  at least for observations in the 
infrare d ,  where toleranc e s  are more 
forgiving. This design will  maximize 
resolving power,  but c ombining the 
be ams exacts penaltie s .  Alternative
ly,  each telescope could be used in
dividually. The thin primary mirrors 
will  each be supported by about 1 5 0 
e l e c tronic actuators, which will  ad
j ust  the shape of the mirror sever
al t imes per  second to compensate 
for wind pressure and gravitation
al stre sses .  

Future te lescopes  might  use adap
tive optic s ,  which relies on actua
tors that compensate for image dis
tortions introduc e d  by atmospheric 
turbulence ,  the maj or limitation of 
ground-based astronomy. The com
putational and engineering difficul
t ies are enormous,  since adj ustments 
must be made several hundred times  
per  second;  moreover,  a large tele
scope might require 5 ,000 actuators.  

Beckers is  nonetheless  c onvinc e d  
that adaptive optics will gain ground, 
at least  for infrare d work. He is  test
ing a system that splits the image of a 
bright "guide star" into 3 7  subimages 
and uses their relative motions to c al
c ulate adj ustments to a "floppy mir
ror." Stars bright enough to serve as 
guides are rare in the night sky, but 
Laird A.  Thompson of the University 
of Hawaii at Manoa rece ntly demon
strate d that a natural layer of sodium 
ions in the atmosphere will  sc atter 
enough light from a powerful laser 
b e am to cre ate an artific ial guide star .  

At least  one possible telescope de
sign eschews modernity altogether .  
Ermanno F .  Borra of Laval  Unive rsity 
in Canada has revived the old idea of 
a l iquid telescope mirror. A thin layer 
of mercury would be spun on a rotat
ing form whose shape approximates 
a paraboloid.  In spite of the obvi
ous disadvantage-such liquid mir
rors can only look straight up-Borra 
c laims many advantages for the m ,  
not the l e a s t  of w h i c h  is  t h a t  l iquid 
mirrors might be very cheap. H e  has 
tested a one-meter mirror with satis
fac tory re sults and expects to re c e ive 
funds for a 2 . 5 -meter version.  Borra 
bel ieves such mirrors could ultimate
ly dwarf c onventional one s :  he envi
sions a 30-meter liquid mirror, with 
its form perhaps supported by rotat
ing water.  -Tim Beardsley 
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Strategic Defense 
and Directed-Energy Weapons 

The cochairmen of the American Physical Society panel summarize 
the group's findings concerning the developmental gap that stands 
between the laboratory and a decision to deploy such weapons 

by C. Kumar N. Patel and Nicolaas Bloembergen 

I
n November, 1983, about eight 
months after President Reagan 
called on the u.s. scientific com

munity to develop a system that 
"could intercept and destroy stra
tegic ballistic missiles before they 
reach our soil," the American Physi
cal Society commissioned a study to 
evaluate the status of directed-ener
gy weapons. The evaluation, which 
was finally released this spring, fo
cuses on the potential of lasers and 
particle beams in strategic defense. 
The 17-member committee, of which 
we were the cochairmen, sought to 
provide a report that would serve as 
a technical reference point for fur
ther discussions on the feasibility 
of the "space shield" envisioned by 
proponents of the Strategic Defense 
Initiative (SD!), the program that grew 
out of the president's entreaty. This 
article is based on our report. 

amount of material deleted was mi
nuscule. The most significant omis
sions'in the report concern the vul
nerability of the defensive systems 
and possible countermeasures. 

What did we find? Compared with 
the length of the report (424 pages), 

our conclusions are short. We quote 
from the study itself: "Although sub
stantial progress has been made in 
many technologies of DEW [direct
ed-energy weapons] over the last 
two decades, the Study Group finds 
significant gaps in the scientific 

Members of the panel were select
ed on the basis of their expertise in 
the various scientific and technologi
cal fields essential for directed-en
ergy weapons. The members were 
drawn from a wide range of academ
ic, government and industrial labora
tories, many of which are actively in
volved in the development of nucle
ar and related weaponry as well as 
supporting technologies. In prepar
ing the study we had access to clas
sified information. Although the pub
lic release of the report was delayed 
for seven months while the u.S. De
partment of Defense reviewed it, the 

Study Group of the American Physical Society report 
"Science and Technology of Directed Energy Weapons" 
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The history of the study is a long one. Commissioned on November 20, 1983, by 
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its release on April 24, 1987. The last seven months were taken up with security 

reviews by the Department of Defense. 
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and engineering understanding of 
many issues associated with the 
development of these technologies. 
Successful resolution of these issues 
is critical for the extrapolation to per
formance levels that would be re
quired in an effective ballistic missile 
defense system. At present, there 
is insufficient information to decide 
whether the required extrapolations 
can or cannot be achieved. Most cru
cial elements required for a DEW sys
tem need improvements of several 
orders of magnitude. Because the ele
ments are inter-related, the improve
ments must be achieved in a mutual
ly consistent manner. We estimate 
that even in the best of circum
stances, a decade or more of in
tensive research would be required 
to provide the technical knowledge 
needed for an informed decision 
about the potential effectiveness 
and survivability of directed energy 
weapon systems. In addition, the im
portant issues of overall system in
tegration and effectiveness depend 
critically upon information that, to 
our knowledge, does not yet exist." 

The study focused on directed
energy weapons because they 

would be needed in almost all stages 
of the destruction of a missile, includ-

22 MI 

40 SECONDS 

ing detecting the launch, locating 
and tracking the target, distinguish
ing warheads from decoys, destroy
ing the target itself and verifying the 
kill. The study did not explicitly re
view the other major class of weap
ons, kinetic-kill weapons: chemical 
guns (rockets) and electromagnetic 
guns. A ballistic-missile defense that 
relied on kinetic-kill weapons for the 
actual destruction of a target would 
still need directed-energy technolo
gy to carry out the other tasks out
lined above. As such, an effective bal
listic-missile defense is very depen
dent on the availability of mature 
directed-energy technology. 

The study also made no attempt to 
discuss in detail many significant 
issues concerning command, con
trol, communication and intelligence 
(C'I), computing hardware, software 
creation and reliability for battle 
management and overall systems 
complexity. Other issues that were 
recognized but not addressed in
clude manpower requirements, costs 
and cost-effectiveness, arms control 
and strategic stability, as well as in
ternational and domestic policy im
plications. Many of these topics have 
been the subject of intense debate in 
the years following the president's 
"Star Wars" address; it is somewhat 

3 MINUTES 

surpnsmg that the one aspect that 
had not been analyzed with suffi
cient objectivity and in sufficient de
tail was the technology itself. 

The effectiveness of any ballistic
missile defense depends on taking 
careful account of a missile's four 
phases of flight: boost, postboost, 
midcourse and reentry. The boost 
phase begins when the missile leaves 
its launcher and ends when the pay
load separates from the lifting vehi
cle. The boost phase usually lasts for 
about three minutes. During a typical 
postboost phase, which has a dura
tion of about five minutes, a "bus," or 
postboost vehicle, ejects a number of 
smaller missiles called reentry vehi
cles (typically called multiple inde
pendently targeted reentry vehicles, 
or MIRV'S). Thrusters are actuated to 
help direct the reentry vehicles to in
dividually designated targets. Often 
the boost phase is defined as the total 
period covering the launch and de
ployment of all the reentry vehicles. 
We have chosen to divide this period 
into two because of the different sig
natures available to the defense dur
ing the two parts. 

The longest phase is the midcourse 
flight, in which the reentry vehicles 
and any decoys move along togeth
er in nearly frictionless trajectories 

�--------lOSECONDS 

1.S MINUTES 

20 SECONDS 

2 MINUTES 

FOUR PHASES of flight are shown for an intercontinental ballis

tic missile (ICBM), a submarine-launched missile and an interme

diate-range missile. The first phase, the boost phase (yellow), be
gins when the missile leaves the launcher and ends when the 

payload separates from the lifting vehicle. During a typical post

boost phase (light orange) a "bus," or postboost vehicle, ejects a 

number of smaller missiles called reentry vehicles. In the mid

course phase (dark orange) the reentry vehicles and any decoys 

move along in nearby trajectories. The flight ends with the reen

try phase (red). Because of the large number of targets associat

ed with the midcourse phase, the best points at which to thwart 

an enemy attack are during the boost and postboost phases. 
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far above the atmosphere. The mid
course phase lasts for about 20 min
utes for intercontinental flights. 
Finally, the reentry vehicles pass 
through the atmosphere; less than 60 
seconds later they strike the earth. 

Perhaps the best points at which to 
thwart an enemy attack are during 
the boost and postboost deployment 
phases. For a variety of reasons, di
rected-energy weapons do not have 
an important role in the final reentry 
phase. The advantage gained by the 
long length of the midcourse phase 
is offset by the increased number 
of threat objects (reentry vehicles 
and decoys) over that of the boost 
and postboost deployment phases. 
Indeed, given the present number of 
Soviet boosters and their capabili
ty, it is estimated that half a million 
or more threat objects could be de
ployed. Even a boost-phase defense 
that was 80 percent effective would 
still leave 100,000 or more objects 
entering the midcourse phase. The 
tracking and discrimination of tens 
or hundreds of thousands of ob
jects would pose formidable chal
lenges to sensors and battle-manage
ment computers. 

Currently four kinds of lasers are 
being considered as kill weapons 

for operation during the boost phase. 
They are chemical, excimer, free
electron and X-ray lasers. The beams 
produced by all of them travel at the 
speed of light, which means that for 
all practical purposes any target can 
be reached instantaneously. Chemi
cal lasers, the maturest technology 
being considered, generate radiation 
by means of chemical reactions be
tween two gases, such as hydrogen 
and fluorine, or deuterium ("heavy 
hydrogen") and fluorine. Running 
continuously, hydrogen-fluoride and 
deuterium-fluoride lasers have been 
reported to have power outputs ex
ceeding one megawatt (l06 watts); 
a lO-kilowatt laser beam can cut 
through a quarter-inch steel plate in a 
matter of seconds. 

In spite of the impressive power of 
chemical lasers and the high quality 
of their beams, we estimate that the 
least demanding strategic-defense 
applications require the present pow
er levels to be increased by at least a 
factor of 20 while keeping the beam 
free of distortion and minimizing its 
divergence. For a typical distance be
tween a target and a laser the needed 
power may require an additional im
provement by a factor of four. The 
chemical-laser geometry that has 
produced the megawatt-level power 

LASER-BEAM DIRECTOR is designed to track objects in flight and to focus a laser 
beam on them. The instrument is part of the mid-infrared chemical laser (MlRACL) at the 

White Sands Missile Test Range in New Mexico. A chemical laser generates a beam 

through chemical reactions between gases. Here the gases are hydrogen and fluorine. 

is not considered scalable to much 
higher powers. The needed improve
ment must therefore be obtained 
with a geometry that has not yet 
been explored. Whether or not a 
chemical laser can be made suffi
ciently powerful remains to be seen. 

Moreover, the wavelength of light 
emitted by a hydrogen-fluoride laser 
(2.8 micrometers, or millionths of a 
meter) is absorbed by the atmos
phere. As a result a hydrogen-fluo
ride laser would have to be based in 
space, which would lead to problems 
arising from vibrations and exhaust 
from burnt fuel. We should point 
out, however, that the atmosphere is 
virtually transparent to the beams 
of deuterium-fluoride and atomic
iodine chemical lasers, which have 
wavelengths of 3.8 and 1.3 microme
ters respectively. As such the two la
sers could be based on the ground 
if the necessary power requirements 
are met. It is worth noting, however, 
that we find oxygen lasers need to be 

scaled up by at least five orders of 
magnitude (a factor of 100,000) over 
their current capabilities. 

Excimer lasers are the second kind 
of laser being considered for direct
ed-energy weapons. Excimer stands 
for excited dimer: an unstable com
pound composed of two molecules. 
An electric discharge excites the mol
ecules into forming an ionically 
bound dimer molecule. The dimer 
gives off radiation and dissociates. 
An excimer laser produces light in 
the form of short pulses. Among the 
most powerful excimer lasers are the 
krypton-fluoride lasers under devel
opment at the Los Alamos National 
Laboratory. Such lasers have a wave
length of .25 micrometer, which has 
the disadvantage of relatively poor 
atmospheric transmission compared 
with visible light or well-chosen in
frared lasers. In the case of the exci
mer lasers of the most interest, the 
poor transmission is caused not by 
absorption but by the high amount of 
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EXCIMER LASER under construction at the Los Alamos National Laboratory will pro
duce light in the form of rapid pulses_ Excimer is a contraction of excited dimer, an un
stable compound composed of two molecules_ An electric discharge excites the mole

cules into forming an ionically bound dimer molecule_ The dimer gives off radiation 
and dissociates_ Here the excimer is krypton-fluoride_ The large oval magnets ensure 

that the electric discharge (from an electron beam) is deposited evenly throughout the 
krypton-fluoride gas_ The laser beam itself would oscillate in and out of the page. 

scattering from molecules in the at
mosphere. (The particular type of 
scattering, known as Rayleigh scat
tering, increases as the inverse of the 
fourth power of the radiation wave
length.) The problem can be ame
liorated somewhat by shifting the 
excimer-laser wavelength to long
er wavelengths through a technique 
called Raman shifting. 

We estimate that ground-based ex
cimer lasers for strategic-defense ap
plications must produce at least 100 
megajoules of energy in a single 
pulse or train of pulses with a total 
duration of between several micro
seconds and several hundred. Exist
ing pulsed excimer lasers can gener
ate about 10 kilojoules of energy in a 
pulse lasting for about a microsec
ond: the energy needs improvement 
by at least four orders of magnitude. 
The gap might be bridged by com
bining many lasers, but the feasibil
ity of such a scheme is unclear. 

The third kind of laser under de
velopment that could serve in 

ballistic-missile defense is the free
electron laser. It operates by sending 
a beam of electrons through a series 
of "wiggler" magnets that cause the 
electrons to vibrate and emit radia
tion. By changing the distance be
tween the magnets or the energy of 
the electrons, the laser can be tuned 
to radiate at theoretically any wave-
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length. For ballistic-missile defense 
applications a ground-based free
electron laser should have an aver
age power of at least one gigawatt 
(one billion watts) at a wavelength of 
one micrometer. Radiation of such a 
wavelength would pass through the 
atmosphere with ease. 

Peak powers of approximately a 
megawatt have been produced at a 
wavelength of one micrometer; peak 
powers of approximately a gigawatt 
have been produced at a wavelength 
of eight millimeters (a wavelength 
absorbed by the atmosphere). Scal
ing to short wavelengths at high 
powers is a difficult technical prob
lem. The feasibility of building high
effiCiency, high-power free-electron 
lasers that operate at one microme
ter depends on first verifying sever
al physical concepts that have been 
developed only theoretically. 

Perhaps the most exotic kind of la
ser under development is the X-ray 
laser. The device consists of a nucle
ar explosive surrounded by a cylin
drical array of thin metal fibers. X 
rays emitted during the nuclear ex
plosion stimulate the emission of a 
beam of X rays from the fibers in the 
short time before the device destroys 
itself. Workers have tested the X-ray 
laser in an underground site, but the 
feasibility of making a militarily use
ful X-ray laser remains uncertain. 
The absorption of X rays by the at-

mosphere means the device would 
have to be deployed at an altitude, 
greater than about 80 kilometers, 
perhaps in some kind of "pop up" 
scheme. A way must be found to 
focus and guide the beams of X rays 
toward their targets. Many other 
physical concepts must be validated 
before the application of nuclear
pumped X-ray lasers to strategic de
fense can be evaluated. 

Even if lasers sufficiently powerful 
for strategic-defense applications 

can be made, significant hurdles 
must be overcome to deliver the 
beams to their targets. First, any laser 
beam, no matter how intense and col
limated it is, will suffer from diffrac
tion as it travels through space: the 
beam will spread and become less in
tense. For a given power output from 
a laser, the intensity of the beam on 
a target is proportional to the square 
of the diameter of the mirror with 
which the beam is focused. The in
tensity is also inversely proportional 
to the square of the product of the 
wavelength of the laser and the dis
tance to the target. Consequently the 
longer the wavelength or the range 
is, the larger the diameter of the mir
ror must be to maintain the desired 
target intensity. 

The largest mirrors that are practi
cal for steering and pointing have di
ameters of about eight meters, but di
ameters of 10 to 40 meters would be 
required for ballistic-missile defense 
missions. Such effective sizes could 
be achieved by employing an array 
of small mirrors instead of a sin
gle large mirror. The mirrors would 
have to be coordinated by electrical
ly driven devices called actuators. 
Although it is currently possible to 
control several hundred actuators at 
once, it is not known whether the es
timated 10,000 to 100,000 actuators 
for defense tasks can be controlled 
Simultaneously. Moreover, the array 
of mirrors calls for phase-correction 
techniques, in which the "crests" and 
"troughs" of the waves in a beam are 
carefully aligned. It remains to be 
seen whether such techniques can 
work for the high-intensity beams 
needed for defense purposes. An 
alternative approach, which would 
make use of a single, large, flexible 
membrane, is in the conceptual stage 
of development. 

The mirrors in any laser system 
would be vulnerable to radiation 
from other lasers, particularly if the 
mirrors were part of a space-based 
system. Even a relatively weak laser 
could cause significant damage if its 
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wavelength were different from the 
one the coating was designed to han
dle. Energetic particles from cosmic 
rays could also damage the coating. 
Small mirrors in the laser would have 
to be cooled to prevent damage from 
the laser beam itself. 

Ground-based lasers, such as free
electron lasers and excimer lasers, 
have advantages over space-based 
ones in that weight, power and ser
vicing problems are not relevant. 
Even ground-based lasers, however, 
would depend on substantial optical 
components mounted on space plat
forms for relaying the laser radiation 
from a ground site in the continental 
U.S. to a target not within the line of 
sight. In addition atmospheric turbu
lence will degrade laser-beam quali
ty. A technique called optical phase 
conjugation is being explored as a 
way of compensating for the turbu
lence. In this technique one would 
measure the distortion of a low-pow
er beam from a beacon laser on a 
relay-mirror platform in space. The 
information would be encoded in 
the outgoing high-power laser beam 
from the earth in such a way that the 
beam is "pre distorted" and emerges 
from the atmosphere with its original 
high quality. The technique has been 
demonstrated at low powers, but it 
needs to be scaled up to high ones. 
Furthermore, the number of actu
ators needed to deform the mirror 
that would produce the pre distort
ed beam must be scaled up by two 
orders of magnitude. 

During the operation of a pulsed la
ser (such as an excimer laser) the op-

tical field associated with the down
ward leg from the mission mirror to 
the target would be quite intense. 
The intensity would be high enough 
to cause the laser beam to scatter 
(through a process called stimulat
ed Raman scattering) at altitudes be
low 80 kilometers. The phenome
non changes the wavelength of the 
radiation, which in itself is not cru
cial, but it also reduces the power 
available for attacking the target. 

Finally, ground-based laser sys
tems would have to be set up at mul
tiple sites separated by hundreds of 
kilometers to keep adverse weather 
conditions, such as cloud cover, from 
immobilizing the defense. Each of 
these sites in turn would require 
some duplication of large telescope 
mirrors over scales of a few kilome
ters in order to deal with local cloud
cover conditions. 

The other class of directed-ener
gy weapons being considered for 

ballistic-missile defense consists of 
particle beams, which can be made 
up of electrically charged particles or 
of electrically neutral ones. Most 
charged-particle beams consist of 
high-energy electrons. We estimate 
that booster-kill applications of a 
charged-particle beam call for a 
scale-up in accelerator voltage by at 
least one order of magnitude, in 
pulse duration by at least two orders 
of magnitude and in average power 
by at least three orders of magnitude. 
Discrimination between targets and 
decoys requires a scale-up in pulse 
duration by at least two orders of 

magnitude and in average power by 
at least two orders of magnitude. 

Charged-particle beams have the 
limitation that they are bent by the 
magnetic field of the earth. More
over, they tend to "blow up," or be 
unstable, as a consequence of the re
pulsive force between charged par
ticles that have the same sign. At
tempts to compensate for both prob
lems have been made using laser 
beams. The basic idea is to create in 
a gas an ionized channel that guides 
a high-energy electron beam, just as 
an optical fiber guides a light beam. 
Such a channel is formed by direct
ing a laser beam through the gas to 
strip the electrons from the gas at
oms. This mechanism for beam gUid
ing has been successfully demon
strated in the laboratory over dis
tances of 95 meters; it would have to 
be effective over distances of 1,000 
kilometers for ballistic-missile de
fense applications. Furthermore, the 
laser-created plasma channel for 
guiding electron beams cannot be 
used at altitudes so high that there is 
little gas to ionize but where the ef
fects of the earth's magnetic field are 
still felt. Also, at low altitudes the 
high density of gas results in beam 
instabilities. 

Because neutral-particle beams are 
not affected by magnetic fields, in
vestigators have turned toward de
veloping them. To generate a neutral 
beam, a beam of negative ions (atoms 
that have an excess electron) is first 
accelerated to the required energy, 
directed and focused, and the extra 
electron is then stripped away. We 

FREE-ELECTRON LASER called PAlADIN at the Lawrence liver

more National Laboratory radiates in the infrared portion of the 

electromagnetic spectrum. A beam of electrons is accelerated 

to energies of 50 million electron volts (MeV). The electrons 

then pass through the series of ''wiggler'' magnets shown here. 

The magnets cause the electrons to vibrate and emit radiation. 
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estimate that neutral-particle beam 
accelerators operating at the neces
sary current levels must be scaled up 
by at least two orders of magnitude 
in both voltage and the rate at which 
they can deliver a beam. The pOint
ing accuracy and the rate at which 
the devices can be retargeted must 
be improved considerably. Another 
drawback of neutral-particle beams 
is that they interact strongly with all 
matter. At lower altitudes, where the 
gas density is substantial, the atmos
phere strips the neutral particles of 
their outer electrons. As a result a 
neutral-particle beam can become a 
charged-particle beam and inherit 
the latter's limitations. Neutral-parti
cle-beam devices would have to be 
based in space. 

No matter how a strategic-defense 
system seeks to kill a missile-be 

it with lasers, particle beams, rockets 
or electromagnetic guns-that sys
tem can be no more effective than its 
ability to detect and track its target. 
In order to ensure that 90 percent of 
the incoming missiles are destroyed 
during the boost and postboost de
ployment phases, for instance, well 

CONJUGATE 
WAVEFRONT 

RECONSTRUCTOR 

over 90 percent of the missiles must 
first be detected. In addition the abili
ty to track and destroy a target dur
ing the midcourse phase depends 
on knowing with high precision the 
target's trajectory during the boost 
phase. Of even greater importance is 
the need to maintain low false-alarm 
rates so that a defense system against 
ballistic missiles is not activated in 
peacetime. 

A missile is typically tracked dur
ing its boost phase by detecting the 
intense infrared radiation from its 
booster plume. The position of the 
missile within the plume depends in 
a complex way on altitude, missile 
type and the kind of rocket motor 
and fuel. As a consequence the pre
cise location of the missile is suscep
tible to variation by the offense that 
cannot be predicted by the defense. 
Infrared tracking of missile plumes 
will have to be supplemented by oth
er means to ensure that the precise 
aiming requirements of directed-en
ergy weapons are met. 

Tracking requirements also pose a 
challenge during the postboost and 
midcourse phases. Because of the 
weak thermal signatures of post-

CROSS-LINK 

ATMOSPHERIC TURBULENCE 

LASER 

EARTH 

boost and reentry vehicles, thermal 
detectors will have to be supplement
ed with microwave or optical radars. 
A large number of space-based plat
forms carrying the detectors would 
be needed. Such platforms could per
haps contain supplementary detec
tors for tracking during the boost 
phase as well. 

In the midcourse phase an addi
tional challenge confronts the de
fense: reentry vehicles must be dis
tinguished from decoys, and many 
options are available for confusing 
or saturating defensive detectors. Di
rected-energy technologies may of
fer the possibility of identifying de
coys. Particle beams penetrate deep 
into all kinds of material; a neutral
hydrogen beam at from 100 to 400 
million electron volts (MeV) of ener
gy, for example, can penetrate from 
four to 40 centimeters of aluminum. 
Hence particle beams directed at a 
target can sample its contents. The 
kinds of emissions from the target's 
interior could be exploited to de
termine whether it is a decoy. Such 
discrimination would require large 
numbers of additional directed-ener
gy platforms based in space. The 

, �ISSION �IRROR 

TARGET LINK 

ATMOSPHERIC TURBULENCE, which reduces the quality of la

ser beams, could be compensated for by adaptive optics, in this 

case a computer-driven deformable mirror. A signal from a weak 

laser beam directed from the relay mirror to the ground tells the 

wavefront sensor the nature and extent of the atmospheric dis

tortion. A computer then instructs electrically driven devices 
called actuators to deform segments in the mirror, so that the 

more powerful laser beam from the ground is launched with a 

"conjugate distortion": when the beam propagates through the 

atmosphere, the distortion is "undone" and the beam reaches 
the relay mirror undistorted. Although it is currently possible to 

control several hundred actuators at the same time, it is not 

known whether the estimated 10,000 to 100,000 actuators need
ed for purposes of defense can be controlled simultaneously. 
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platforms would have to be able to 
operate in an environment that 
might contain large amounts of nu
clear radiation. The application of di
rected-energy weapons to discrimi
nation is currently in the conceptual 
and early experimental stages. 

A ny strategic-defense system uti
.f"\. lizing directed-energy weapons 
would require significant amounts of 
power. A space platform would need 
from about 100 to 700 kilowatts of 
continuous power to satisfy "house
keeping" functions alone-to control 
altitude, cool mirrors, receive and 
transmit information and operate ra
dars. Since no precise designs for 
these platforms exist, the require
ments stated here should be consid
ered reliable only to within a factor of 
two. In any case such a power level 
could be attained effectively only 
with a nuclear reactor. Each platform 
would need its own reactor, so that 
perhaps 100 or more reactors would 
have to be deployed in space. Meet
ing the challenge means first solving 
many daunting engineering prob
lems that have not yet been ex
plored, such as how to cool large 
space-based nuclear reactors. 

The power requirements during an 
actual engagement could reach from 
100 megawatts to a gigawatt for peri
ods of several hundred seconds, de
pending on the type of space-based 
directed-energy weapon. The power 
would have to come from large 
chemical or nuclear rocket engines, 
which would have to be deployed at 
considerable distances from the plat
forms to avoid mechanical distur
bances. If chemical engines were 
used, the fuel consumption would be 
more than five tons per minute of op
eration per platform. The system for 
transferring energy from the engines 
to the platforms would no doubt be 
complex. The prime power require
ments for space-based directed-ener
gy weapons present significant tech
nical obstacles. 

Another key issue for any ballistic
missile defense system is survivabili
ty. Space platforms would carry such 
delicate instruments as sensors, opti
cal mirrors and radar dishes, many of 
which have considerably lower dam
age thresholds than boosters, post
boost buses and reentry vehicles. Al
though sensors and optical mirrors 
can be shielded during long periods 
of inactivity, they would be exposed 
when put on the alert prior to an im
pending attack. The defense system 
would be vulnerable to assault by 
space- and ground-based directed-

NEUTRAL PARTICLE BEAM at Los Alamos is produced by first accelerating a charged 
beam of negative ions (atoms that have an additional electron). The extra electron is 

then stripped in a gas cell, leaving a neutral beam. The large blue chamber, which is po

sitioned at the end of the accelerator, is used for measuring the energy of the particles. 

energy weapons and kinetic-energy 
weapons. The system would be par
ticularly vulnerable to attack in the 
course of being assembled in space. 
The survivability of a defense sys
tem employing space-based assets is 
highly questionable. 

The survivability of ground-based 
facilities also raises serious issues. 
The facilities would have to be pro
tected successfully from direct attack 
by many threats, including cruise 
missiles and even sabotage. The pro
jected small number of ground-based 
facilities, each of which would have 
to be capable of carrying out the en
tire task of the directed-energy weap
on component of a ballistic-missile 
defense, would put a high premium 
on these sites. 

Survivability is further called into 
question by the simple observation 
that even if a directed-energy weap
on is too weak to serve in a ballistic
missile defense, it may still be power
ful enough in the hands of the offense 
to threaten space-based components 
of a defensive system. Space-based 
platforms move in known orbits and 
can therefore be targeted over longer 

time spans than boosters, postboost 
buses and reentry vehicles. The plat
forms may have key components 
that are more vulnerable than boost
ers and reentry vehicles. Space
based platforms in low orbits can 
also be attacked from shorter ranges 
than those required for boost-phase 
intercepts. Moreover, X-ray lasers 
driven by nuclear explosions would 
constitute a special threat to the deli
cate operation of space-based sen
sors, electronics and optics. 

The issue of strategic and tactical 
environment should also be consid
ered. The development and deploy
ment of an effective ballistic-missile 
defense would occupy many years. 
As a result considerable time will be 
available during which the offense 
can develop countermeasures. Any 
defense will have to be designed to 
handle a variety of such responses, 
yet it seems possible that some unan
ticipated ones could be deployed. It 
is quite conceivable that a directed
energy weapon system designed for 
today's threats will be inadequate for 
one or more of the threats it will face 
when it is deployed. 
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The Large-Scale 
Streaming of Galaxies 

The Milky JiVc1y is traveling through the universe in concert with a 
swarm of other galaxies. The source of the impetus may be a remote 
concentration of mass on a scale that challenges current theory 

T
he origin and fate of the uni
verse are imprinted on the 
motions of its constituents. In 

the early 1920's, soon after the dis
covery that our own galaxy is one of 
billions, it was shown that distant gal
axies are receding in all directions. It 
was evident that the universe is ex
panding and the galaxies are being 
swept apart, carried by a uniformly 
enlarging fabric of spacetime. 

More recently it has become clear 
that galaxies are not at rest with re
spect to this unfolding fabric. They 
show motions of their own, which of
fer insight into the texture of the cos
mos: the extent of its fluctuations in 
mass density. What is already known 
of the motions suggests that matter is 
clumped together on unimaginably 
large scales, reflecting poorly under
stood events in the early universe. 
The motions may also answer a ques
tion about the other end of time: Will 
the expansion of the universe contin
ue, or will the force of gravity ulti
mately stop the expansion or even 
reverse it, causing the universe to 
recollapse into primordial density? 
Several groups, including a group 
to which I belong, are engaged in 
mapping the pattern and scale of the 
cosmic flow. 

The cosmological importance of 
galactic motions was established in 
the early part of this century, when 
the American astronomers Edwin 
P. Hubble and V. M. Slipher began 
measuring displacements of spectral 
lines in the light from other galaxies. 
Such shifts reflect the Doppler effect: 
the change in the wavelength of ra
diation or sound that results from 
motion of the source with respect to 
the observer. Most of the galaxies 
showed a red shift, meaning that the 
lines were displaced toward the red, 
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or longer-wavelength, side of the 
spectrum. A red shift indicates mo
tion away from the observer. 

Sixty years later it is difficult to ap
preciate how radical suggestions that 
other galaxies are receding in all di
rections sounded when they were 
made in the early 1920's. They repre
sented a change in world view in ev
ery way as fundamental as the Co
pernican revolution; the notion of a 
static universe was by then as well 
established as the geocentric uni
verse had been in the 15th century. 
Indeed, Hubble himself at first inter
preted his data as evidence for a mo
tionless universe. He believed he had 
confirmed a theoretical analysis by 
the Dutch mathematician Willem de 
Sitter, who had found a static solu
tion to Einstein's equations of gener
al relativity. By including a term that 
described a dilation of time with in
creasing distance, the analysis gave 
rise to red shifts that increased for 
more distant galaxies, even without 
relative motion. 

By the late 1930's, however, the 
idea that the universe is expanding 
had seized nearly everyone, even 
the recalcitrant Hubble, and measur
ing the red shifts of galaxies at ever 
greater distances was the order of 
the day. When the red shifts of re
mote galaxies were correlated with 
their distances, estimated from their 
apparent brightnesses, a relation 
emerged that was as simple as one 
could have hoped: the recession ve
locity of a galaxy equals its distance 
multiplied by a constant. The impli
cation of this linear relation, known 
as the Hubble law, was clear: the ex
pansion of the universe is uniform. 
A being in a galaxy billions of light
years away would see the same rela
tion between distance and red shift in 

surrounding galaxies as is seen from 
the Milky Way. By the 1970's it was 
generally accepted that the Hubble 
law has a second implication: the ob
served expansion of the universe 
was unleashed some 15 billion years 
ago in an explosive creation event, 
the big bang. 

Even as red-shift data for distant 
galaxies improved, the correla

tion between distance and red shift 
remained disappointingly poor for 
nearby galaxies. Most workers be
lieved the poor correlation reflected 

CELESTIAL HEMISPHERE showing the 

distribution of observed galaxies is cen
tered on the direction of large-scale galac

tic motion. Nearby aggregations of galax

ies such as the Virgo cluster and the Hy
dra-Centaurus supercluster (above) share 

in the motion, which is thought to result 

from the gravitational pull of a vast, dis

tant concentration of mass-the Great At

tractor. The galaxies that densely popu

late the center of the image may belong to 

the Attractor. Ofer Lahav of the University 

of Cambridge made the map by program

ming a computer to merge three galaxy 
catalogues; the dark strip at center is the 

band of sky obscured by the Milky Way. 
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the great difficulty of measuring dis
tances to other galaxies accurately. A 
deeper explanation was also possi
ble. That is, the galaxies themselves 
might have velocities that depart 
from the Hubble relation. As the fab
ric of space expands uniformly, car
rying the galaxies apart just as rai
sins in a cake are carried apart by 
the expanding dough, the galaxies 
themselves might be in motion: they 
could have "peculiar" motions with 
respect to the expanding universe. 
Such motions would be most evident 
in the red shifts of nearby galaxies, 
whose Hubble velocities are relative
ly low, and because they might re-

flect the gravitational effects of an 
uneven distribution of matter, they 
could have considerable cosmolog
ical significance. Nevertheless, the 
issue was not explored for a number 
of decades. 

Investigators were occupied in
stead with a different approach to 
cosmological questions. By studying 
galaxies at ever greater distances, 
observers hoped to push their red
shift measurements back in time. 
The red shift of a distant galaxy, after 
all, betrays not its present velocity 
but its velocity millions or billions of 
years ago, when the light left the gal
axy. Comparing the ancient rate of 

expansion with the rate derived from 
nearer galaxies, it was reasoned, 
would show whether the universe 
will continue to expand, slow to a 
stop or recollapse. 

For 40 years investigators worked 
to wring an answer to this profound 
cosmological question from distant 
red-shift measurements, until it be
came clear that the strategy's funda
mental assumption was unwarrant
ed. Red shift was usually measured 
for the most luminous galaxy in each 
observed cluster of galaxies; these 
brightest galaxies were assumed to 
have the same intrinsic brightness 
whatever their distance. Under that 

47 

© 1987 SCIENTIFIC AMERICAN, INC



assumption one could judge their 
distance from their apparent bright
ness. In the 1970's, however, work
ers realized that such galaxies may 
change in brightness with time as 
their populations of stars evolve. At 
vast removes of distance and time 
they may not serve as reliable "stan
dard candles." 

The frustration of efforts to foresee 
the evolution of the universe by 

measuring red shift at distances of 
billions of light-years led workers to 
take a new look at the motions of gal
axies lying "nearby" -within a few 
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hundred million light-years. Studies 
of neighboring galaxies, after all, can 
answer the same cosmological ques
tion as measurements of ancient ex
pansion rates. If, for example, near
by astronomical objects are being 
pulled through space by the gravita
tional attraction of a concentration of 
galaxies, their velocities can reveal 
the attracting mass. By correlating 
the mass with the observed excess of 
galaxies, one may be able to deter
mine the amount of mass associat
ed with an average galaxy, and from 
that mass calculate the density of the 
local universe. Provided the volume 
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HUBBLE DIAGRAM indicates that galaxies are receding from the earth at speeds pro

portional to their distance, testifying to the uniform expansion of space. The vertical 

axis shows the red shift of sample galaxies: the Doppler shift of lines in their spectrum 

as a result of motion away from the earth. The galaxies' magnitude is plotted along the 

horizontal axis. Each unit of increasing magnitude represents a logarithmic decrease in 
brightness; magnitude gives a rough indication of distance. This Hubble diagram, pub· 

Iished by Milton L. Humason, Nicholas U. Mayall and Allan R. Sandage in 1956, shows a 

feature that puzzled early investigators: low-magnitude (nearby) galaxies have red 

shifts that depart from the linear relation. It now appears that "peculiar" motions of gal

axies through the expanding universe could account for some of the discrepancies. 
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sampled is representative of the uni
verse as a whole, the result can in
dicate whether the pull of gravity 
will be sufficient to halt the cosmo
logical expansion. 

When the study of peculiar mo
tions began in earnest in the 1970's, it 
was generally believed that peculiar 
velocities must be small in relation 
to the Hubble expansion field. Allan 
R. Sandage of the Mount Wilson Ob
servatory, for example, argued per
suasively that if peculiar motions 
of a few hundred kilometers per sec
ond in random directions are com
mon, many nearby galaxies would 
show blue shifts: lines in their spec
tra would be Doppler-shifted toward 
the blue end of the spectrum, indi
cating motion in the direction of the 
earth. Their peculiar velocities in our 
direction, that is, would more than 
compensate for the Hubble expan
sion. The fact that almost all galaxies 
show red shifts allowed Sandage to 
argue that the Hubble flow is a very 
quiet one, from which individual gal
axies vary by less than 100 kilome
ters per second. 

Hence a good deal of skepticism 
greeted Vera C. Rubin and W. Kent 
Ford,]r., of the Carnegie Institution of 
Washington when they reported in 
1975 that our own galaxy has a sub
stantial peculiar velocity: about 500 
kilometers per second, measured 
with respect to a distant frame of gal
axies. Rubin and Ford arrived at their 
result by comparing the red shifts 
of galaxies in a sample distributed 
around the sky. As long as the refer
ence galaxies lie at about the same 
distance from the earth, they rea
soned, a systematic difference in 
their red shifts will reflect the motion 
of our own galaxy. The task was a 
tricky one, however: if the reference 
galaxies on one side of the sky were, 
on the average, farther away than the 
galaxies on the other side, the dif
ference in red shifts would simply 
reflect the Hubble flow and not the 
Milky Way's own motion. 

From among the brightest spiral 
galaxies Rubin and Ford selected 
a class of galaxies whose intrinsic 
brightness was thought to be more or 
less constant. By choosing galaxies 
of the same apparent brightness they 
hoped to gain reference points at 
the same average distance of sever
al hundred million light-years in ev
ery direction. Rather than accept the 
startling conclusion Rubin and Ford 
drew from the observed differences 
in red shift, however, many workers 
preferred to believe they had failed 
in their attempt to construct an equi-
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distant reference frame, perhaps be
cause galaxies are distributed un
evenly within the range of distance 
defined by the brightness criterion. 

Clearly an acceptable frame of ref
erence is necessary to find the 

peculiar motion of our own galaxy. In 
1977 investigators found that the 
cosmic background radiation-the 
faint afterglow of the big bang-can 
provide the frame. The background 
radiation was released some 10 mil
lion years after the creation, when 
the plasma that filled the early uni
verse cooled to form hydrogen at
oms and the universe became trans
parent to radiation. Originally giv
en off in the visible and infrared 
wavelengths, by gas at temperatures 
of thousands of degrees, the radia
tion was drastically red-shifted by 
the rapid expansion of the early uni
verse, so that it reaches the earth to
day at lower energies, in the form of 
microwaves. In frequency it matches 
the radiation emitted by an object at 
a temperature of 2.7 degrees above 
absolute zero. 

A remarkable property of the mi
crowave background is its uniformi
ty: its temperature is virtually con
stant across the entire sky. In 1977, 
however, balloon-borne instruments 
recorded a small but smooth, sinus
oidal variation in the temperature 
across the sky. In one direction the 
radiation is a few thousandths of a 
degree "hotter" than the average; in 
the opposite direction it is cooler by 
the same amount. A straightforward 
explanation was proposed: the radia
tion is blue-shifted in one direction 
and red-shifted in the other by the pe
culiar motion of our galaxy. 

Specifically, the pattern suggests 
the solar system is moving at almost 
400 kilometers per second with re
spect to the microwave background. 
At the same time the solar system is 
orbiting the center of the Milky Way, 
which in turn is drifting toward the 
Andromeda galaxy, its nearest neigh
bor. After corrections for these mo
tions, the microwave result implies 
that the Local Group of galaxies (the 
Milky Way, Andromeda and sever
al neighboring galaxies) is traveling 
through space at 600 kilometers per 
second. It is moving in a direction 
perpendicular to the line of sight be
tween our solar system and the cen
ter of the galaxy, opposite to the di
rection of galactic rotation and about 
27 degrees above the galactic plane. 
The measurement was soon con
firmed, and the notion of a quiet Hub
ble flow was put to rest. For the first 

FIRST CLAIM that the Milky Way is moving through space was made in 1975 by Vera C. 
Rubin and W. Kent Ford, Jr., of the Carnegie Institution of Washington; their observa
tional strategy is shown. They chose a sample of galaxies surrounding the Milky Way at 

a distance intended to be roughly constant. According to the Hubble diagram, the re

cession speed of the sample galaxies should then be the same in all directions (white 
arrows). Actually galaxies on one side of the sky seemed to be moving faster than galax

ies on the other side (red arrows), suggesting that our galaxy is itself in motion. The 
finding was equivocal: if the sample galaxies lay closer to the Milky Way in one direc
tion (broken circle), the observed difference in the recession velocities could be· ex

plained entirely by the Hubble relation between a galaxy's red shift and its distance. 

time since Einstein's theory of rela
tivity undermined the notion of an 
absolute frame of reference, it ap
peared, one had measured an "abso
lute" motion: the motion of the Local 
Group with respect to the universe as 
a whole. 

The microwave result vindicated 
Rubin and Ford's contention that our 
galaxy is in motion, but the particu
lars of the findings disagreed: the two 
velocity vectors pointed in nearly 
opposite directions. Because the evi
dence of the microwave background 
was undeniable, the Rubin and Ford 
report was filed under "Unexplained 
results," and workers turned to a 
new question: What could be respon
sible for the large peculiar motion of 
the Local Group? 

Conceivably the motion could be a 
relic of explosive processes dur

ing the ancient epoch of galaxy for
mation. But peculiar velocities gener
ated eons ago would eventually have 
been lost in the overall expansion of 
the universe. It is more likely that the 
impulse responsible for our galaxy's 
absolute motion is an ongoing one: 
the gravitational attraction of a con
centration of mass. Because most of 
the visible matter in the universe 

is included in galaxies, a region of 
space that contains an excess of 
them is the most reasonable source 
of the attraction. 

How many extra galaxies would be 
necessary to accelerate the Local 
Group to a speed of 600 kilometers 
per second? Newton's laws of gravi
tation indicate that the amount of 
mass needed to produce a given ac
celeration increases as the square of 
the distance. Many workers, unwill
ing to contemplate a large-scale vari
ation in the density of the universe, 
believe. the concentration has to be 
nearby. At a distance of about 30 mil
lion light-years (the distance to the 
nearest cluster of galaxies) the gravi
tational pull of many hundreds of ex
tra galaxies, dcting over the lifetime 
of the universe, could generate the 
observed velocity. At 300 million 
light-years tens of thousands of gal
axies would be needed. 

Several groups are now searching 
for this Great Attractor: the overden
sity of galaxies that has the Local 
Group in its sway. It is not enough to 
construct maps of the sky; they can 
reveal clusters of galaxies and su
perclusters-assemblages of several 
clusters-but not how much mass 
they contain or the magnitude of 
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their gravitational effects. Actually 
the problem is a tougher one than 
measuring the peculiar motion of the 
Local Group alone: to find the Great 
Attractor one must measure the pe
culiar motions of many other galax
ies. Provided the sample is dispersed 
in a volume of space large enough to 
include the overdensity itself, the 
pattern of motions will betray the lo
cation of the attracting mass. 

In practice one measures the ve
locities of galaxies lying at known 
distances within a large volume of 
space. After compensating for the Lo
cal Group's own peculiar motion of 
600 kilometers per second and sub
tracting the fraction of each galaxy's 
recession speed due to the Hubble 
expansion of space, one is left with 
the galaxy's peculiar velocity-un
derestimated, in general, because red 
shift only reveals the component of 
motion toward or away from the 
earth. If the peculiar velocities of gal
axies within a sphere centered on the 
Local Group are similar in direction 
and speed to the Local Group's own 
motion, it is sensible to conclude that 
the Great Attractor lies outside the 
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sphere and is pulling on all the galax
ies in the region. The task is then to 
extend the sphere until the outer
most galaxies are at rest with respect 
to the overall Hubble expansion of 
the universe. 

The resulting sphere includes the 
overdensity responsible for the pe
culiar motion of the Local Group and 
other nearby galaxies. In the direc
tion of the overdensity peculiar ve
locities will increase, as if the galax
ies were falling toward the attracting 
mass. (In fact the distance between 
the attractor and the "infalling" gal
axies may still be increasing because 
of the Hubble flow; the attractor is 
only slowing the flow.) Galaxies be
longing to the attracting mass itself 
will be more or less at rest with re
spect to the microwave background. 

Information of two kinds is need
ed to map the peculiar motions of 

other galaxies. The first is red shift, 
which indicates a galaxy's velocity 
away from the earth. The second is 
distance, from which one can deter
mine how much of the red shift is 
accounted for by the expansion of 

space. Hence the strategy requires a 
good method for estimating distance, 
because a galaxy's peculiar velocity 
may be only a small fraction of its ob
served velocity. 

Instead of taking particular kinds 
of galaxies as standard candles, as
sumed to have a constant intrinsic 
brightness, workers sought a more 
empirical and testable method for 
estimating distances. The trick was 
to find a measurable parameter that 
bears a fixed relation to the intrinsic 
brightness of a galaxy and is not af
fected by its distance. The first such 
parameter to be applied to the task 
of measuring peculiar velocities was 
the rotation speed of spiral galax
ies. The correlation between rota
tion speed and galaxy brightness is 
known as the Tully-Fisher relation. 

The Tully-Fisher relation follows 
naturally from Newtonian mechan
ics. The rotation speed of a spiral gal
axy is actually a measure of the orbit
al velocities of stars in the galactic 
disk. Orbital velocity should depend 
only on the mass of the galaxy, as
suming that all spirals have similar 
mass densities. If one also assumes 

TEMPERATURE OF THE MICROWAVE BACKGROUND was conclusive evidence that 

our galaxy has an absolute motion. The background is a faint relic of radiation that 

streamed in all directions through the uniformly hot and dense gas of the early uni

verse. A 360-degree panorama of the microwave sky (top), its equator aligned with the 

plane of the galaxy, shows that this uniform signal is "hotter" by a few thousandths of a 

degree in one direction (white) than in the opposite direction (dark blue). The variation 

is thought to be a Doppler effect resulting from the motion of our galaxy with respect 
to the universe as a whole (left). The map was made by Dale Fixsen, Edward S. Cheng and 

David T. Wilkinson of Princeton University from data gathered by balloon-borne instru

ments; the gap at the bottom reflects incomplete data from the Southern Hemisphere. 
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that such galaxies produce the same 
amount of light for a given amount of 
mass, then rotation speed can serve 
as an indication of a galaxy's intrinsic 
brightness. 

The method and its inherent as
sumptions can be tested by compar
ing rotation rate with brightness for a 
large sample of galaxies in a single 
cluster; because such galaxies lie at 
about the same distance from our 
galaxy, their apparent brightness 
will be proportional to their intrinsic 
brightness. Rotation rate, like reces
sion speed, can be deduced from a 
galaxy's spectrum. The difference 
in the Doppler shift of light or radio 
waves coming from opposite sides of 
a rotating galaxy causes a broaden
ing of spectral lines. After a correc
tion is made for the angle between 
the rotating galaxy and the line of 
sight, the degree of broadening indi
cates the rotation speed. Marc Aaron
son of the University of Arizona,Jere
my Mould of the California Institute 
of Technology, John P. Huchra of 
the Harvard-Smithsonian Center for 
Astrophysics and their collaborators 
have found that the rotation speeds 
and the observed brightnesses of gal
axies in the Coma cluster and in sev
eral others depart from a strict corre
lation by no more than 20 percent. 

The distance to any other spiral 
galaxy can be estimated by using 
cluster samples as benchmarks. Af
ter measuring the rotation rate of the 
galaxy, one refers to the Tully-Fisher 
relation for, say, the Coma cluster to 
find the brightness of a reference gal
axy that has the same rotation rate. 
Comparing the brightness of the ob
served galaxy with that of the refer
ence galaxy gives the distance of the 
observed galaxy in terms of the clus
ter. The distance to the Coma clus
ter itself has not been measured, 
of course-only its Hubble velocity 
of 7,200 kilometers per second. It 
is therefore conventional to express 
the distance of the observed galaxy 
in terms of its expected Hubble ve
locity. Peculiar motion is then simple 
to compute, by subtracting the gal
axy's expected velocity from its actu
al velocity. 

There are several complicating fac
tors. The Tully-Fisher relation suffers 
from an intrinsic uncertainty of 20 
percent for each observed galaxy. 
Moreover, the reference cluster itself 
may have a peculiar motion: not all 
the Coma cluster's velocity of 7,200 
kilometers per second may be due 
to the Hubble flow. To compensate 
for these sources of error, many gal
axies must be studied over a broad 

STRATEGY FOR FINDING THE GREAT ATTRACTOR-the concentration of mass re

sponsible for the peculiar motions of the Milky Way and many other galaxies-is dia

grammed. One deduces the absolute motions (while arrows) of galaxies in successively 
larger volumes of space from the component of motion that is measurable directly, 
based on galactic red shift: peculiar motion toward or away from the earth (red arrows). 
If all the galaxies in a spherical region show similar peculiar velocities, the Great Attrac

tor presumably lies beyond the observed galaxies and is pulling on all of them. By ex

tending the observations until the average peculiar velocity (blue arrows) of the most 

distant galaxies approaches zero one gets a sphere that includes the Great Attractor. 

area of sky and several different ref
erence clusters must be employed 
before one can expect statistically 
significant results. 

In 1982 Aaronson, Huchra, Mould, 
Paul L. Schechter of the Mount Wil

son and Las Campanas Observatories 
and R. Brent Tully of the University of 
Hawaii at Honolulu applied the Tully
Fisher relation in the first effort to 
identify a cause for the Local Group's 
peculiar motion. In the local gal
axy distribution the most visible fea
ture-and presumably the most mas
sive one-is the Virgo cluster and its 
entourage of galaxies, named the Lo
cal Supercluster by Gerard de Vau
couleurs of the University of Texas at 
Austin. The center of Virgo, between 
40 and 80 million light-years distant, 
lies about 50 degrees away from the 
direction of the microwave dipole, 
which suggested that not all the Lo-

cal Group's motion could be attribut
ed to the Local Supercluster. An ex
plicit goal of the Aaronson study was 
to find out just how much of the mo
tion it is responsible for. 

The investigators mapped the pe
culiar velocities of several hundred 
spiral galaxies at various distances 
from the center of the Local Super
cluster. Stepping out from the Local 
Group toward Virgo, the observa
tions showed that velocities in that 
direction increase steadily. On the far 
side of Virgo the velocity pattern was 
reversed. The observations thus 
showed a clear "deceleration pat
tern" in the supercluster; overdensi
ty is slowing the Hubble expansion in 
that region of space. 

The study provided a convincing 
demonstration that regions of over
density can generate peculiar veloci
ties over a broad area. But what did 
it say about the origin of the Local 
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Group's motion with respect to the 
microwave background? The pecu
liar velocity of the Local Group im
plies more than 400 kilometers per 
second of motion in the direction of 
the Local Supercluster. The Aaron
son group's study, like several later 
ones, found that the Local Group's 
motion in the direction of Virgo 
amounts to only about 250 kilome
ters per second. Aaronson and his 
colleagues assumed the discrepancy 
Simply reflected measurement errors 
and random motion of the Milky 
Way. It could also indicate, however, 
that the Local Supercluster itself hqs 
a velocity of at least 150 kilometers 
per second with respect to the micro
wave background. If a mass as large 
as an entire supercluster could have 
a significant peculiar velocity, the 
universe might be lumpy on scales 
larger than anyone had suspected
an implication that was not taken 
very seriously at the time. 

By 1982, then, it was clear that the 
Local Supercluster does impart a pe
culiar motion to the Local Group, but 
it was not at all clear that the "kick" 
accounts for the Local Group's veloc
ity even in the direction of Virgo. The 
bulk of the motion, of course, is ori-
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ented in quite a different direction 
and therefore calls for another expla
nation. Several astronomers noted 
that if one subtracts a vector repre
senting a motion of 250 kilometers 
per second in the direction of Virgo 
from the vector derived from the mi
crowave background, the remaining 
velocity vector points toward Hy
dra-Centaurus, the next-closest su
percluster. They suggested that this 
overdensity, which lies about twice 
as far away as the center of the Lo
cal Supercluster, is the major culprit 
in the pattern of peculiar motions. A 
disturbing corollary of this attrac
tively simple model is that to ac
count for the observed velocities 
Hydra-Centaurus must be 10 times 
as massive as the Local Superclus
ter-much more massive than its lu
minosity suggests. 

The first test of this explanation 
was mad� by David Burstein of 

Arizona State University, Roger Da
vies of the National Optical Astrono
my Observatories, Sandra M. Faber of 
the University of California at Santa 
Cruz, Donald Lynden-Bell of the Uni
versity of Cambridge, Roberto Ter
levich of the Royal Greenwich Ob-
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ROTATION RATE (KILOMETERS PER SECOND) 

TULLY-FISHER RELATION is the relation between luminosity and rotation rate that 

characterizes spiral galaxies; it serves as a tool for estimating cosmological distances. 

The relation follows from the fact that both the luminosity of a galaxy and the orbital 

velocity of the stars in its· arms are determined by galaxy mass. The galaxies plotted 
here belong to the Pisces cluster; the distance to any other spiral galaxy in terms of Pi

sces can be estimated by comparing the spiral's apparent brightness with that of a Pi

sces galaxy having the same rotation rate. The graph is from work by Marc Aaronson of 

the University of Arizona and Jeremy Mould of the California Institute of Technology. 
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servatories, Gary A. Wegner of Dart
mouth College and me. The group, 
dubbed the Seven Samurai by our 
colleagues, is completing a five-year 
study of the distances and peculiar 
motions of about 400 galaxies. Work
ing with telescopes in the U.S., Chile, 
Australia and South Africa, we have 
observed galaxies spaced more or 
less uniformly in every direction, 
throughout a volume with a diame
ter of more than 10,000 kilometers 
per second (several hundred million 
light-years). That volume encloses 
the Hydra-Centaurus supercluster, 
and so the study is capable of show
ing whether this supercluster is at 
rest while the Local Group and test 
galaxies in the direction of Hydra
Centaurus are being drawn toward it. 

Our study differs from earlier ones 
in that it extends to a significantly 
greater average distance and sur
veys the sky uniformly. It also differs 
in that it employs elliptical galaxies, 
for which we have developed a new 
technique of estimating distances. 
Like the Tully-Fisher method for spi
ral galaxies, the technique is found
ed on a parameter deduced from the 
Doppler broadening of spectral lines. 
Elliptical galaxies do not rotate; in
stead the broadening results from 
variations in the line-of-sight veloci
ties of an elliptical galaxy's stars, 
which follow randomly directed, 
plunging paths. 

Measuring this velocity dispersion 
is in some ways a simpler task than 
measuring the rotation rate of a spiral 
galaxy, since the observer does not 
have to correct for the angle from 
which the galaxy is seen or contend 
with the obscuring dust that fills the 
arms of a spiral. In observations of el
liptical galaxies in clusters we found 
that the velocity dispersion corre
lates well with the diameter of the 
galaxy, defined as the angular diam
eter of the region having a specific 
average surface brightness. Like the 
Tully-Fisher relation, this new rela
tion makes it possible to estimate the 
distance of a test galaxy with an ac
curacy of 20 percent; one measures 
the velocity dispersion and com
pares the apparent diameter of the 
galaxy with the diameter of a match
ing galaxy in a reference cluster. 

When we estimated the distances 
of ellipticals in the region of Hy
dra-Centaurus and determined how 
much of their red shifts reflect pecu
liar motion, we were surprised to find 
that the sample galaxies in that re
gion of the sky are not at rest. They 
are themselves moving with respect 
to the microwave background, per-
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haps even faster than the Local 
Group and in about the same direc
tion. Instead of being the attractor, it 
seems that Hydra-Centaurus is itself 
in the grip of a still more distant 
and more massive overdensity. Gal
axies in the Pavo-Indus Supercluster, 
which lies at about the same distance 
as Hydra-Centaurus but about 50 de
grees away on the other side of the 
galactic plane, are also in motion, ap
parently under the influence of the 
same distant attractor. 

Thus the Local Group's peculiar 
motion is typical of galaxies over a 
much larger volume of space than 
had been supposed. The finding an
swers Sandage's argument that the 
paucity of galaxies showing blue 
shifts is evidence that peculiar mo
tions are rare. Large peculiar mo
tions, on the contrary, are routine, 
but because they are coherent over 
huge volumes of space, they do not 
cause neighboring galaxies to con
verge on the Milky Way. 

Our picture, moreover, is a radical 
departure from suggestions that the 
Local Group's motion reflects density 
fluctuations on a modest scale. Just 
as the nearest overdensity, the Local 
Supercluster, turned out not to be the 
Great Attractor, so it appears that the 
Hydra-Centaurus supercluster-the 
next candidate in order of distance
has been found innocent. The Great 
Attractor seems to be farther away 
and hence more massive than we 
had dared to imagine. Indeed, we 
now have a new candidate. At the 
limits of our data, at about twice the 
distance of Hydra-Centaurus but in 
the same direction, the peculiar ve
locities of galaxies seem to decline, 
suggesting that we are approaching 
the Great Attractor itself. 

At that distance the Attractor 
would have to include several tens of 
thousands of excess galaxies-about 
20 times the excess mass of the Local 
Supercluster. Efforts are now under 
way to confirm our result, using the 
Tully-Fisher relation for spiral gal
axies, and also to detect this mas
sive concentration of galaxies di
rectly. Recently I measured the red 
shifts of about 500 galaxies in the di
rection of the Great Attractor to get 
rough indications of their distances. 
The galaxies are indeed concentrat
ed at about twice the distance of Hy
dra-Centaurus. 

O ur group and other groups have 
surveyed the universe out to 

great distances in search of an "iner
tial frame" of galaxies: a frame that is 
at rest with respect to the microwave 

PECULIAR MOTIONS of galaxies out to a distance of several hundred million light

years, corresponding to a recession velocity of more than 8,000 kilometers per second, 

were charted by the author and his colleagues. The length of the line associated with 
each galaxy indicates the magnitude of its peculiar motion; red indicates motion away 
from the earth and blue motion toward the earth. The Milky Way's absolute motion of 

600 kilometers per second is also indicated. The data show that galaxies out to great 

distances, including the Virgo cluster and the Hydra-Centaurus supercluster, are mov
ing in much the same direction as the Milky Way and its neighbors, and about as fast. 

background. Saying that we have not 
yet found such a frame is equivalent 
to saying that our observations do 
not enclose a representative piece 
of the universe. We have not yet 
reached the scale on which the uni
verse becomes homogeneous. 

There is some evidence that work
ers are finally approaching that elu
sive scale, on which density fluctua
tions are small and peculiar veloci
ties average to zero. The Aaronson 
group, employing the Tully-Fisher 
relation, searched for peculiar mo
tions in spiral galaxies belonging to 
10 clusters about twice as distant as 
the most distant elliptical galaxies in 
our sample. Within errors, the spiral 
sample seems to be at rest with re
spect to the microwave background. 
Because the galaxy clusters populate 
only a narrow band in the sky, how
ever, follow-up studies with broader 
coverage will be needed to confirm 
the finding. 

Wherever the inertial frame turns 
out to lie, we have already estab
lished that even on a scale of hun
dreds of millions of light-years the 
universe is made up of overdense re
gions, as well as regions relatively 
empty of matter. If our results are 
verified, they will point to structures 
many times larger than the largest 
features that have been mapped di
rectly, such as the cells of the "bub
ble universe" described in 1986 by 
Huchra, Valerie de Lapparent and 
Margaret ]. Geller of the Harvard
Smithsonian Center for Astrophys
ics. Those smaller-scale structures al
ready present a serious challenge to 
theoretical accounts of events in the 
early universe, when the density 
fluctuations would have originated. 
Our findings amplify the challenge. 

Such theories, after all, must also 
be able to account for structure on 
the small scale of galaxies and for the 
uniformity of the microwave back-
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ground, which limits the kinds of in
homogeneities that could have exist
ed in the early universe. Many such 
accounts assume the existence of 
some form of dark matter: nonlumi
nous matter that many astrophysi
cists believe makes up between 90 
and 99 percent of the mass of the uni
verse [see "Dark Matter in the Uni
verse," by Lawrence M. Krauss; SCI
ENTIFIC AMERICAN, December, 1986]. 
One observed particle, the neutrino, 
and a number of hypothetical ones 
have been proposed as the carrier of 
the missing mass, and models based 
on various dark-matter candidates 
predict various spectra of density 
fluctuations in a big-bang universe as 
it expanded and cooled. Even the 

most successful of these theories, 
however, have not been able to sat
isfy all the observational constraints 
simultaneously. 

Further observations of peculiar 
motions will lay the groundwork for 
a sounder theoretical understanding 
of the formation and early evolution 
of the universe. It is even possible 
that they will extend our theoretical 
grasp of events at the other end of 
time. Many theorists now propose 
that the mass density of the universe 
is exactly what is needed to cause the 
cosmological expansion to coast to a 
stop in the distant future (a proposal 
that also has powerful implications 
for processes during the big bang). 
Estimates of the mass density based 

on observations of a single galaxy or 
a group of galaxies consistently give 
a value too small to slow the expan
sion effectively. Our study and other 
attempts to measure the density of 
matter on the largest scales, howev
er, point to an overall density close to 
the critical value, and perhaps to a 
universe in perfect balance. 

Exploring the universe is a human 
enterprise. After this article was 

written Marc Aaronson, whose work 
figures prominently here, died in an 
accident at the four-meter telescope 
at the Kitt Peak National Observa
tory. He was a friend and respected 
colleague, and I shall miss him. 

ABSOLUTE MOTION OF THE LOCAL GROUP (the Milky Way 

and neighboring galaxies) is superposed on smaller-scale rela

tive motions. An earthbound observer must take into account 

the 30 kilometers per second at which the earth orbits the sun 

(a), the 230 kilometers per second of the solar system's progress 

around the center of the Milky Way (b) and the 40 kilometers per 

second at which the Milky Way is drawn toward the Andromeda 

galaxy, its nearest neighbor (c). Meanwhile the Local Group is 

moving at 600 kilometers per second with respect to the fabric 
of space. The gravitational attraction of the Virgo cluster may ac

count for one component of the motion, but a much larger com

ponent is directed toward the Hydra-Centaurus supercluster, 

which is itself moving. Recent results suggest the Local Group, 
Virgo and Hydra-Centaurus (and also many other galaxies) are in 

the gravitational grip of a vast concentration of galaxies at about 
twice the distance of Hydra-Centaurus: the Great Attractor. 
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Reverse Transcription 
Years ago a group of viruses was found to convert RNA into DNA, 
reversing the usual sequence of molecular events. Now it appears 
this process is native to other viruses and many higher organisms 

The hereditary material of virtu
ally all living things consists of 
two strands of DNA twisted 

into a double helix. The genes en
coded in the double helix control cel
lular activity through two processes: 
transcription, in which DNA mole
cules give rise to RNA molecules, fol
lowed by translation, in which RNA 
directs the synthesis of proteins. This 
DNA-RNA-protein pathway is almost 
universal. 

There are, however, a few excep
tions. Some groups of viruses main
tain their genetic heritage in RNA 
rather than in DNA. The genomes of 
these viruses, which occur in plants, 
animals and bacteria, can be either 
single- or double-strand. RNA stores 
and transmits information in much 
the same format as DNA does; hence 
the life cycle of RNA viruses is not too 
different from that of DNA virus
es. Most merely bypass the step in 
which RNA is transcribed from DNA. 

One subclass of RNA viruses, the 
so-called retroviruses, strays still far
ther from the conventional path. Ret
roviruses are capable of making DNA 
from RNA; in fact, a retrovirus's first 
maneuver on infecting a cell is to 
generate a DNA replica of its RNA ge
nome. This viral DNA joins the host 
cell's DNA and proceeds to direct the 
production of new viruses. 

The retrovirus family is wide
spread in nature and diverse in path
ological potential. Its members in
clude agents that cause leukemia in 
mice and chickens as well as the vi
rus that causes AIDS in human be
ings. The distinguishing feature of 
these viruses, the ability to convert 
RNA into DNA, is known as reverse 
transcription. 

Reverse transcription was first rec
ognized 17 years ago. For about a 
decade investigators assumed that 
the phenomenon was unique to ret
roviruses, and studies of the process 
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were therefore confined to those vi
ruses and the animal cells they infect. 
More recently, however, evidence 
from many quarters has made it clear 
that reverse transcription takes place 
under the direction of other viruses 
and even in the uninfected cells of 
yeast, insects and mammals. The oc
currence of reverse transcription 
outside the life cycle of a virus may 
help to explain many diverse and 
perplexing observations, but it may 
also raise just as many questions as 
it answers. 

like all viruses, retroviruses enter a 
Lcell and induce it to copy and 
express their genes, assembling new 
virus particles with protein coats 
and RNA cores. Most RNA viruses re
produce only briefly in an infected 
cell before it dies; retroviral infec
tion, however, is stabler and less in
jurious to a cell, so that retroviruses 
are often produced in great numbers 
without killing the cell host. 

In 1970 Howard M. Temin of the 
University of Wisconsin and David 
Baltimore of the Massachusetts In
stitute of Technology independent
ly noted an enzyme in certain RNA 
viruses that could construct double
strand DNA molecules from single
strand RNA templates [see "RNA
directed DNA Synthesis," by Howard 
M. Temin; SCIENTIFIC AMERICAN, Janu
ary, 1972]. The enzyme came to be 
known as reverse transcriptase and 
the viruses that contained it were 
called retroviruses. 

Several years earlier Temin had ar
gued that the stable form of ret rovira I 
genes in an infected cell is not RNA 
but DNA. At the time, however, no 
enzyme was known to copy RNA into 
DNA. Temin's theory was vindicated 
with the discovery of reverse tran
scriptase. Subsequent studies dem
onstrated that the DNA form of retro
viral genes is inserted into the host 

cell's chromosomes. The integrated 
DNA, called the provirus, issues in
structions for virus production from 
its seat in the host genome. 

These initial reports stirred great 
interest in reverse transcriptase. To
day its biochemical behavior, its re
quirements for activity and its re
sponse to many drugs have been 
characterized. It is known, for exam
ple, that the curious retroviral en
zyme depends on short pieces of 
RNA as "primers" to help it initiate 
DNA synthesis and that it cuts up 
longer pieces of viral RNA to supply 
some of the primers. 

Still, the early studies did not hint 
at a role for reverse transcription out
side the realm of retroviruses. The 
first clues to a wider scope came 
in the late 1970's from biochemical 
studies of the retroviral DNA synthe
sized by reverse transcriptase. In the 
laboratory I shared with J. Michael 
Bishop at the University of California 
at San Francisco School of Medicine 
and in John M. Taylor's laboratory 
at the Institute for Cancer Research 
in Philadelphia the structure of this 
DNA was gradually elucidated, with 
unexpected results. Our experiments 
revealed that the linear, double
strand forms of retroviral DNA have 
the same set of sequences at each 
end; that is, the nucleotides that are 
the links in DNA chains appeared to 
be identical over two regions sever
al hundred nucleotides long. These 
regions are called long terminal re
peats, or LTR'S. 

Initial descriptions of long termi
nal repeats were based on relatively 
crude mapping of the few copies of 
viral DNA found in infected cells. Lat
er several laboratories, including my 
own, carried out exact determina
tions confirming that long terminal 
repeats on each end of a DNA strip 
were in fact identical nucleotide for 
nucleotide. It also became apparent 

© 1987 SCIENTIFIC AMERICAN, INC



PARTICLES IN YEAST CELL are workstations for reverse tran- are generated by genetic elements in the cell's own chromo
scription_ The particles (left) resemble those of a retrovirus but somes_ The DNA they make is inserted into the chromosomes_ 
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that some sequences near the edge of 
each LTR are identical if they are read 
in opposite directions; these were 
termed inverted repeats. Further se
quence determinations revealed that 
the long terminal repeats of integrat
ed DNA are flanked by the same 
short sequence from the host ge
nome. Apparently the nucleotides at 
the integration site on the host chro
mosome are duplicated when the vi
ral DNA is inserted. 

Although the descriptions of LTR'S, 

CYTOPLASM 

inverted repeats and host duplica
tions were important to an under
standing of the retrovirus life cycle, 
they had even more intriguing ram
ifications. The analyses highlighted 
several similarities between retrovi
ral DNA and certain genetic elements 
that are permanent but mobile fea
tures of the chromosomes of most 
or all organisms. Called transposable 
elements, or transposons, they have 
been described in bacteria, yeast, 
plants, insects and vertebrates; they 

are notable for their tendency to 
switch position in a cell's genome. 
Transposable elements usually pos
sess "special" ends of some kind and 
many have LTR'S, inverted repeats 
and short duplications of sequences 
at the integration site. 

The newly perceived relation be
tween proviruses and transpos

able elements suggested that reverse 
transcription might be part of the 
mechanism by which some of the 

-------------------------1 

I 14\1\fV'� • VIRAL RN� � REVERSE TRANSCRIPTION ! 
� � � • � VIRt DNA 

LONG TERMINAL REPEAT INVERTED REPEATS I 
------------------------� 

. � 

TRANSCRIPTION 
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LIFE CYCLE OF RETROVIRUS is characterized by reverse tran
scription from RNA (red) to DNA (blue). The retroviral DNA, 
which includes genes for several proteins, is flanked by identi
cal sequences known as long terminal repeats; within these are 

the so-called inverted repeats. When retroviral genes are inte
grated into the host DNA (gray), the host sequence at the integra· 
tion site also gets duplicated. Only some repeat sequences ap
pear in the transcribed RNA, which is packaged in viral proteins. 
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elements move. Other circumstan
tial evidence implicated reverse tran
scription. In the transposons of yeast 
and flies, the nucleotide sequences 
in the inverted repeats and adjacent 
to the inner boundaries of the LTR'S 
were very similar to those at anal
ogous positions in proviruses. Se
quences at these boundaries are im
portant because in retroviral DNA 
they are the sites where reverse tran
scription begins and proviral integra
tion takes place. In addition, comput
er analysis of the proteins encoded 
by such transposable elements has 
revealed remarkable similarities be
tween these gene products and the 
retroviral proteins responsible for re
verse transcription, integration and 
protein processing [see illustrations on 
page 63]. 

Although they were provocative, 
the observations called for more per
suasive evidence. Some investiga
tors concentrated on a transposable 
element known as copia in the cul
tured cells of fruit flies. In 1981 An
drew Flavell and David Ish-Horowicz 
of the Imperial Cancer Research 
Fund in London devised a way to de
tect unintegrated forms of copia DNA; 
they then discovered that the uninte
grated copia DNA looks much like the 
unintegrated retrovirus DNA in new
ly infected cells. Of course, mecha
nisms other than reverse transcrip
tion could have generated the copia 
DNA. A more powerful argument for 
the involvement of reverse transcrip
tion came from functional studies of 
the yeast transposable element Ty. 

The experiments, done by Jef D. 
Boeke, David]. Garfinkel and Cora A. 
Styles in Gerald R. Fink's laboratory 
at M.LT., exploited the properties of 
genetic entities known as promoters 
and introns. Promoters are DNA se
quences that regulate the expression 
of adjacent coding regions. Boeke, 
Garfinkel and Styles attached to the 
Ty transposable element a promoter 
that enhanced the transcription of Ty 
when yeast cells were exposed to a 
sugar called galactose. In this way 
they could indirectly manipulate the 
transcription of Ty by controlling the 
amount of galactose in the growth 
medium: more galactose resulted in 
more Ty RNA. 

Boeke and his colleagues varied 
the galactose content in the yeast's 
medium and then examined the mod
ified cells for signs of transposition 
events. They showed that the ap
pearance of a Ty element at a new po
sition is dependent on the amount of 
galactose that is present and there
fore on the amount of Ty RNA that is 

NORMAL YEAST TY ELEMENT 

� +GALACTOSE 

2 

3 

TY EXPERIMENT implicated reverse transcription in the transposition, or movement, 
of a yeast genetic element called Ty (dark gray) from one chromosome to another. Ty 
was "remodeled" with a galactose promoter (blue) that regulates transcription accord· 
ing to the amount of sugar in the yeast's environment. A noncoding DNA sequence 
called an intron (purple), which is excised from transcribed RNA, was also added. Then 
the yeast carrying the remodeled Ty element was exposed to galactose (1). When inves
tigators looked for newly generated copies of the Ty element, they found that the num
ber of transposition events varies with the amount of galactose and that transposed Ty 
elements have no introns. Hence the Ty element must be transcribed into RNA, proc
essed and reverse-transcribed (2) before it is inserted into another chromosome (3). 
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Cars have come a long way on two 

wheels.They handle better today than 
ever before. Their suspension systems 
are proven on the racecourses of the 
world. T ire design is its own science. 

So automotive engineers started to 
look behind them. And saw something. 

They knew that the rear wheels 
can play a vital role in the way a car 
handles. That all four wheels should 
work together effectively. 

It's a reasonable assumption. When 
you turn your car, the front wheels 
change direction. They point to where 
you want to go.The rear wheels remain 
fixed in a straight line. They have to 
wait until the car body begins to turn 
before they change direction. 

That means there are two forces 
acting upon your car in any turn. And 
always one acts after the other. 

That's why your car sways when 
you change lanes. Why it doesn't turn 
as sharp when parking. The back end 
is trying to catch up with the front. 
I!JCt<l87ArnericanI-bldaMoCOfCo..Jnc 

Four-wheel steering would change 
all this. There would be no delay when 
you make a turn because all the wheels 
would turn at the same time. Turning 
forces would be equal. 

Honda engineers thought about this 
for ten years. They found the answer. 

They called it steer-angle 
dependent four-wheel steering. 
Here is how it works: 

The rear wheels are linked 
directly to the front wheels by 
a steering shaft, gears and rods. 
There are no computers, wiring 
or electronic black boxes. The 
Honqa system is mechanical 
and sure. Now comes the amazing part. 

How far you turn the steering 
wheel determines which way the rear 
wheels turn. And how much they turn. 

Turn the steering wheel a little 
and the rear wheels turn a little in the 
same direction as the front wheels. 
Turn it all the way and the rear wheels 
turn in the opposite direction.There is 
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a big reason for this amazing turn of 
events.When the rear wheels point in 
the same direction as the front wheels, 
there is no delay in the car's turning 
motion.The car will turn immediately. 

You need that for high-speed 
maneuvers like lane changes.Then you 

quickly crab over into the next 
lane. With less body sway. 

But low-speed maneuvers 
are another thing. A car can't 
turn corners as sharply if the 
front and rear wheels point 
in the same direction. Now 
they need to turn in opposite 
directions. For example, the 

front wheels turn right and the rear 
wheels turn left. The car will then turn 
in a tighter circle. 

Four-wheel steering lets you drive 
smoothly through gentle curves. Lane 
changes are more stable. You aren't 
constantly correcting the steering in a 
straight line. The car tracks better. 
That last part is important when you're 

• 

driving long distances. You work less 
and arrive more relaxed. 

On slippery surfaces, the car is less 
likely to fishtail. Parking is a breeze. So 
is getting through a packed parking lot. 
U turns become u turns. 

This year we introduce our latest 
technological advancement on our 
most technologically advanced car. The 
Prelude Si 4WS. It has been refined 
and redesigned. The hoodline is lower 
yet. The suspension includes double 
wishbone on all four wheels. From the 
racecourses of the world. 

There is a new double overhead 
cam engine with sixteen valves. And 

a new available automatic transmission. 
Honda technology keeps Honda 

cars far ahead of the others. Often by 
years. Four-wheel steering promises 
the turn of the century. 

mm�m!i! 
The Prelude Si 4WS 
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generated. Their results suggested 
that the transposition of Ty DNA re
quires an RNA intermediate. 

This conclusion was strengthened 
by experiments in which the M.LT. 
investigators inserted an intron into 
the remodeled Ty element. Introns 
are stretches of noncoding DNA that 
are scattered throughout the genes of 
higher organisms. After a gene has 
been transcribed into RNA the seg
ments of RNA derived from introns 
are spliced out of the molecule, leav
ing a coherent, processed strand of 
"messenger" RNA. Boeke and his co
workers noted that the intron they 
introduced into the Ty DNA was ab
sent from new copies of transposed 
Ty DNA. Somewhere in the course 
of transposition the intron had been 
lost. The splicing enzymes that ex
cise introns can cleave only RNA, not 
DNA; therefore it seems safe to in
fer that the transposed Ty DNA had 

MATURE VIRUS GENOME 

been produced from processed RNA 
rather than from DNA. The link thus 
established between proviruses and 
transposable elements such as Ty 
in yeast suggested a new name for 
those elements: retrotransposons. 

Proviruses have left their mark on 
other organisms as well. For in
stance, most normal vertebrate cells 
harbor retroviral genes; hundreds 
and even thousands of copies have 
been found in certain species, includ
ing mice and man. The origins of 
these endogenous proviruses are not 
known. Most of them cannot produce 
infectious virus particles and many 
seem to retain no intact genes at all. A 
few endogenous pro viruses, howev
er, do give rise within cells to parti
cles associated with reverse-tran
scriptase activity, and these parti
cles, like those produced by yeast 
and insect retrotransposons, gener
ate new copies of DNA from RNA and 

HEPATITIS B VIRUS RNA 

REVERSE TRANSCRIPTION 

OF MINUS DNA 

PLUS STRAND SYNTHESIS 

CIRCULARIZATION 

COMPLETION OF PLUS STRAND 

SYNTHESIS OF HEPATITIS B VIRUS GENOME demonstrates the role of reverse tran
scription in the life cycle of a DNA virus. The virus's circular genome consists of two 
strands of DNA termed plus (light blue) and minus (dark blue). The longer, minus strand 
is reverse·transcribed (1, 2) from viral RNA (red). Synthesis of the plus strand begins 
near one end of the minus strand (3) and continues after circularization (4). In the ma
ture genome (5) the plus strand is incomplete and the ends of the minus strand overlap. 
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insert them indiscriminately into the 
host chromosomes. 

Such promiscuous integration of 
DNA poses a particular threat to the 
host cell because mutations often re
sult at the site of integration. The 
mutation may disrupt a gene's func
tion or change its level of expression 
and activity. Indeed, many retrovi
ruses induce tumors when their inte
gration prompts an ordinary cellular 
gene to be expressed at inordinate 
levels, thereby becoming an "onco
gene," or cancer-causing gene. 

The persistence in a genome of po
tentially harmful foreign genetic ele
ments is perplexing. Why are they 
conserved? Why are they so numer
ous? Can they confer on the host any 
selective advantage, or do they sur
vive only by avoiding mutations det
rimental to the host? Finally, does 
the host have any form of protec
tion against the deleterious effects of 
such mutations? 

The preceding questions are in
triguing but very difficult to address 
experimentally. While workers con
tinue to grapple with these puzzles, 
research done in the past five years 
has shown that the province of re
verse transcription is even larger 
than had been thought. Several un
usual features of DNA viruses and of 
genes in higher organisms are now 
being ascribed to the activity of re
verse transcription. Although both 
the viral and the cellular sequences 
lack some of the cardinal elements 
of a provirus, the signs of reverse 
transcription's involvement are quite 
compelling. 

In 1982 William S. Mason and Jesse 
Summers of the Institute for Cancer 

Research proved that hepatitis B vi
ruses replicate with the aid of reverse 
transcription. At first sight any kin
ship with retroviruses had seemed 
most unlikely. The hepatitis B virus
es, the human version of which is 
an important pathogen, are not RNA 
viruses: they have a circular, dou
ble-strand DNA genome. All cells 
contain DNA polymerases-enzymes 
that make DNA from DNA-that vi
ruses can exploit in the course of rep
lication. Why should the hepatitis B 
viruses do anything different? 

The first clues came from the struc
ture of the hepatitis B genome, whose 
DNA circle proved to be a peculiar 
one. Neither of the two DNA strands 
forms a closed circle, and one strand, 
the "plus" strand, is shorter than 
the other, "minus" strand. The plus 
strand has a fragment of RNA at
tached to one end whereas the minus 
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strand has a piece of protein. Mason 
and his colleagues also noted that mi
nus strands were much more abun
dant than plus strands in the liver 
cells the virus infects. 

These asymmetries are inconsis
tent with the prevailing view of DNA 
replication, which assumes that ·the 
two strands of the double helix are 
duplicated simultaneously and in 
equal proportion. With reverse tran
scription, however, there is opportu
nity for imbalance, because the DNA 
strands are made sequentially, not si
multaneously. The first DNA strand 
is synthesized from a single-strand 
RNA template and the second DNA 
strand is then copied from the first. 

Of course, if the DNA genome of 
a hepatitis B virus was regenerated 
by reverse transcription, it would 
first have to be transcribed into RNA. 
Assuming that step occurs, all the 
pieces fall into place. The structural 
differences between the two DNA 
strands could reflect the different 
templates from which each strand is 
built; delays in and premature termi
nation of the synthetic process could 
result in a preponderance of the first 
strand over the second. 

Direct evidence for the involve
ment of reverse transcription in hep
atitis B virus replication has not been 
easy to obtain. Until quite recently 
the viruses resisted growth in cul
tured cells, making them difficult to 
examine with traditional approach
es. Mason and Summers' definitive 
work in 1982 avoided this obstacle 
by taking virus particles straight 
from infected tissue. The investiga
tors gathered immature particles of 
duck hepatitis B virus from infected 
duck livers and incubated the parti
cles with radioactively labeled nucle
otides specific to DNA. The labeled 
nucleotides were incorporated in 
any DNA synthesized by the parti
cles, so that nascent DNA duplexes 
and DNA-RNA hybrids could easily 
be detected by the radioactivity they 
emitted. 

As Mason and Summers had 
hoped, the isolated virus particles 
made both plus and minus strands 
under normal conditions. Then the 
workers added actinomycin D, an 
antibiotic that stops synthesis from 
DNA templates. In the presence of 
actinomycin D the copying of plus 
strands stopped but the copying 
of minus strands continued, indicat
ing that minus strands are derived 
from an RNA template rather than a 
DNA template. This conclusion was 
confirmed in part by the observation 
that newly synthesized minus DNA 

strands are paired with RNA: the den
sity of the hybrid helix is midway be
tween that of pure DNA and that of 
pure RNA. 

Further confirmation of the role of 
reverse transcription came a year 

later from another quarter. Takashi 
Miyata and his colleagues at Kyushu 
University carried out computer-as
sisted analyses of hepatitis B and 
retroviral proteins. They uncovered 
significant similarities between the 
retroviral enzymes and a protein 
encoded by a hepatitis B virus gene 
to which no function had been as
signed. Most virologists now assume 
that this protein is a reverse tran
scriptase; however, it appears to op
erate somewhat differently from its 
retroviral counterpart. For instance, 
it does not equip the DNA with long 
terminal repeats, which allow retro
viral DNA to be integrated into the 
host's chromosomes. 

Soon after that unexpected revolu
tion in thinking about hepatitis B vi
ruses, reverse transcription was im
plicated in more distant territory: a 
plant virus called cauliflower mosaic 
virus (CaMY). The evidence support
ing its involvement here is less com
plete but persuasive nevertheless. 

/ 

Like that of the hepatitis B virus
es, the cauliflower-virus genome is a 
double-strand DNA Circle; sequences 
near the sites of initiation of CaMY 
DNA synthesis are similar to those in 
retroviral genomes to which primers 
attach. Furthermore, one large cau
liflower-virus protein resembles the 
reverse transcriptases of retrovirus
es and hepatitis B viruses. Roger Hull 
and Simon N. Covey of the John Innes 
Institute in England have been able 
to characterize intermediates in cau
liflower-virus replication that are 
analogous to those seen in retroviral 
infection; other investigators report 
reverse-transcriptase activity associ
ated with CaMY particles. 

In the examples I have mentioned 
so far reverse transcription seems to 
depend on an enzyme provided by 
an invading virus or the genetic ele
ments affected by it. Now it appears 
that other less specialized elements 
of mammalian chromosomes may 
owe their existence to reverse tran
scription by enzymes whose origins 
are uncertain. That surprising dis
covery emerged tangentially from ef
forts to catalogue in mouse chromo
somes the genes that code for blood 
proteins called globins. 

In vertebrates the globin genes are 

/ \ 
MURINE LEUKEMIA VIRUS TGAAAG • • •  TGGGGG • • •  AGAAAAAGGGGG • • •  CTTTCA 

FLY RETROTRANSPOSON TGTA . , .  TGGCGA GGAGGGAGA • • •  TACA 

YEAST TY ELEMENT TG TGGTAG GGGTGGTA CA 

SEQUENCE SIMILARITIES in the DNA of a leukemia virus, a fly retrotransposon and 
the Ty element of yeast hint at a common origin. The letters represent the four bases 
present in DNA: adenine, thymine, guanine and cytosine. Identical bases in the inverted 
repeats and adjacent regions are in red; color also highlights an area rich in adenine 
and guanine bases, which are structurally similar. It is difficult to appreciate the invert
ed repeat (TC . . .  CA) because only one strand is shown; the sister strand reads AC . .  CT. 

MURINE LEUKEMIA VIRUS PQ G K N S P  • • •  R • • •  Y VDDL L L  • • •  KK • • •  YL G  

FLY RETROTRANSPOSON P F G LKN A P • • •  LR • • •  YLDD IIV • • •  DK • • • F LG 

YEAST TY ELEMENT LyE L K ( S G • • •  VR • • •  � V D D M V L • • •  E K • • •  N L G 

HEPATITIS B VIRUS P MG GLS P  • • •  VR • • •  YM DDVVL • • •  NK • • •  FM G 

CAULIFLOWER MOSAIC VIRUS P F G L K CA P • • •  FR • • •  Y V D D I L 'v • • •  K K • • •  F L G 

PROTEIN SEQUENCES coded for by a retrovirus, by fly and yeast retrotransposons and 
by two DNA viruses that use reverse transcription also exhibit similarities. Here each 
letter stands for one of the 20 common amino acids that make up proteins; amino acids 
that coincide are in red and those that are functionally similar but not identical are in 
pink. Sequences were derived from a gene encoding the enzyme reverse transcriptase. 
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usually clustered on two chromo
somes, and the coding regions are in
terrupted by two introns. When they 
went searching for these genes with 
molecular probes, Aya and Philip 
Leder, who were then at the National 
Institute of Child and Human Devel
opment, and Elio F. Vanin, Oliver 
Smithies and their co-workers at the 
University of Wisconsin at Madison 
found an anomalous DNA sequence 
resembling a globin gene, but with 
a few important differences. The se
quence had no introns and was rid
dled with mutations that would pre
vent normal protein synthesis-and 
it was on a chromosome other than 
the ones to which the globin genes 
had been assigned. 

One of the models proposed to ac
count for this puzzling phenomenon 
invoked reverse transcription. Glo
bin RNA that has been processed 
might be reverse-transcribed and the 
DNA copy (which would lack introns) 
might then be inserted at random 
into the mouse genome. Deprived of 
the promoter that governs its expres
sion in its normal locale, the new 
fragment would not be transcribed, 

and if a gene is not expressed, there 
is no selective pressure to prevent 
the accumulation of mutations in the 
gene sequence. 

This model took firm hold over the 
next few years as hundreds of ad

ditional examples of "processed" or 
"retropseudogenes" came to light. 
The new examples brought more 
telling evidence for reverse tran
scription. For instance, some of the 
globin retropseudogenes have at one 
end a stretch of DNA in which a par
ticular nucleotide, adenyl ate mon
ophosphate, is repeated over and 
over. Such a uniform sequence is not 
present in globin DNA, but it is repre
sented on globin messenger RNA in 
the form of a "poly-A tail" that is add
ed during processing. Hence the tail 
in the retropseudogene is a particu
larly strong indication that it is de
rived from RNA. Some retropseudo
genes also exhibit the host-sequence 
duplications characteristic of provi
ruses and retrotransposons. 

The recognition of retropseudo
genes has established a set of criteria 
by which other products of reverse 

PROMOTER INTRON 

t TRANSCRIPTION 

2 

3 

4 

PROCESSING t 

f\f\JVVVAAAA 

REVERSE TRANSCRIPTION l 
\ nt\ nt\ nt\ nt\ nt\ IAAAA W� � � � \W TTTT 

INTEGRATION l 
5 nt\ nt\ nt\ nt\ m .. nt\ nt\ 1m. nt\ nt\ IAAAA � nt\ nt\ I. IJ � WJ WJ � '8IIIW � � WJ � \WTTTT .., WJ WJ \W 
MODEL FOR GLOBIN-GENE TRANSPOSITION attempts to account for anomalous ver· 
sions of the genes giving rise to a blood protein called globin. In mice the "globinlike" 
genes cannot be expressed because they lack promoters (blue); they also do not have 
introns (purple), and they show up on different chromosomes. Ordinarily globin genes 
(1) are transcribed into RNA (2), then RNA processing removes introns and adds a "tail" 
of mUltiple adenine bases (3). The transposition model explains the anomalous globin 
genes by postulating that the processed-RNA template is reverse-transcribed (4) and 
that the resulting DNA is integrated at random into the mouse genome (5). The model is 
confirmed by the fact that globinlike genes often have an adenine-thymine (A, T) tail. 

64 

transcription may be discovered. 
Over the past five years several 
classes of native cellular sequences 
have been found to display the poly
A tail, the duplication of host se
quences and the random disper
sion among chromosomes that are 
the hallmarks of RNA-derived DNA. 
Unlike the globin retropseudogene, 
most of these new "interspersed ele
ments" seem to have no familiar cod
ing region; a few, however, appear to 
encode part or all of the reverse-tran
scriptase enzyme. In a single genome 
there may be hundreds or thousands 
of such sequences. Indeed, the ag
gregated products of reverse tran
scription-including retrotranspos
ons, endogenous proviruses, retro
pseudo genes and other interspersed 
elements-may account for as much 
as 10 percent of the human genome. 

If reverse transcription does in fact 
figure so largely in the formation of 
mammalian-cell genes, many ques
tions need to be answered. What is 
the source of the reverse transcript
ase that creates retropseudogenes 
and interspersed elements? What en
zymes select and prepare cellular 
RNA for reverse transcription, and 
what enzymes help the new DNA to 
integrate? How often does reverse 
transcription occur? Why should the 
process be part of a cell's functional 
program at all? 

That last question speaks to per
haps the most speculative aspect of 
research on reverse transcription: 
the search for the evolutionary ori
gins of genetic information. Some bi
ologists contend that RNA was the 
first significant molecule of heredity 
and that DNA is a more recent devel
opment [see "RNA," by James E. Dar
nell, Jr.; SCIENTIFIC AMERICAN, Octo
ber, 1985]. RNA's versatility supports 
their contention: it stores informa
tion and is replicated in much the 
same manner as DNA, but unlike 
DNA it can directly coordinate the 
synthesis of proteins and can even 
behave like an enzyme [see "RNA as 
an Enzyme," by Thomas R. Cech; SCI
ENTIFIC AMERICAN, November, 1986]. 

If RNA passed its privileged role to 
DNA at some point in the history of 
life, there must have been a primor
dial mechanism for transferring in
formation from RNA to DNA. Re
verse transcription may have been 
that mechanism. Hence the process 
that was once considered the esoter
ic feat of a small band of viruses 
may now help biologists to retrace 
the historical path that has produced 
DNA-dominated forms of life. 
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Electrides 

In this new class of crystalline materials, trapped electrons take 
the place of negatively charged atoms. The electrons interact in 
complex ways, leading to unusual optical and electronic properties 

O
ne of the simplest and best
known kinds of crystal is the 
ionic salt, of which a typical 

example is sodium chloride, or or
dinary table salt. The fundamental 
components of an ionic salt are ions: 
atoms or molecules that have be
come electrically charged by gaining 
or losing one or more electrons. In 
forming sodium chloride, for exam
ple, sodium atoms give up an elec
tron (thereby becoming positively 
charged) and chlorine atoms gain 
an electron (thereby becoming nega
tively charged). The ions are attract
ed to one another by their opposite 
charges, and they stack together 
compactly with crystalline regulari
ty, like tightly packed spheres. 

My colleagues and I at Michigan 
State University have now played a 
variation on this simple structure, 
and in doing so we have created a 
new kind of crystalline matter. In our 
crystals, which we call electrides, the 
anions (negative ions) are complete
ly replaced by electrons. The elec
trons are trapped in cavities within a 
framework of regularly stacked cat
ions (positive ions). It is easy to trap 
electrons at defects in ordinary ionic 
solids, but electrides are the first ex
amples of ionic salts in which all the 
anionic sites are occupied solely by 
electrons. 

Electrons can in some ways be 
viewed as the simplest anions possi
ble. Unlike normal anions, however, 
electrons do not behave as if they 
were simple charged spheres. In par
ticular, because of their low mass and 
their quantum-mechanical tendency 
to interact with one another over 
great distances, electrons cannot be 
"pinned down" to any one location 
as normal anions can. One cannot ex
pect a trapped electron to spend all 
its time within the cavity; rather, it 
will wander close to and among the 
atoms lining the cavity and interact 
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by James L. Dye 

with electrons in nearby cavities, 
perhaps changing places with them. 
Electrides therefore have a number 
of unusual optical, electronic and 
magnetic properties. 

The properties of an electride de
pend largely on the distance between 
the cavities that hold trapped elec
trons and the nature of the channels 
that connect the cavities. When the 
trapped electrons are far apart, they 
do not interact strongly, and so they 
behave somewhat like a periodic 
array of isolated negative charges. 
When they are closer together, they 
begin to display the properties quan
tum mechanics predicts for large en
sembles of identical particles. When 
they are still closer, the ensemble 
properties dominate and the elec
trons "de localize": they are no long
er tightly bound within individual 
cavities but instead are more or less 
free to pass through the spaces with
in the lattice of positive ions. 

Electrides thus provide a fascinat
ing opportunity to study the interac
tions among electrons in solids. By 
synthesizing electrides from a vari
ety of materials, one can vary the ge
ometry of the anionic cavities and 
their relation to the surrounding cat
ions. The resulting properties may 
make it possible for electrides to be
come a basis for economically useful 
new materials and devices. 

Related Materials: the Alkalides 

Our research on electrides came 
about as a direct consequence of ear
lier work we had done to create other 
novel crystals that we call alkalides. 
The alkalides have a structure very 
similar to that of the electrides. They 
are based on the alkali metals: lith
ium, sodium, potassium, rubidium, 
cesium and francium (designated U, 
Na, K, Rb, Cs and Fr respectively). At
oms of alkali metals have a strong 

tendency to give up an electron, 
forming positive ions. We found that 
in certain circumstances some alkali 
atoms can be induced instead to gain 
an electron, thereby forming a nega
tive ion [see "Anions of the Alkali 
Metals," by james L. Dye; SCIENTIFIC 
AMERICAN, july, 1977). An alkalide, 
then, is an ionic salt in which both 
the cations and the anions are de
rived from alkali metals. 

Alkalides require a third compo
nent as well. The anions of alkali met
als are highly reactive; if alkali an
ions and alkali cations were sim
ply placed close together, the anions 
would donate electrons to the cat
ions, thereby neutralizing both kinds 
of ion and producing a normal alka
li metal. To forestall such reactions, 
we effectively isolated the positively 
charged ions inside cages: neutral 
molecules that are not very reactive. 

The cages we used were of two 
types. One type, known as the crown 
ethers, was developed in 1967 by 
Charles]. Pedersen of E. I. du Pont 
de Nemours & Company. The other 
type, called the cryptands, was de
veloped two years later by jean
Marie Lehn and his co-workers at 
the University ofStrasbourg. 

Crown ethers, as their name sug
gests, are shaped like crowns, with a 
ring made up of carbon atoms (each 
with two hydrogen atoms attached) 
and crenelations made of oxygen at
oms [see illustration on page 68). An al
kali cation that is larger than the hole 
in the center of the crown ether can 
be caged between two crown ethers: 
the cation might sit above the center 
of one crown, surrounded by the 
crenelations, and the second crown 
might then fit upside down over the 
first, like a cap. The two crowns in
terlock, forming a compact cylinder 
with the cation at its center and the 
crown rings at both ends. 

Cryptands take the form of a 
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CRYSTAL STRUCTURE of an electride reveals features that un
derlie the unusual properties of this new kind of crystalline mat

ter. In this computer image dots define the surfaces of atoms. 
Each nearly round cluster of atoms represents one side of a 
"sandwich" of two ringlike structures called crown ethers, which 

are made up of a carbon backbone (blue skeleton) attached to ox
ygen (red) and hydrogen (yellow) atoms. In the center of each 
sandwich is a cesium atom (green) that has given up an electron 
and hence is positively charged. Spaces among the structures 
are channels connecting cavities in which electrons are trapped. 
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"crypt," or vault. A cryptand mole
cule consists of two nitrogen atoms 
connected by three long, curved 
strands made of carbon, hydrogen 
and oxygen. The strands act like the 
bars of a cage: an alkali cation can be
come trapped within the cage, where 
it is effectively shielded from any an
ions in the surrounding medium. 

The complexes that are formed 
when crown ether or cryptand mole
cules (generally known as complex
ants) enclose positively charged al
kali ions are the structural basis of al
kalides (and of electrides). A typical 
example is the alkalide made of a ce
sium cation, two crown ethers of the 
type called 18-crown-6 (because each 
has a ring structure consisting of 18 
atoms, six of which are oxygen at
oms) and a sodide anion (a negative
ly charged atom of sodium). The 

CROWN ETHER 

crown ethers sandwich the cesium 
ions to form cylinders about 10 ang
strom units in diameter and eight 
angstroms tall (one angstrom is 10-8 
centimeter, roughly the radius of a 
hydrogen atom). The cylinders pack 
very efficiently, filling most of the 
available space. The cavities left for 
the anions are shaped rather like an 
underinflated football measuring 
about 4.5 by 4.5 by 7.0 angstroms. 
Each complexed cation is surround
ed by eight anions roughly defining 
the corners of a distorted cube; each 
anion in turn is surrounded by eight 
complexed cations. 

Synthesizing Electrides 

Among the gold-colored crystals in 
the first batches of crystalline alka
lides we synthesized, we occasional-

ly noticed certain dark blue-almost 
black-solids. They differed from the 
alkalides not only in color but also 
in their unusual magnetic proper
ties-properties that made us suspect 
these solids were a salt that was simi
lar to the alkalides but contained 
trapped electrons (donated by the 
metal atoms when they formed cat
ions) in the place of alkali metal an
ions. In other words, we suspected 
that we had accidentally synthesized 
electrides. 

This led us to try synthesizing elec
trides deliberately. Unfortunately it 
has been extremely difficult to devel
op controlled techniques for making 
solids that can be identified unambig
uously as electrides. The chief prob
lem is that trapped electrons are 
chemically "hot" and it is therefore 
difficult to prevent electrides from 

CRYPTAND 

.CARBON OXYGEN o HYDROGEN • NITROGEN O CESIUM 0 POTASSIUM 

COMPLEXANT MOLECULES serve in electrides to enclose cat

ions (positively charged atoms), preventing them from recom
bining with electrons. A crown ether (top left) is a ring of carbon 

and hydrogen atoms with crenelations made of oxygen atoms. 
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Two crowns envelop a cation in a cylindrical sandwich (bottom 
left). Cryptands (top right) are shaped like a cage with three bars: 
chains of carbon, oxygen and hydrogen atoms connecting two 

nitrogen atoms. A cation can fit neatly in the cage (bottom right). 
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self-destructing: the electrons tend to 
react with the complexant molecules 
or with the solvent in which the com
plexant and the alkali metal are dis
solved, decomposing them. 

The decomposition reactions are 
chain reactions (that is, the products 
of each reaction serve to induce one 
or more later decomposition reac
tions), and so they proceed rapidly 
once they have been initiated. As a 
result, to synthesize electrides one 
must be particularly careful in purify
ing and handling the solvents, com
plexants and alkali metals. An add
ed complication is that all steps in 
the synthesis and storage of elec
trides must be done at very low 
temperatures because the rate of de
composition increases with increas
ing temperature. 

Even so, the first deliberately pro
duced electrides were prepared rela
tively Simply. When alkali metals are 
dissolved in certain solvents, they 
tend to give up an electron into the 
solution, thereby becoming posi
tively charged [see "The Solvated 
Electron," by James L. Dye; SCIENTIF
IC AMERICAN, February, 1967]. Dis
solved complexant molecules spon
taneously envelop such dissolved al
kali cations. We therefore dissolved 
appropriate amounts of metal and 
complexant together and then evap
orated the solvent. The result was a 
fine powder or, sometimes, a thin 
film of electrides. We were able to 
learn quite a bit about the nature of 
electrides by analyzing such prod
ucts. Nevertheless, the fabrication 
procedure often yielded products 
containing various contaminants: 
other kinds of compounds (such as 
alkalides), excess metal or complex
ant, and chemicals produced by the 
decomposition of the solvent or the 
complexant. 

A second method of fabrication, 
which yields thin electride films of 
controllable thickness and composi
tion, is called vapor deposition. In 
this procedure the complexant and 
the alkali metal are placed in sepa
rate containers under high vacuum. 
By manipulating the temperatures of 
the containers, it is possible to evapo
rate the metal and complexant and 
deposit them simultaneously onto a 
quartz surface at adjustable rates. A 
solid-state reaction between the com
plexant and the metal produces the 
electride film. This procedure is use
ful in studying the optical and electri
cal properties of thin electride films, 
but it cannot produce large samples 
of crystalline electrides because the 
thickness of the deposited film grows 

CROWN-ETHER SANDWICH, consisting of two crown ethers enclosing a cesium ion, is 

depicted from two angles. The view at the left is a cutaway through the center of the 
crown ethers, showing the placement of the ion in the sandwich. The view at the right 
shows the shape of the sandwich as a whole, as it would be seen in a three-quarter view. 

CLOSELY PACKED ARRAY of crown·ether sandwiches defines a cavity in which an 
electron can be trapped. Channels connecting this cavity to others are at the top and 

bottom of the image. The view here is roughly orthogonal to the view shown on page 67. 

by only a few angstroms per second. 
A third, and perhaps the best, 

method of preparing electrides is 
known as direct crystallization. The 
metal and the complexant molecules 
are put in separate arms of a spe
cial reaction vessel [see illustration on 
page 75]. A solvent is introduced into 
the arm containing the complexant 
and the apparatus is tilted so that the 
dissolved complexant pours over the 
metal. The metal dissolves as mole
cules of crown ether or cryptand 
form complexes with metal cations. 
Then much of the solvent is evapo
rated and a weaker cosolvent is add
ed. Next the solution is cooled. If the 
mixture of solvents has the right 

composition, crystals form spontane
ously in the cooling solution. In some 
cases we have been able to grow rela
tively large crystals (about a millime
ter on an edge) by this technique. Af
ter the solvent has been removed the 
crystalline samples are poured into 
glass tubes, which are then heat
sealed and stored at about -80 de
grees CelSius until they are needed. 
During the entire operation the tem
perature of the samples must never 
exceed about -20 degrees. 

Optical Properties 

The electrides produced by the 
first and third of these methods are 
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usually fine, blue-black powders or 
black, shiny crystals. Thin films of 
electride produced by the first or sec
ond method appear blue when a light 
is shined through them: the films ab
sorb light in the red and infrared re
gions of the spectrum. 

Information on optical absorption 
by electrides can in fact tell quite a 
lot about the properties of electrons 
in these compounds. When a sub
stance absorbs a photon, or quantum 
of light energy, the energy of that 
photon (which depends on the pho
ton's wavelength) is transferred to an 
electron in the substance, and the 

electron is raised from a state of rela
tively low energy to a state of high
er energy. According to the rules 
of quantum mechanics, electrons in 
materials can have only certain dis
crete amounts of energy. The al
lowed energy levels vary from sub
stance to substance. 

In solids the allowed energy lev
els are spread into bands; each band 
consists of a narrow range of allowed 
energy states. According to the Pau
li exclusion principle, only two elec
trons can occupy the same energy 
state within a given energy band. For 
a photon to be absorbed it must 

THIN FILM OF ELECTRIDE coating the inside of a flask appears blue when light is 

shined through it; this electride absorbs red and infrared light. The optical absorbance 

of an electride yields clues to how tightly the trapped electrons are held and how much 
they interact. The electride in this photograph is made from cesium metal and crown

ether molecules called 18-crown-6; its structure is shown in the computer images on 

preceding pages. The film was made by Mark Kuchenmeister in the author's laboratory. 
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therefore have just the right energy 
to raise an electron from one allowed 
energy band to another band that 
contains some unoccupied states or 
from one state within a band to an
other state within the same band that 
is not fully occupied. 

The wavelengths of light a sub
stance can absorb therefore indicate 
the differences in energy between 
the available electron energy states 
in that substance. The energy differ
ences in turn indicate how tightly 
bound the electrons are to atoms in 
the substance or, in the case of elec
trides, how strong the forces are that 
trap the electrons within cavities. 
The more tightly bound an electron 
is, the greater the amount of energy 
is that it must absorb in order to 
be freed. 

On the basis of their optical spec
tra, electrides can be divided into 
two rough categories: those in which 
the electrons acting as anions are lo
calized within the cavities formed 
among the complexed cations and 
those in which they are delocalized, 
or free to move through the crystal 
(although it may be that even the 
electrons in delocalized electrides 
are actually weakly trapped rather 
than completely free). 

The anionic electrons in a de local
ized electride seem to be much like 
the electrons in a normal metal. In a 
metal the valence electrons (the out
ermost electrons of each atom) are 
free to roam throughout the lattice 
of atoms, with the result that metals 
tend to be good conductors. These 
so-called conduction electrons are 
in an energy band-the conduction 
band-that is only partly filled with 
electrons. The conduction electrons 
can therefore absorb photons in a 
continuous range of wavelengths, 
because there is no minimum dis
tance between the available energy 
states within that band. They can 
even absorb photons that carry a 
small amount of energy (that is, 
photons with long wavelengths). 
Like metals, delocalized electrides 
can also absorb photons in a range 
of wavelengths, including relatively 
long wavelengths. 

Localized electrides-which make 
up the majority of the electrides syn
thesized so far-have more in com
mon with semiconductors than they 
do with metals. Just as electrons in lo
calized electrides are bound within 
anionic cavities, so the electrons in 
semiconductors are bound to indi
vidual atoms. The electrons can be 
elevated to the conduction band, a 
state of greater freedom and higher 
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energy, when they absorb a photon. 
The difference between the energy of 
the bound state and the energy of the 
so-called excited state sets a mini
mum to the energy such an electron 
can absorb. Semiconductors there
fore do not absorb low-energy light 
very strongly, but they do absorb 
higher-energy light. 

Similarly, localized electrides do 
not strongly absorb photons having 
energies below about .5 electron volt 
(which corresponds to infrared light 
that has a wavelength of about 2.5 
microns), but they do absorb light in 
shorter wavelengths (that is, higher 
energies). It is not yet clear whether a 
photon with an energy of .5 electron 
volt raises an electron in an electride 
all the way to the conduction band or 
only to some weakly bound interme
diate state. 

Are Some Electrides Metals? 

Observations of the optical absorp
tion spectra of electride films thus 
raised the exciting possibility that 
electrides of varying composition 
might display electronic properties 
spanning the range between the 
properties of metals and those of 
semiconductors. Why not settle the 
question by measuring their elec
trical conductivity? Unfortunately 
such a simple proposal faces several 
inherent complications. 

First of all, many nonmetals (in
cluding some semiconductors) can 
conduct electricity quite welL The 
true test of whether a material is 
a metal is whether its conductivity 
rises or falls when the temperature is 
lowered. Metals become more con
ductive at lower temperatures. The 
atomic lattice vibrates less, and the 
current-carrying electrons therefore 
experience fewer collisions with lat
tice atoms. Semiconductors, on the 
other hand, become less conductive 
as the temperature is lowered. The 
reason is that the only electrons free 
to carry current in semiconductors 
are those with enough thermal (heat) 
energy to rise from the bound state to 
the conduction band. When the tem
perature is lower, fewer electrons 
have enough energy to act as con
duction electrons. In order to test 
the electronic properties of an elec
tride, then, it would be necessary to 
test its conductivity over a range of 
temperatures. 

Another complication arises from 
the difficulty of growing large elec
tride crystals. The best way to meas
ure the conductivity of a material is 
to attach four thin wires to a single 
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OPTICAL ABSORBANCE SPECTRA of two electrides manifest differing electronic 

properties. The electride made from cesium and lS-crown-6 (black) tends to absorb 
photons (quanta of light) that have an energy of about .5 electron volt or higher but not 

photons of lower energies, indicating that its electrons are strongly localized: each 
electron is tightly trapped in a cavity, from which it can be released when it absorbs a 

photon of exactly the right energy. The electride made from lithium and a certain crypt

and (color) can absorb photons in a broad range of energies, which indicates that its 

electrons are much more delocalized. That is, they are relatively free to move through 
the electride crystal, and on absorbing a photon they simply move more energetically. 

crystaL A current is passed between 
two of the probe wires and the volt
age difference between the other two 
wires is measured. It is hard to grow 
single electride crystals that are large 
enough for such a test. In addition, 
electrides' reactivity and sensitivi
ty to heat make the crystals difficult 
to handle. These problems have so 
far prevented us from measuring 
the conductivity of single crystals of 
electrides. 

We have gained useful informa
tion, however, by measuring the 
conductivity of electride powders 
that have been packed tightly. The 
resistance caused by boundaries be
tween the minute crystalline grains 
biases the measurements, but the de
pendence of a packed powder's con
ductivity on temperature should not 
vary too much from that of a single 
crystaL 

To make the measurement we 
compress a sample of powder be
tween spring-loaded stainless-steel 
electrodes, which generate about 50 
atmospheres of pressure. By varying 
the temperature of a stream of nitro
gen that passes over the sample cell 
we can gauge how the sample's con
ductivity varies with temperature. 

By means of this technique we 
have found that the electrides whose 
optical properties resemble those of 
semiconductors (those in which the 
anionic electrons are localized) also 
show the decrease in conductivity at 
low temperatures that is characteris
tic of semiconductors. 

An added difficulty arises when we 
try to measure the conductivity of 
the electrides whose optical spec
tra resemble those of metals. The 
conductivities of packed powders of 
these compounds are initially much 
higher than the conductivities of 
"semiconducting" electrides, but 
they decrease rapidly with time. A 
possible explanation is that the stain
less-steel plates act as catalysts for 
the decomposition of the adjacent 
layer of electrides, creating insulat
ing layers of decomposition prod
ucts. We have therefore not been 
able to prove that the "metallic" elec
trides are indeed metals. 

Crystal Structure of an Electride 

Why are the anionic electrons in 
some electrides localized and those 
in others delocalized? We believe the 
answer lies partly in the degree to 
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which the anionic electrons interact 
with one another, which in turn de
pends in part on the spatial structure 
of the crystal. 

To test this hypothesis it would 
make sense to try to learn the phys
ical structure of the various elec
trides. Unfortunately that is not an 
easy task either. Once again, part of 
the problem lies in our not being able 
to grow large single crystals of elec
trides. Most of the crystallographic 
techniques for determining struc
ture, such as X-ray diffraction, re
quire a relatively large single crystal. 
In addition, X-ray diffraction cannot 
give any specific information about 
the positions of trapped electrons; it 
can only tell the positions of the at
oms in a crystal. Nevertheless, from 
the positions of the alkali atoms and 
the complexants it should be possi
ble to deduce the shapes, sizes and 
relative positions of the cavities in 
which electrons might be trapped. 

One electride whose structure has 
yielded to X-ray crystallography is 
composed of cesium cations com
plexed by 1 8-crown-6 crown ether 
molecules. This electride's structure 
is very similar to that of the alkalide 
made of cesium cations, 1 8-crown-6 
complexants and negatively charged 
sodium ions, which I have described 
briefly above. Again a pair of crown 
ethers encloses each cesium ion to 
form a cylinder about 1 0  angstroms 

in diameter and eight angstroms tall, 
and the cylinders are packed tight
ly together. The spaces between the 
cylinders define the anionic cavities, 
each of which is surrounded by eight 
cylinders in a slightly distorted rect
angular lattice. 

This electride is one of those that 
acts somewhat like a semiconductor. 
Its optical properties and conductiv
ity suggest that the anionic elec
trons are strongly localized, and the 
physical structure seems to bear the 
suggestion out. The anionic cavities 
are rather far apart, and so the 
trapped electrons probably interact 
only weakly. Each cavity is connect
ed to six other cavities by channels 
running between the cylindrical cat
ionic complexes. 

Interactions among Electrons 

In the case of other electrides, 
which have not been analyzed by X
ray crystallography, there are alter
native ways to learn about the inter
actions among anionic electrons. 
One technique involves measuring 
how each electride responds to mag
netic fields at various temperatures. 

The magnetic properties of a solid 
can be traced largely to the magnet
ic behavior of individual electrons 
or groups of electrons within the sol
id. Every electron generates a small 
magnetic field like that of a bar mag-
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net. Unlike the field of a bar magnet, 
the electron's magnetic field follows 
certain quantum-mechanical rules. 
For example, when the electron is in 
an externally created magnetic field, 
the electron's inherent magnetic field 
can point only in the same direction 
as the external field or in the opposite 
direction. In addition, when two elec
trons are paired in what is called a 
quantum-mechanical singlet state, 
their magnetic fields must be orient
ed in exactly opposite directions; 
most ordinary chemical bonds con
sist of such pairs of electrons. 

When a lone electron is placed in a 
magnetic field, it is energetically fa
vorable for the electron's magnetic 
field to be aligned in the same direc
tion as the external field. If a sample 
of a given material contains a large 
number of lone electrons that do not 
interact with one another, then all 
those electrons will tend to align with 
any external magnetic field. This ef
fect, which is known as paramagnet
ism, increases the strength of the to
tal magnetic field within the sample. 

The electride whose structure we 
have determined-that is, the elec
tride made from cesium and 1 8-
crown-6 crown ethers-behaves al
most as if its electrons do not interact 
at all: it is strongly paramagnetic. 
This finding correlates well with pre
vious evidence that its electrons are 
localized. Several other localized 

MAGNETIC PROPERTIES of a material depend largely on inter
actions among electrons. Each electron spins and, like any spin

ning charged particle, generates a small magnetic field. Materi
als containing a large number of electrons that do not interact 

(a) tend to be paramagnetic: the fields of individual electrons 

tend to align with any externally imposed field, strengthening 
the total magnetic field within the material. In other materials (h) 
the electrons form pairs. The fields of the two electrons in a pair 
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electrides, such as one made from ru
bidium and the crown molecules des
ignated 1 5-crown-5 (because the ring 
structure includes 1 5  atoms, five of 
which are oxygen atoms) and one 
made from potassium and the 1 5-
crown-5 crown molecules, are also 
paramagnetic. In these compounds, 
then, the optical absorption spectra, 
electrical conductivities and magnet
ic properties all suggest that the elec
trons are localized at sites far enough 
apart to allow only weak interactions 
among electrons. 

Long-Range Interactions 

An interesting variation is seen in 
the compound made from cesium 
and the 15-crown-5 crown ethers, 
which seems, on the basis of opti
cal and electrical properties, to have 
localized electrons. At temperatures 
above about 1 0  degrees Kelvin (de
grees Celsius above absolute zero) 
the compound is paramagnetic, but 
when carefully annealed samples are 
cooled to 4.3 degrees, they display 
a more complicated effect called an
tiferromagnetism. Antiferromagnet
ism (like the related effect known 
as ferromagnetism) is the result of 
long-range interactions among many 
electrons in certain crystal lattices. 
When an antiferromagnetic material 
is cooled below a certain tempera
ture, half of the electrons align spon-

c 

taneously with their magnetic fields 
pointing in one direction and half 
align with their fields pointing in the 
opposite direction. Each electron's 
field points in the direction oppo
site to the fields of its nearest neigh
bors. (In ferromagnets, in contrast, 
the fields o(all the electrons become 
aligned in the same direction.) 

The appearance of such a long
range effect shows that there are 
small but significant interactions 
among anionic electrons in this com
pound. It is not completely clear why 
the related rubidium- and potassium
based electrides do not show the ef
fect. Perhaps those compounds are 
simply more difficult to anneal into 
crystals that can support antiferro
magnetism. It may be, however, that 
the more compact crown-ether sand
wiches that can be formed around 
these smaller cations result in quali
tatively different materials. 

A different kind of magnetic behav
ior is found in the electride made 
from lithium and the cryptand desig
nated [2,1 ,1 ] (because one of the 
chains that make up the "bars" of 
the crypt includes two oxygen atoms 
and the other chains include one). 
This compound is paramagnetic at 
high temperatures, but at lower tem
peratures the compound's paramag
netism decreases, approaching zero 
at zero degrees K. 

Such magnetic behavior is seen in 

d 

materials whose electrons interact in 
pairs. At high temperatures the elec
tron pairs are broken up by thermal 
energy and the resulting lone elec
trons behave paramagnetically, but 
at low temperatures the electron 
pairs can form. The magnetic fields 
of the two electrons in a pair point in 
opposite directions and hence cancel 
each other. The pair as a whole there
fore shows no paramagnetic behav
ior. The magnetic character of this 
electride suggests that the crystal 
has an underlying structure in which 
each anionic cavity is close enough 
to one other cavity for the electrons 
to interact as a pair but too far from 
other pairs to interact appreciably 
with them. 

Finally, the electride made from po
tassium and the cryptand designated 
[2,2,2], which shows the optical and 
electrical behavior characteristic of a 
metal, also shows magnetic behavior 
one might expect of a metal or of a 
solid containing weakly bound elec
tron pairs. Apart from certain other 
small effects, this electride exhibits a 
small paramagnetism that increases 
slightly with increasing temperature. 
In a system containing complete
ly de localized electrons one would 
expect weak paramagnetism that 
was independent of temperature. Al
though in such materials most of the 
electrons are paired at any tempera
ture, some are unpaired and indepen-

point in opposite directions, canceling each other's effect on the 

total magnetic field within the sample. In some materials (c) 

large numbers of electrons interact over long ranges in such a 
way that they all become aligned, even in the absence of an exter-

nal field. Such materials are said to be ferromagnetic. Another 
kind of long·range interaction is anti ferromagnetism (d), in 

which the fields of half of the electrons point in one direction 
and the fields of the others point in the opposite direction. 
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dent, and they are the source of the 
paramagnetic effect. As the temper
ature goes up, the number of un
paired, paramagnetic electrons rises 
because some pairs are broken apart 
by thermal energy (because the elec
trons in metals are delocalized, pairs 
can be broken apart easily), but so 
does the likelihood that an unpaired 
electron will have enough thermal 
energy not to become aligned with 
an external magnetic field. The fact 
that the paramagnetism of this high
ly conductive electride is somewhat 
dependent on temperature suggests 
that if the electrons are de localized, 
they may travel in pairs through the 
lattice. 

Interactions with Nearby Nuclei 

In understanding electrides one 
would like to know not only how 
the electrons interact with one anoth
er but also how they interact with 
the cations that are their immediate 

t � t t t 
a 

neighbors. How much time, for ex
ample, does a trapped electron spend 
in the vicinity of surrounding cat
ions, away from the center of its an
ionic cavity? 

One extremely powerful method 
for answering such questions is nu
clear magnetic resonance. Atomic 
nuclei, like electrons, generate an in
trinsic magnetic field. When a nucle
us is placed in an external magnetic 
field, the energy of the nucleus as a 
whole is lower if its own magnetic 
field points in the same direction as 
the external field rather than in the 
opposite direction. Electromagnetic 
energy, however, can "flip" a nucle
us from the low-energy state to the 
high-energy state. The nucleus will 
absorb only those photons that have 
the right amount of energy to induce 
the transition. 

The energy of the transition de
pends on the characteristics of the 
nucleus, its environment and the 
strength of the magnetic field. By 

ABSOLUTE TEMPERATURE (DEGREES KELVIN) 

MAGNETIC SUSCEPTIBILITY of electrides (the degree to which an externally imposed 

magnetic field is reinforced by fields generated within the electride) gives information 
about the interactions of electrons in various elect rides. The magnetic susceptibility of 

the electride made from cesium and 18·crown-6 (a) is very high at low temperatures, 

indicating that the material is paramagnetic, and so it can be deduced that this elec
tride's trapped electrons are independent. The magnetic susceptibility of this electride 
falls at high temperatures as the magnetic fields of the electrons become thermally dis

ordered. An electride made from cesium and a smaller crown ether (b) is paramagnetic 
at high temperatures, but it has the low magnetic susceptibility of antiferromagnetic 

materials at temperatures below 4.3 degrees Kelvin (degrees Celsius above absolute 

zero). The trapped electrons in this electride are close enough together to act as a large 
ensemble at low temperatures and show long-range interactions. In another electride, 

made from lithium and a certain cryptand (c), trapped electrons form pairs at low tern· 
peratures, lowering the magnetic susceptibility, but they do not display the proper

ties expected of large ensembles. It can therefore be deduced that each electron is 

close to one other electron, but that each pair of electrons is far from other pairs. 
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holding a material in a steady exter" 
nal magnetic field and determining 
the energy of the photons it absorbs, 
one can probe the characteristics of 
its constituent nuclei and their elec
tronic environments. 

By probing the electronic environ
ment of the cations in an electride, 
nuclear magnetic resonance can re
veal how much time the trapped 
electrons spend near a cation. Lone 
trapped electrons are paramagnet
ic-their magnetic fields become 
aligned with any external field-and 
so the magnetic field of such an elec
tron near a nucleus will add to the ex
ternal field to produce a greater total 
magnetic field in the vicinity of the 
nucleus. This strengthened field af
fects the amount of energy needed to 
flip the nucleus. The wavelength of 
the photons the nucleus will absorb 
is therefore a direct measure of the 
density of lone electrons in the nu
cleus's vicinity. 

We compared the nuclear-magnet
ic-resonance spectrum of isolated ce
sium atoms with the spectrum of 
cesium cations in the electride of ce
sium and lS-crown-6 complexants 
and found that the trapped electron 
interacts very weakly with the nu
cleus. Each nucleus had a paramag
netic electron in its vicinity only 
about .03 percent of the time. 

In a separate test we addressed an
other question: we tried to determine 
whether each cation interacts equal
ly with all eight of the surrounding 
electrons, just as cations in true ion
ic salts interact equally with the sur
rounding anions. In answering this 
question we took advantage of the 
close structural similarity between 
the electride of cesium and lS-crown-
6 complexants and the alkalide made 
from cesium, lS-crown-6 complex
ants and negatively charged sodium 
ions. We grew a sample of the cesi
um-lS-crown-6 electride in the pres
ence of sodium in such a way that 
some sodium anions substituted for 
trapped anionic electrons, and we an
alyzed the resulting crystals by nu
clear magnetic resonance. 

We found that some cesium cat
ions were surrounded by only seven
eighths as much electron density as 
usual, other cations by only three
quarters as much and still others by 
only five-eighths as much. Our con
clusion was that in these cases one, 
two or three of the eight anionic sites 
surrounding each cation were occu
pied by sodium anions rather than by 
electrons. Because removing any of 
the eight electrons had the same ef
fect, this result showed that a cation 
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in an electride does not bind particu
larly strongly to any one electron or 
vice versa. 

These studies and others con
firmed our theoretical picture: local
ized electrides are simple ionic salts 
in which all the anionic sites are oc
cupied by trapped electrons. There 
seems to be no special relation be
tween a trapped electron and any 
one of the surrounding cations, and 
the electrons spend the great ma
jority of their time in and near the 
cavities rather than near surround
ing cations. 

Possible Applications 

In addition to their intrinsic scien
tific interest, electrides could some
day be useful in a variety of appli
cations. They can be dissolved in a 
number of solvents to yield solvated 
electrons (electrons that are free in 
solution). Solvated electrons in liquid 
ammonia are used extensively in in
dustrial syntheses, but there are a 
number of reactions in which liqUid 
ammonia cannot be used, either be
cause it can sometimes donate pro
tons or because one reactant is not 
soluble in liquid ammonia. The abili
ty to dissolve electrides in other sol
vents could therefore be quite useful 
in a variety of syntheses. 

Because the electrons in localized
electrides are so weakly bound, 
these crystals could be effective as 
photosensitive detectors in infrared
sensing photomultipliers. In these 
devices an impinging photon liber
ates an electron, resulting in a small 
electric current. The same weak 
binding could also make electrides 
useful in solar-energy converters and 
as cathodes in batteries. 

The main barrier to incorporat
ing electrides into new electronic 
devices is their tendency to decom
pose. In our laboratory we are em
barking on a major attempt to 
synthesize electrides that do not 
spontaneously decompose at room 
temperature. By their very nature all 
electrides (which contain loosely 
bound electrons) must react with air 
and moisture, which readily accept 
electrons. There is reason to believe, 
however, that we can produce elec
trides that are otherwise stable. 

For example, we have done tests 
with a complexant called hexameth
yl hexacyclen, which is similar to 
18-crown-6 except that the oxygen 
atoms are replaced with nitrogen 
atoms that have auxiliary groups 
attached to them. We have found that 
an alkalide consisting of potassi-

urn cations, hexamethyl hexacyclen 
complexants and sodium anions is 
extremely stable: it remains so at 
temperatures as high as 45 degrees 
C. The next step will be to see wheth
er we can synthesize stable elec
trides based on complexants of this 

type. If we do succeed in producing 
stable electrides, this new form of 
crystalline matter could have many 
useful technological applications, in 
addition to opening a new window 
on the basic understanding of inter
actions among electrons in solids. 

SYNTHESIS APPARATUS makes it possible to grow relatively large electride crystals. 
The complexant (crown ether or cryptand) is placed in one bulb (lower le{r) and the met
al that will provide the cations is placed in the other bulb (lower right). A solvent is in

troduced into the bulb holding the complexant, and the apparatus is tipped so that the 
dissolved complexant pours through a filter made of sintered glass onto the metal. The 

metal dissolves, and the apparatus is tilted again so that the entire solution pours back 
through the filter into the first bulb (the filter traps pieces of undissolved metal). When 
a weaker solvent is added and the solution is cooled, crystals of elect ride form sponta· 

neously. The solvent is poured off, and the apparatus is tipped upside down so that the 
crystals will fall into thin glass tubes protruding from its top. The tubes are heat-sealed 

and stored individually. The glassware was made by master glassblower Keki Mistry. 
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Mimicry in Plants 
There are flowers that look like insects and weeds that 
masquerade as crop plants. Mimicry in plants results from 
natural selection: it attracts pollinators or deters predators 

P
lant adaptations can be remark
ably complex. Certain species 
of orchids, for instance, imitate 

female bees; other plants look and 
smell like dead animals, and still oth
ers have the appearance of stones. 
These strange adaptations to life rep
resent just a few of the sophisticated 
means by which plants enhance their 
chances of survival. 

The idea that one species can imi
tate another in order to deceive an 
enemy and thus escape predation 
has fascinated biologists for more 
than a century. This particular sur
vival strategy was first described 
in 1862 by the English naturalist 
Henry W. Bates, who observed that 
certain brightly colored species of 
South American butterflies were al
most identical in appearance but that 
some were poisonous whereas oth
ers were completely harmless. He 
surmised that the harmless species 
were masquerading as harmful ones 
in order to avoid being eaten and 
called the phenomenon mimicry; it is 
now known as Batesian mimicry. 

Mimicry in plants has not been the 
focus of much attention until recent
ly, partly because in the past plants 
were studied largely in relation to 
their physical environment and part
ly because mimicry is simply less 
common in plants than it is in ani
mals. (Most likely the reason is that 
plants are sedentary and have a pro
pensity to form clusters; consequent
ly herbivores can learn the location 
of individual plants and discriminate 
between them.) Nevertheless, obser
vations made in 1793 by the German 
naturalist Christian K. Sprengel pro
vided an early clue that plants, like 
animals, imitate other species. Spren
gel found that certain plants, particu
larly orchids, do not secrete nectar 
themselves but instead mimic the ap
pearance of nectar-producing spe
cies living in the same habitat. 
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It was not until well into this centu
ry, however, when ecology emerged 
as a distinct discipline, that the rela
tion of plants to other species in the 
environment became the object of 
detailed inquiry. Since then studies 
have revealed that plant-animal in
teractions run the gamut from associ
ations that are mutually beneficial (as 
in the case of pollination systems) to 
associations that are antagonistic (as 
in the case of defense against herbiv
ory). Mimicry can play a role in all 
these systems, and as botanists con
tinue to study plant-animal interac
tions, particularly in tropical ecosys
tems, it has become clear that plant 
mimicry is far more widespread than 
had been supposed. 

M imicry, in plants or in animals, is 
a three-part system. There is a 

model: the animal, plant or substrate 
being imitated. There is a mimic: 
the organism that imitates the mod
el. And there is a signal receiver or 
dupe: the animal that cannot effec
tively distinguish between the model 
and the mimic. Mimetic traits may in
clude morphological structures, col
or patterns, behaviors or other at
tributes of the mimic that promote 
its resemblance to a model. That 
model may be either an unrelated 
species or an inanimate object, such 
as the background against which an 
organism spends most of its time. 

Mimicry is not an active strategy 
on the part of an individual plant; 
flowers do not deliberately trick or 
deceive animals into visiting them. 
Mimicry arises as the result of evo
lution through natural selection and 
the occurrence of random mutations 
that lead over many generations to 
the appearance of favorable char
acteristics. If such genetically based 
traits help to camouflage a plant, for 
example, the plant is likely to have a 
survival advantage over other plants 

that are less well camouflaged. The 
plant will leave more descendants, 
thereby passing the advantage to the 
next generation. For natural selec
tion to favor the evolution of mimic
ry, the mimic must derive a repro
ductive advantage from modeling it
self after another organism or object; 
its fitness, measured as the number 
of offspring produced that survive 
into the next generation, must be in
creased as the result of deception. 

This has rarely been documented 
in field studies of mimicry in animals, 
in part because keeping track of two 
or (more commonly) three interact
ing species can be logistically diffi
cult. Plants, at least during the vege
tative phase of their life cycle, are im
mobile and are therefore more easily 
observed and manipulated under ex
perimental field conditions. In many 
cases of herbivory it is obvious that 
the mere survival of the plant auto
matically confers a fitness advantage 
over less fortunate individuals that 
are preyed upon. In pollination the 
number of pollinators attracted to a 
plant and the amount of fruit and 
seed produced can be considered es
timates of reproductive fitness. 

In most pollination systems both 
the plant and its pollinators benefit 
equally, a relationship known as mu
tualism. The plant offers its pollina
tors nutritional rewards in the form 
of nectar and pollen, and during feed
ing activities the pollinators transfer 
pollen from plant to plant within a 
species, leading to fertilization and 
the setting of seed. Certain plants ex
ploit this relationship and are visited 
by pollinators in spite of the fact that 
they offer no nutritional rewards. 
The plants do so by mimicking any of 
a number of phYSical and chemical 
characteristics (including color, tex
ture, scent and form) of nearby flow
ering-plant species that secrete copi
ous quantities of nectar. The insects 

© 1987 SCIENTIFIC AMERICAN, INC



are unable to distinguish between 
the model and the mimic and there
fore pollinate both of them. 

One example of such deception, 
whose basis is not immediately 

obvious to a human observer, was re
cently described by L. Anders Nils
son of the Institute of Systematic Bot
any in Uppsala. The model in this 
mimicry complex consists of several 
species of bellflowers in the genus 
Campanula; the mimic is the red hel
leborine orchid Cephalanthera rubra. 
Both flowers live together in dry, 
woody habitats throughout west
ern Europe and the Mediterranean, 
where they are regularly visited by 
two species of solitary bees: Chelo
stoma (uliginosum and C. campanu-

larum. Beyond this the two flowers 
bear little resemblance to each other. 
They differ in both shape and color 
(the orchid is rose-colored, the bell
flower a violet-blue) and belong to 
separate plant families. Moreover, 
the bell flowers produce abundant 
nectar for the bees that visit them, 
whereas the orchids produce none. 

Nilsson observed that male Chelo
stoma bees fly to the Cephalanthera 
flowers, alight and enter the flower 
headfirst, presumably searching for 
floral rewards. Not finding nectar, 
they back out of the flower and in do
ing so brush against packages of yel
low pollen called pollinia. These be
come attached to the thorax of the 
bee by a sticky substance secreted 
by the flower's female sex organ, the 

stigma. When the bee flies away, it 
carries the pollinia with it and depos
its pollen on the stigma of the next 
orchid it visits. Nilsson tracked the 
bees and found that, by not discrimi
nating between the two types of flow
ers, the bees successfully pollinate 
both species. He wondered why the 
orchids, which are distinctive to look 
at and lack nectar, were attractive to 
the bees that pollinate them. 

Nilsson solved the paradox with 
the aid of a spectrophotometer, a de
vice that measures the wavelengths 
of light reflected from an object. Al
though the colors of the orchid and 
the bellflower look very different to 
human observers, he found that the 
reflectance curves for the two flow
ers are virtually identical within the 

DECEIVED BY physical and chemical cues, the wasp Campsosco
Iia ciliata tries to mate with the orchid Ophrys speculum. The la

bellum, or lower lip, of the flower has roughly the size, shape 

and fuzziness of a female wasp; male wasps apparently cannot 

distinguish between them. As a result the orchid is pollinated by 

wasps that visit one flower after another searching for a mate. 
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bees' visual range. The orchid ap
pears red to the human eye because 
it reflects light at the red end of the 
spectrum (in the range of 600 to 650 
nanometers), but bees see best at the 
ultraviolet end; like many insects, 
they do not distinguish among differ
ent red hues. To the bee, therefore, 
the orchid and the bellflower are 
identical; shape and scent are appar-

ently of minor importance in this de
ception system. 

Male Chelostoma bees are thus de
ceived into visiting Cephalanthera 
flowers, a behavior that is of little 
benefit to the bee but very beneficial 
to the plant: it is pollinated without 
having to provide floral rewards in 
return. Comparison of the reproduc
tive success of the orchid in habitats 

MIMICRY IS A THREE·PART COMPLEX involving a model, a mimic and a dupe. Here 

the model is the bellflower Campanula persicifolia (left), which produces abundant nec
tar, a substance that is attractive to pollinators. The red helleborine orchid Cephalan
thera rubra (right) produces no nectar, but it mimics the bellflower and thus deceives 
the dupe: the leaf-cutting bee Chelostoma fuliginosum (center), which visits it. The bee 
cannot distinguish between the colors of the two flowers and pollinates both species. 
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COLORS OF MODEL AND MIMIC are different to human beings, who can detect wave

lengths of light at the red end of the visible spectrum (right), where the reflectance pat
terns of these flowers diverge. But at the ultraviolet ·blue end of the spectrum (between 
approximately 300 and 550 nanometers), where bees see best, the reflectance curves of 
the two flowers are almost identical and the flower colors look the same to the bees. 
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where it coexists with bellflowers 
and their bee pollinators and where. 
it does not shows that the orchids 
clearly increase their fitness by mim
icking bellflowers. Fruit set in these 
areas is six times higher than it is in 
regions where the orchid exists with
out bellflowers. 

Examples of plant mimicry consid
erably more bizarre than this oc

cur elsewhere in the orchid family. In 
one type of deception the flowers of 
several orchid species imitate female 
insects. The orchids produce no nec
tar but instead emit a scent remark
ably like the sex pheromone of the 
insect species they are mimicking. In 
addition the labellum, or lower lip, of 
the orchid flower tends to have a 
shape and a texture like those of the 
insect being imitated. In orchids that 
attract bees, for instance, the label
lum is covered with hairs. 

Several species in the European ge
nus Ophyrs have evolved so closely 
with their insect pollinators that they 
produce a fragrance similar to, if not 
identical with, the sexual attractant 
of the female insect they are mimick
ing. In some cases individual orchid 
species are named after the species 
of insect (fly, wasp or bee) that pol
linates them. Males, particularly if 
they have not mated with a female, 
are attracted to the orchid's flowers 
and attempt to copulate with them. 
From the plant's perspective, pseu
docopulation is clearly an effective 
strategy. When the insect lands on 
the flower, it makes contact with the 
orchid's pollinia. Unsuccessful in the 
mating attempt, the insect flies off in 
search of a more appropriate mate, 
transporting the pollinia to another 
flower of the same species. 

Pseudocopulation represents one 
of the most beguiling and complex 
forms of animal-mediated pollination 
in flowering plants. It has evolved in
dependently on three separate land
masses (Australia, Eurasia and South 
America) and is particularly preva
lent in the tropics, where many or
chid species reproduce by this 
means. Why do insects, which re
ceive no apparent benefit, participate 
in the arrangement? Should natural 
selection not favor the survival of 
males that are able to conserve their 
energy by distinguishing a flower 
from a female insect? One possible 
explanation is that flowering time for 
the orchid is closely synchronized 
with the emergence of adult males 
from the pupal stage. (Male insects 
often emerge before the females.) 
Emerging males compete heavily for 
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the few available adult females; un
der these circumstances their dis
criminatory powers are thought to be 
low. In a state of sexual frustration 
many males are readily deceived by 
the scent and appearance of the or
chid flowers. 

In stark contrast to the showy flow
ers associated with pseudocopula

tion is a pollination strategy in which 
plants assume some of the character
istics of rotting flesh. Such plants 
have evolved traits, including putrid 
odors, fleshlike colors and abundant 
hairs, that are repulsive to human be
ings but attractive to flies and other 
carrion-feeding insects. One of the 
most potent of these rotting-flesh 
mimics is Amorphophallus titanum, an 
eight-foot plant from Sumatra whose 
stench is so powerful that people are 
said to have fainted from sniffing it 
too closely. 

Rotting-flesh mimics rarely offer 
nectar or other food rewards. Instead 
they deceive their pollinators by ap
pearing to be a suitable food site for 
developing maggots, which normal
ly feed on dead animal tissue. Female 
flies, fooled by the smell of rotting 
flesh, land on these flowers and in 
some cases even lay their eggs in 
them. In a manner reminiscent of the 
male insects that move from flower 
to flower seeking a mate, female flies 
go from one rotting-flesh mimic to 
another in search of egg-laying sites. 
As they progress from flower to flow
er they inadvertently collect pollen 
on their bodies and transport it to the 
flowers' stigmas, thus pollinating the 
species. 

Some plants imitate other mem
bers of their own species, a form of 
deception known as Bakerian mimic
ry for Herbert G. Baker of the Univer
sity of California at Berkeley, who 
first described it. For many years it 
has been known that members of the 
Caricaceae, or papaya family, are di
oecious: they bear male and female 
flowers on separate plants. In the 
Caricaceae male and female flowers 
are strikingly different, a phenome
non known as sexual dimorphism. 
Male flowers in this family possess 
long floral tubes, whereas female 
flowers lack floral tubes and instead 
have free petals surrounding a large 
green ovary. Male flowers in the Cari
caceae produce nectar but female 
flowers do not. 

Baker wondered how the species 
was pollinated. What would attract 
an insect to the female flower, which 
produces no nectar or pollen? In 
studying the interactions of papaya 

PSEUDOCOPULATION between two Mediterranean species, the horned bee Eucera ni
grilabris and the orchid Ophrys tenthredinifera, leads to pollination of the orchid. To a 
male bee the flower (left) looks like a female bee with her wings outspread. The bee 
grasps the flower's labellum and attempts to mate with it (right). While doing so he 
brushes against the pollinia: pollen sacs hanging from the upper lip of the flower that 
stick to his body. When the bee leaves, he carries the pollinia to another Ophrys flower. 

plants with their pollinators he noted 
that the plants are pollinated mainly 
at twilight by insects such as moths 
in the family Sphingidae, which visit 
both male and female flowers equal
ly. He concluded that to a sphingid 
moth flying above the plants when 
light levels are low the male and fe
male flowers must look remarkably 
alike. Unable to distinguish between 
the two flower types, the moths are 
deceived into visiting the nectarless 
female flowers. Baker called the phe
nomenon "mistake pollination." 

In most dioecious plant species 
male plants produce considerably 
more flowers than female plants. Ka
maljit S. Bawa of the University 
of Massachusetts at Boston suggests 
that the skewed ratio of flowers in di
oecious plants has resulted in intense 
natural selection for female flowers 
to conform to the search image de
veloped by pollinators visiting male 
flowers. This type of deception is 
consistent with the rules of mimicry: 
the model (the male flower) in the 
family Caricaceae is much more 
abundant than its mimic (the female 
flower). For that reason pollination 
biologists believe mimicry in di
oecious plants may be more wide
spread than is supposed, and it is in
teresting that male and female flow
ers in animal-pollinated plants tend 
to look alike, whereas those that are 
wind pollinated often do not. 

Not all plant mimicry is one-sided 
as in Batesian mimicry, where 

one species obtains the advantage by 
imitating a second species. Another 
type of mimicry, observed common
ly in animals but rarely in plants, is 

known as Mullerian mimicry (after 
Fritz Muller, the 19th-century Ger
man zoologist who first described it). 
In this type of mimicry a number of 
unrelated species resemble one an
other in appearance and behavior. 
By forming a group of look-a likes the 
plants are able to take advantage of a 
common "advertising style," a strat
egy that attracts more pollinators 
than would be the case if each plant 
advertised alone. 

Mullerian mimicry differs from 
Batesian mimicry in that there is no 
deception, no clear distinction be
tween model and mimic, and all par
ticipants contribute equally; that is, 
all offer floral rewards of comparable 
value. For this reason some botanists 
maintain that Mullerian mimicry is 
not really mimicry at all but simply a 
function of the fact that organisms 
living in the same habitat evolve in 
similar ways, a phenomenon known 
as convergent evolution. (A well
known example of convergence is 
the evolution of succulence in des
ert plants. In response to the need 
to conserve water in arid environ
ments, various unrelated plant spe
cies have evolved thick leaves and 
fleshy tissues.) 

There are also floral associations 
that appear to combine elements of 
both Batesian and Mullerian mimicry 
systems. One example that falls into 
this category but is still untested is 
a complex of three orange-yellow 
butterfly-pollinated plants: Lantana 
camara in the verbena family, Ascle
pias curassavica in the milkweed fam
ily and Epidendrum radicans in the 
orchid family. The three plants are 
commonly found together in road-
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side communities in the American 
tropics, where they are visited by the 
same individual butterflies. 

Lantana and Asclepias, which pro
duce abundant nectar, are thought to 
be Mullerian mimics of each other. 
Epidendrum, which produces no nec
tar, is considered a Batesian mimic 
of the other two. The three species 
meet the outward criteria of a mimic
ry complex: they inhabit the same 
area and have flowers that are simi
lar in size and color. Nevertheless, re
cent work has failed to demonstrate 
that each species is pollinated more 
(and therefore produces more off
spring) when it occurs in association 
with the other two species than when 
it occurs in isolation. 

P lants do not always mimic other 
organisms and need not always 

deceive for the purpose of pollina-

tion. In some species mimicry has 
evolved in response to predation by 
animals. Certain plant species resem
ble the shape, size, color and even 
the texture of an inanimate back
ground to such an extent that they 
are camouflaged against potential 
herbivores. For example, several 
hundred species in the southern Afri
can ice-plant family, the Mesembry
anthemaceae, have evolved a strik
ing resemblance to stones and peb
bles. Stone mimicry in the family is 
most developed in the genus Lithops: 
the entire plant, not just part of it, re
sembles a stone. Lithops plants are 
virtually impossible to spot against 
low-growing vegetation, particularly 
during the dry season, when they 
shrivel and often become lightly cov
ered with sand. 

Delbert Wiens of the University of 
Utah suggests that animals such as 

ground-foraging birds, small mam
mals or ungulates that once roamed 
the plains of Africa in large numbers 
may have provided the selective 
force that has led to the radiation 
of these mimetic forms. Grazing on 
low-growing vegetation, the animals 
might have devoured anything re
motely plantlike in appearance, par
ticularly during the dry season, when 
many plants wilt and die. This hy
pothesis is supported by the fact that 
Lithops flowers (which are readily vis
ible) are short-lived and appear only 
during the wet season, when there 
is abundant herbage for grazing an
imals. The difficulty of identifying 
the selection pressures responsible 
for stone mimicry is a reminder that 
life is continuously evolving. When 
the intricate relation between mod
el, mimic and dupe is disrupted, 
for instance by human disturbance, 

CARRIONLIKE PLANT Stapelia nobilis from southern Africa has 

the color and stench of rotting flesh. To an insect the flower's 

red petals, which are covered with fine hairs, look and feel like 

fur. The female blowfly seen here, apparently unable to tell the 

difference between the plant and an animal carcass, has just laid 

a mass of white eggs at the bottom of the flower. The maggots 

that hatch from these eggs need animal protein for development 

and will die soon after birth for lack of a suitable food supply. 
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only parts of the original mImIcry 
complex may remain intact. In these 
cases the striking resemblance be
tween models and their mimics is an 
intriguing glimpse of past evolution
ary processes that are no longer in 
operation today. 

Not all mimicry among plants is a 
reflection of evolutionary events 

in the distant past. One of the most 
destructive predators of plants is the 
species Homo sapiens, and several 
studies of cultivated crops indicate 
that farming practices have had a 
powerful influence on the genetics 
and evolution of certain species of 
weeds. Coincident with cultivation 
came the need to control weeds that 
invade agricultural land and reduce 
crop yields by competing with crops 
for nutrients and light. 

Since plants were first domesticat
ed by human beings, farmers have 
removed troublesome weeds from 
their crops by hand, and in spite of 
the widespread use of herbicides, 
hand weeding is still practiced, par
ticularly in less developed countries. 
In the process of removing weeds, 
whether by hand or by hoe, agri
cultural workers are faced with the 
problem of distinguishing between 
the crop and the weed. In the ma
jority of cases it is easy for the ag
ricultural worker to distinguish be
tween them. When the crop and the 
weed species are similar in appear
ance, however, the weed may be 
overlooked through mistaken identi
ty with the crop. This is most likely to 
occur when the individual weeds are 
scattered throughout the crop at rela
tively low density, but it may also oc
cur at high weed densities when the 
toil of hand weeding lowers workers' 
discriminatory powers, leading to 
more mistakes. In either case, weeds 
that more closely resemble the crop 
have a better chance of survival. 

My own interest in this absorbing 
subject came about while I was 
studying the problem of wild-rice 
infestations in cultivated rice fields 
in Swaziland. During the 1950's two 
species of wild rice, Oryza rUfipogon 
and Oryza punctata, had invaded the 
rice fields, where they multiplied and 
spread rapidly. Because the wild spe
cies are similar in appearance to cul
tivated rice, the full extent of their in
vasion was not recognized until the 
weed populations were too large to 
be effectively controlled. My obser
vations of hand weeding by agricul
tural workers in the fields indicated 
that distinguishing between the dif
ferent types of rice plants was very 

STONE MIMICRY is best developed in the genus Lithops from southern Africa. From a 
distance these three plants are difficult to distinguish from the pebbles that surround 
them; during the dry season they shrivel and are almost invisible even at close range. 

difficult and often the weed rices 
were left standing. 

Weeding in rice paddies, as in most 
cultivated fields, is usually undertak
en during the early stages of crop 
growth, when competition between 
the rice crop and invading weeds is 
greatest. Therefore most weed mim
ics imitate the seedling stage in the 
plant's life cycle and are indistin
guishable from the crop until the 
flowering stage, by which time most 
of the damage has been done. 

In Swaziland I observed that under 
certain conditions cultivated rice and 
the wild rice 0. rufipogon hybridize 
and produce viable offspring. This 
makes the job of distinguishing be
tween crop and weed particularly 
troublesome. The complexities of hy
bridization between cultivated and 
weed rices have been extensively 
studied by scientists at the National 
Institute of Genetics in Japan. They 
found that certain cultivated traits
such as flovyering at the same time as 
cultivated rice, synchronous germi
nation and reduced shattering ability 
(the propensity of the rice seeds to 
fall prematurely from the head of the 
rice plant)-were expressed in crop
weed hybrids. Unfortunately the hy
brids retain the traits that make wild 
rice inedible: their grains are small 

and have extremely hard husks that 
are difficult to mill. Even more trou
blesome is the fact that domesticated 
traits expressed in the hybrids allow 
them to persist and proliferate, mak
ing the weedy rices a still greater ag
ricultural problem. 

In an attempt to eradicate hybrid 
weeds from rice fields, plant genet
icists in India developed purple
leaved strains of cultivated rice. 
They theorized that this would be a 
Simple and effective means by which 
workers weeding rice fields by hand 
could differentiate the weed species 
from the edible species. Unfortunate
ly the natural process of hybridiza
tion between the crop and the weed, 
in association with hand weeding, 
soon led to the appearance of purple
leaved weedy rices and color was 
rendered ineffective as a means of 
distinguishing between the different 
species. 

A nother serious pest of cultivated 
.!-\.rice is barnyard grass. Barnyard 
grasses (Echinochloa) are among the 
world's most widespread and nox
ious weeds, infesting a wide variety 
of crops including corn, cotton and 
fruit trees as well as rice. They can 
usually be recognized by their red
dish leaf bases, drooping leaves and 
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early flowering time. Various muta
tions resulting in the loss of these 
characteristics, however, have aris
en among species of barnyard grass 
that infest Asian rice fields, making 
them so similar to cultivated rice that 
they are almost indistinguishable 
from it, particularly during the vege
tative growth period. It is possible to 
differentiate between them, but only 
by examining cultivated rice plants 
closely for the presence of a ligule, a 
short appendage at the base of its 
leaves. This requires more time than 
is generally available to hand weed
ers, and so the weed species are often 
overlooked. 

Today two of these rice mimics, 
Echinochloa oryzoides and E. phyl/o-

pogon (once called E. oryzicola), are 
obligate rice-field weeds that have 
spread from Asia to many of the ma
jor rice-growing regions of the world, 
including California. It appears that 
they entered the U.S. as contami
nants of rice seed not long after the 
beginning of rice culture in the state, 
because they appeared as weeds in 
early rice trials at the Biggs Rice Re
search Station in California's Central 
Valley. Today they are one of the 
most serious weeds of rice in Califor
nia. Although hand weeding is no 
longer practiced in that state, the 
close resemblance of barnyard grass 
to rice may have indirectly furthered 
its spread through California. Rice 
seed from fields thought to be weed-

THREE-WEEK-OLD SEEDLINGS of cultivated rice (left) are compared with two barn
yard grasses: a mimic, Echinochloa phyl/opogon (middle), and a nonmimic, E. crus-galli 

(right). Although the barnyard grasses are closely related, E. phyl/opogon resembles 
rice more than it does E. crus-galli. Distinguishing between E. phyl/opogon and rice is 
tricky: rice has a ligule (a small appendage at the base of its leaves) that E. phyl/opogon 

lacks. E. crus·galli, on the other hand, is easily recognized by its reddish purple stem. 
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free but infested with barnyard grass 
was certified for distribution around 
the state in the early 1900's. 

From California the mimic E. ory
zoides is thought to have been export
ed as a rice-seed contaminant to Aus
tralia, where it was first collected at 
the rice reserach institution at Leeton 
in New South Wales in 1938. Today it 
is found scattered throughout the 
rice-growing areas of that state and 
has the potential of becoming a seri
ous agricultural problem. Anthony 
Brown of the Commonwealth Scien
tific and Industrial Research Organi
zation (CSIRO) in Australia and I have 
examined the genetic variation of 
several enzymes present in popula
tions of E. oryzoides from California 
and Australia. Our data indicate that 
populations in Australia represent a 
highly limited extract of the genetic 
information present in California 
populations of the same species. We 
concluded, therefore, that the variety 
of E. oryzoides found in Australia 
could have come only from ancestral 
stock in California. 

M imicry is not limited to the vege
tative stage of a cultivated crop; 

it can also be expressed at several 
other stages in a plant's life cycle. For 
example, in the intensive small-scale 
farming that characterizes the grow
ing of cultivated rice in many parts 
of the world, particularly Asia, the 
transplantation of seedlings by hand 
from nursery beds to rice paddies 
provides an additional opportunity 
for human selection to occur. 

Mimicry may also develop at the 
seed stage. Seed mimicry was first 
described by Russian botanists in the 
early 1900's based on observations 
of a variant of the weed Camelina sa
tiva (var. linicola) found in flax fields 
in the Soviet Union. Camelina sativa 
plants have thin, unbranched stems, 
narrow, pale leaves and look like flax 
plants. The resemblance, however, is 
not the result of selection by hand 
weeding, which is not practiced in 
flax fields, but simply adjustment to 
life among the densely packed and 
shaded stands of flax. Mimicry in C. 
sativa involves the seeds of the weed, 
which resemble those of flax in sev
eral important respects. 

Camelina seeds ripen at the same 
time as those of the flax plant, and be
cause the fruits in which they occur 
are nondehiscent (they remain at
tached to the plant), they are harvest
ed along with the crop. Normally 
seeds other than those of flax are 
removed during the processes of 
threshing and winnowing, but Came-
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HAND WEEDING OF RICE is still practiced in many less devel

oped countries by workers who spend long hours pulling weeds 

from rice paddies. Rice-mimicking weeds, overlooked under the 

combined pressures of time and fatigue, have become serious 

agricultural problems in some areas. The women in this photo

graph, made in 1969, are hand weeding rice fields in Swaziland. 

By the mid-1970's, rice cultivation in Swaziland ceased entire

ly because of the weed problem posed by the wild rice species. 

!ina seeds have evolved winnowing 
properties similar to those of flax. 
The seeds of the two species look dif
ferent but the weed and flax seeds 
are blown the same distance by the 
winnowing machine. As a result the 
seeds are mixed together and sown 
the following season, ensuring that 
the mimicry complex continues. In 
various parts of the Soviet Union 
the seeds of different flax varieties 
have different characteristics. Re
markably, the Came!ina-seed mimics 
in each region have evolved in paral
lel with their models and so persist 
as weeds. 

With the introduction of more so
phisticated winnowing machines as 
well as improved varieties of crops, it 
is likely that the intimate relationship 
between crops and their weeds will 
break down-at least temporarily. 
For example, the introduction of ear
ly-maturing dwarf varieties of culti
vated rice in California fields makes 
it easier to recognize contamination 
by E. phyllopogon. The development 
of rice varieties, which bear seed be
fore the seeds of its mimic are ma
ture, are likely to lead to loss of the 
weed mimic altogether. 

Interaction between species is al
ways unpredictable and a change 
in one species frequently elicits a 
change in the other. Although it is 
possible the new selection pressures 
acting on E. phyllopogon will lead to 
the evolution of mimics that match 
their flowering time with that of rice, 
my own studies suggest this is un
likely: populations of E. phyllopogon 
in California contain relatively little 
genetic variation for such traits as de
velopment time, and this limits their 
capacity for evolutionary change. 

Mimicry in agricultural systems is 
not always detrimental to human be
ings. Some weed mimics have, by 
virtue of their similarity to crop spe
cies, become crops of major impor
tance themselves. N. I. Vavilov of the 
Academy of Sciences of the U.S.S.R. 
was the first to observe in the late 
1920's that in early cereal crops such 
as wheat, weeds resembling rye and 
oats were harvested and accidental
ly exposed to selection by man for 
domesticated traits including large 
seeds, rigid panicles and nonshatter
ing habit. With time the weeds gradu
ally evolved into useful crops in their 
own right and today are entirely de-

pendent on man for their survival. 
Vavilov used the term "secondary 
crop" to designate those domesticat
ed plant species that were originally 
derived from mimetic weeds, and the 
entire process, which has no real 
counterpart among mimetic phe
nomena in more natural ecosystems, 
is referred to as Vavilovian mimicry. 
That evolution such as this can occur 
so quickly provides compelling evi
dence for the evolution of adaptation 
by natural selection. 

M imicry in plants involves many 
types of ecological interactions 

and covers a broad gamut from polli
nation strategies based on deception, 
to the avoidance of predation by 
camouflage to the survival of weeds 
based on selection by human.beings 
for plants that mimic crop species. In 
each case mimicry results from the 
interplay between random genetic 
mutations and the selective pres
sures of the environment in which an 
organism lives. Thus the occurrence 
of mimicry in plants is a vivid dem
onstration of the power of natural se
lection as a guiding force in evolu
tionary change. 
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YOUR SYSTEM: a time
consuming, futile struggle 

to keep up with the 
informa1ion explosion. 

The classic texts are convenient 
references-but the information they 

contain is obsolete before publication. 

Like many physicians, you probably rely on 
the texts you first used in medical school. But 
even using the most recent editions, you find 
material that no longer reflects current clini
cal thinking-and they lack the latest informa
tion on such topics as herpes, oncogenes, 
AIDS, and photon imaging. 

Reading stacks of journals alerts you to 
recent developments-but can't give you 
quick answers on patient management. 

Struggling through the hundreds of journal 
pages published each month-even on only 
the really significant advances in the field-is 
arduous and memory-taxing. And it's a task 
that costs physicians valuable time-their 
most precious resource. 

Review courses cover clinical advances
but, months later, do you recall the details 

of a new procedure or unfamiliar drug? 

Seminars can also be costly and make you lose 
valuable time away from your practice
expenses that may amount to several thou
sand dollars. And, the speaker's skill often de
termines how much you learn. 
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OUR SYSTEM: a rewarding, efficient 
way to keep yourself up-to-date-and 
save hundreds of hours of your fune 
for patient care. 

A comprehensive, 2,300-page text in two loose-leaf volumes, 
incorporating the latest advances in medical practice as of the 
month you subscribe. 

This superbly designed, heavily illustrated resource, called "the best 
written of all [the internal medicine] books" by JAMA (251:807, 1984), 
provides a practical, comprehensive description of patient care in 15 
subspecialties. And, because the text is updated each month, the 
clinical recommendations reflect all the current findings. A 
practice-oriented index and bibliography of recent articles further 
enhance the efficiency of the text. 

Each month, six to nine replacement chapters to update 
your text plus new references, a four- to live-page news 
bulletin, and a completely new index. 

You'd have to read hundreds of journal pages each month-and 
memorize the contents-to get the same information SCIENTIFIC 
AMERICAN Medicine contains. With our updated text,you read only 
the information you really need. Our authors, largely from Harvard 
and Stanford, sort through the literature and monitor develop
ments, incorporating the significant advances into our chapters. 

At no additional cost, a 32-credit CME program, to save 
you valuable patient-care time and the expense of attending 
review courses. 

Earn 32 Category 1 or prescribed credits per year with our conve
nient self-study patient management problems; each simulates a 
real-life clinical situation. Choose either the complimentary printed 
version or, at a modest extra charge, the floppy-disk version for your 
IBM® PCIPC Jr., Macintosh TM, or Apple® IIe or II + (or compatible). 
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The Swahili Corridor 
In the 10th century Swahili sailors of the East African coast 
forged a route that brought gold, ivory and quartz to Europe. 
Their efforts contributed to the flowering of the Middle Ages 

F
or most people the term renais
sance calls to mind images of 
15th-century Italy and names 

such as Leonardo da Vinci and Mi
chelangelo Buonarroti. Five centu
ries earlier, however, on the shores 
of the Mediterranean there had been 
a cultural flowering that also de
serves to be called a rebirth. In the 
10th century the Holy Roman Em
pire was founded in southern Ger
many, the Byzantine empire was at 
its height and the Fatimid rulers of 
North Africa extended their control 
to Cairo. All these political develop
ments were accompanied by great 
cultural revivals. Arts, crafts and 
architecture rose to new levels of 
complexity and subtlety. Such de
velopments called for new and exot
ic materials, many of which were 
not available on the shores of the 
Mediterranean. Where were they to 
come from? 

For at least three materials-gold, 
ivory and rock crystal (transparent 
quartz)-the answer was Africa. To 
bring them from there to the Mediter
ranean required a vast international 
trading network that reached from 
southern Africa to Sicily. One of the 
key elements of this network, whose 
existence has only recently been 
demonstrated, was provided by Swa
hili traders. They obtained gold, ivo
ry and rock crystal from their inland 
contacts and carried them north to 
the Muslim merchants who relayed 
them to the Mediterranean world. 
The Swahili, an African people, were 
converted to Islam by their trading 
partners. Partly as a result of their 
conversion, they emerged as a cohe
sive social group that anchored the 
new trade route and helped to lay 
the groundwork for the lOth-centu
ry renaissance in Europe. 

During that renaissance (which 
amounted to the beginning of the 
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Middle Ages) gold, ivory and rock 
crystal appeared in the Mediterra
nean on a scale unparalleled since 
Greek and Roman times. Of the three, 
the history of ivory is the best-docu
mented. Ivory had been widely used 
in the ancient world, and there are 
many classical and early Byzantine 
ivory carvings dating from the first 
century A.D. to as late as A.D. 600 
Soon after 600 the supply from North 
Africa and the Red Sea seems to have 
dried up; only a handful of genuine 
elephant-ivory pieces are known in 
Europe from the three centuries fol
lowing 600. Ivory craftsmen contin
ued their art using substitutes such 
as bone, walrus ivory, narwhal tusks 
and even fossil mammoth ivory from 
Siberia. 

In about 960 a radical change took 
place. Within a single decade Eu

rope was flooded with magnificent 
examples of the carving of genuine 
elephant ivory. The revival appeared 
both in the Christian world, including 
Byzantium and the court of the Holy 
Roman Emperor, and in the Islamic 
world, particularly Spain and Sicily. 
Such a sweeping change can best be 
explained as the appearance of ivory 
from a previously untapped source. 
A clue to what the source might have 
been is the fact that many of the new 
pieces are more than 110 millimeters 
across, a diameter achieved only by 
the tusks of the African elephant. 
Indeed, documentary evidence from 
contemporary Muslim travelers indi
cates that much of the ivory came 
from East Africa. 

Rock crystal shows a similar pat
tern. Like elephant tusks, clear crys
tal was a material that had been 
carved and polished since classical 
times. The surviving pieces are small 
and the crystal, probably from Euro
pean sources, is often cloudy and im-

perfect. Late in the 10th century the 
crystal-carving industry was trans
formed. From the workshops of Fati
mid Egypt came an outpouring of the 
finest rock-crystal working on a lav
ish scale. The earliest examples stem 
from about 975, and over the next 60 
years production was so great that 
more than 100 surviving objects can 
be attributed to these workshops. 
The features of these fine pieces 
are their great size and the clarity 
and perfection of the crystal. As in 
the case of ivory, contemporary ac
counts suggest that the newly avail
able crystal came from East Africa. 

Although ivory and crystal were 
highly valued, gold was the most 
important product for the Mediterra
nean economy. It was both a medium 
of exchange and a medium of art. As 
a trade item it had great influence, 
because its possession could attract 
merchants and their goods. In that re
spect the Fatimid gold coins, minted 
throughout North Africa, were par
ticularly potent. The reason was 
that the Fatimid metallurgists, work
ing under strict control of the rul
ers, were able to produce a dinar (the 
unit of currency in the Islamic world) 
that was 96 percent pure. Such pu
rity, far greater than that of any ri
val coinage, drew commerce in the 
southern Mediterranean to the Mus
lim ports rather than to the Chris
tian ones. 

Yet to draw commerce the opera
tors of the Muslim ports had to sur
render their dinars in exchange for 
goods, and so the supply of gold re
quired continual replenishment. The 
traditional view has been that most 
of the gold for the Fatimid mints 
came from West Africa. Without 
question West Africa was an impor
tant source, but a variety of evidence 
suggests that East Africa was equally 
important. The Yemeni historian Al-
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Hamdani, writing in 942, states that 
the world's most productive gold 
mine is in Ghana, in West Africa. But 
AI-Hamdani also makes statements 
that must be interpreted as referring 
to an extensive, secret sea trade car
rying gold from sources around the 
Indian Ocean. 

The array of evidence from art his
tory, documents of the time and oth
er sources makes it clear that East 
Africa was the new source of rock 
crystal, ivory and gold for the lOth
century Mediterranean world. Curi
ously, although the evidence seems 
unimpeachable, the connection be
tween East Africa and the Mediterra
nean has been recognized only in the 
past several years. In that brief peri
od archaeological discoveries by me 
and by others have confirmed the 
route's existence and demonstrated 
the central role of the Swahili in es
tablishing it. 

The Swahili ports and settlements 
extended 3,000 kilometers along the 

East African coastline. Modern ar
chaeological surveys have revealed 
more than 400 sites along this thin 
line of coastal settlement that were 
occupied well before the Portuguese 
arrived in 1498. Many of the sites 
were small village communities. Sev
eral, however, were highly urban
ized, with hundreds of stone houses 
and populations greater than 10,000. 
These were the commercial centers 
where the oceangoing dhows from 
the Indian Ocean made their landfall. 

This coastal aggregation, which I 
have called the Swahili Corridor, was 
established by the ancestors of the 
Swahili who still live in the region. 
They were a maritime people who 
built boats of their own design and 
sailed them along the coast, follow
ing the seasonal monsoons and cur
rents. Communication by sea along 
the coast resulted in the establish
ment of a common culture in the Swa
hili Corridor. An important part of 
that culture was Islam. According to 

contemporary Arabic descriptions, 
the Swahili traders were Muslims 
who followed a way of life compara
ble to that seen in the Middle East. 

W here did these Muslim traders 
come from? Their origins have 

always been controversial. Local Af
rican traditions assert that the towns 
were founded by refugees fleeing up
heavals in the Muslim Middle East 
in the eighth century. Some modern 
historians have argued that the Swa
hili were Arab colonists who inter
married with the Bantu farmers of the 
coast. My excavations at Shanga on 
Pate Island off the coast of Kenya, 
however, show that the "Arab" the
ory is incorrect: the Swahili were Af
rican in origin. 

The work at Shanga occupied five 
digging seasons beginning with that 
of 1980. The site was chosen partly 
because it had a complete set of 14th
century ruins on the surface. Test 
pits in the center of the site revealed 

IVORY CASKET is an early example of a 10th-century revival of 

ivory carving in the Mediterranean world that may well have 

been due to new sources of ivory from Africa. The silver·mount

ed box, 4.5 centimeters high, was carved from a single piece of 

ivory. Probably intended to hold jewels, it was made in the royal 

workshops at Madinat al-Zahra in Spain for the daughter of the 

Umayyad ruler Abd ai-Rahman III. The decorations include an in· 

scription in the Arabic script called Kufic. The inscription indi

cates that the casket was made after the death of Abd ai-Rahman, 

which took place in 961. The ivory for such beautiful objects was 

probably brought to the Mediterranean by an international trade 
in which the Swahili merchants of East Africa had a key role. 
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five meters of deposits underneath 
the ruins. It turned out that the earli
est levels dated from the eighth cen
tury; 25 distinct occupation phases 
were recorded. 

Now, during the eighth century, 
when Shanga was first occupied, 
there were no foreign settlements on 
the coast of East Africa. Indeed, the 
earliest occupation layers at Shan
ga appear to be completely African 
in style. Around a rectangular cattle 

corral were set a group of daub-and
mud huts; each clan grouping had its 
own gate into the corral, which was 
an area of communal activity. Al
though initially the residents proba
bly were not Muslims, by sometime 
in the ninth century an elite group 
had converted to Islam, as is shown 
by the discovery of postholes for 
three small wood mosques. That the 
new faith was for an elite, and not for 
the general population, is indicated 

by the limited capacity of the early 
wood mosques, which could have 
held only 20 or so of the estimated 
population of 500. 

Settlements of the same type and 
date are widespread on the East Afri
can coast. The northernmost is near 
Mogadishu in Somalia. There are sev
eral more in the Lamu archipelago 
(of which Pate Island is a part), two 
on Zanzibar and several on islands 
south of Zanzibar, including Mafia, 

MTEPE was the traditional sailing vessel of the Swahili traders. A 

typical mtepe might have been 15 meters long. The sail was 

made of palm-leaf matting. The hull was built from planks of Af
rican teak, drilled and lashed with coir (rope made of the fiber of 

the coconut husk). The prow represents a camel's head; the flags 
. 

symbolize Sultan Ali of Shungwaya, a legendary Swahili sailor, 

and his sons. The mtepe design, which may have originated in 

the first century A.D., was still in use in the early 20th century. 
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the Kilwa Islands and the Comoro Is
lands. The southernmost lie on the 
mainland of Mozambique. Such sites 
mark the early phase of the Swahili 
Corridor. Among their common fea
tures are mud houses and remains 
suggesting a diet of fish and wild an
imals. The earthenware pottery is 
practically identical at all the sites, 
suggesting a single cultural group 
that maintained contact by sea over 
extended periods. 

This unified, indigenous seafaring 
society (the existence of which has 
been recognized only in the past five 
years) may have come into existence 
as early as the first century A.D. By 
the ninth century it had become an 
integral component of a large inter
national trading network. That net
work, however, was not the one that 
led to the Mediterranean. It was a 
route that led to China by way of the 
Persian Gulf. 

Among the major ports of the Per
sian Gulf were Siraf and Sohar, whose 
traders took advantage of the resour
ces available on the East African 
coast to establish a trading system 
extending to the Middle East and Chi
na. Among African exports to China 
were ivory and ambergris (a waxy 
substance believed to come from the 
intestine of the sperm whale that is 
employed as a fixative in perfume). 
The bulkier products, such as wood 
and slaves, went to the Middle East. 
Wood from East African forests 
roofed great cities in the Middle East, 
perhaps even Baghdad; the slaves 
drained the swamps of the Shatt-al
Arab on the Euphrates. The return 
journey brought Chinese stoneware 
of the Tang dynasty to Africa. As 
much as 5 percent of the pottery 
at Swahili sites comprises Chinese 
wares or glazed pottery from the Per
sian Gulf. 

By the beginning of the 10th cen
tury the trading system centered 

on the Persian Gulf was in decline. 
The Zanj Revolt, a massive rebellion 
of African slaves in Mesopotamia at 
the end of the ninth century, reduced 
the scale of the African trade. Com
merce between Siraf and China, 
which had provided the largest mar
ket for East African ivory, diminished 
greatly during the political instability 
following the ending of the Tang dy
nasty in 906. Commercial decline is 
reflected in the archaeological rec
ord on the East African coast: many 
early sites failed to survive the col
lapse and were abandoned. 

Into the vacuum created in this 

KALAHARI 
DESERT 

o 

MAPUNGUBWE/K2 
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KILOMETERS 

• SITES WITH EARLY SWAHILI POTIERY 
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SWAHILI CORRIDOR includes 3,000 kilometers of East African coastline. The corridor 

is dotted with Swahili coastal sites (red circles); at many of the sites early Swahili pot

tery has been found (black circles). In the eighth century traders from the Persian Gulf 

established a route linking East Africa and China (orange). By the 10th century they had 

been supplanted by other Muslim traders from the Red Sea, who set up a route connect

ing East Africa and the Mediterranean. Rock crystal (transparent quartz), ivory and gold 

were brought to the coast along inland trade routes (yellow). The Swahili obtained the 

goods at coastal ports and sailed north (blue), where Red Sea traders got the precious 

materials and carried them home (green). Eventually they reached the Mediterranean. 
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SHANGA, a typical Swahili site, is on Pate Island off the coast of Kenya. The author's 

excavations at Shanga revealed 25 phases of occupation lasting from the eighth 

through the 14th centuries. In the early phases Shanga was an Iron Age African commu· 

nity (upper panel). Mud·and·daub huts grouped in clan areas surrounded a communal 

corral for cattle. In about A.D. 800 the first of several wood mosques was built in the 

corral. In about 95 0 a stone complex was built on the same site (lower pane/). The new 

complex included a larger stone mosque and a wall following the lines of the old corral. 
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way came merchants from the Red 
Sea and the Gulf of Aden. Those trad
ers, who had connections with the 
Mediterranean rather than with Chi
na, needed to establish permanent 
trading relationships with the Swahi
li rulers of the coast. To cement such 
ties they offered not only prosperity 
but also a package of artistic and cul
tural styles along with skilled crafts
men who could put such styles into 
practice. As a result a new way of life 
appeared on the East African coast. 
That way of life, which closely mim
icked the Muslim courts of the Middle 
East, was adopted by the Swahili rul
ers who had contact with the Red Sea 
merchants. 

The emergence of the new pros
perity and its attendant way of life 
was first recognized in my excava
tion at Shanga. Its physical mani
festation there was a monumental 
set of stone structures lying directly 
over the remains of the ruined daub
and-mud corral. The stone complex, 
erected in about 950, had walls of 
coral faced with fine lime plaster. The 
buildings were on a lavish scale and 
were entered by stone stairways. 
They were surrounded by a stone 
wall that closely followed the eighth
century cattle corral. In the middle 
of the complex stood a small stone 
mosque capable of holding no more 
than 40 people; this is the earliest 
stone mosque known in sub-Saha
ran Africa. 

The stone complex bespeaks a 
sharp change in the way of life at 

Shanga in the mid-10th century. In
deed, it looks very much like a roy
al palace. There had been a Muslim 
elite at Shanga as early as the ninth 
century, as the finding of the three 
early wood mosques showed. The 
new buildings, however, are on a 
much grander scale. The enclosure 
wall, the central mosque and the 
linked stone buildings suggest a dis
play of wealth and power by a new
ly prosperous ruling group. The fact 
that the stone enclosure follows the 
line of the old cattle corral indicates 
that the novel way of life was adopt
ed by the indigenous people rather 
than imposed from outside. 

Like the unified seafaring culture, 
the new way of life was not limited to 
Shanga. At the nearby site of Manda 
there are similar buildings, of brick 
as well as stone, within an enclosure 
that dates to about 950. Brick and 
stone buildings of similar date have 
also been found at Ungwana on the 
Kenyan mainland. One such house 
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EXCAVATIONS AT SHANGA uncovered postholes from three 

successive wood mosques (the earliest dating from A.D. 800) un· 

der two stone ones. The rectangle of small holes corresponds to 

the first wood mosque; the linear trench dotted with medium-

size holes corresponds to the second; the largest postholes cor

respond to the third. The foundation in the foregound is from 

the first stone mosque, which was built in the 10th century; the 

wall at the rear is from the second, which was built in the 11 tho 

survives aboveground on Mafia, and 
on Kilwa several stone houses dating 
to the 10th or 11 th century have been 
excavated by Neville Chittick of the 
British Institute in Eastern Africa. At 
each of these sites there seems to 
have been a centralized authority in 
contact with traders and merchants. 

I have little doubt that the source of 
these changes was contact with the 
traders of the Red Sea and through 
them with the Mediterranean world. 
Some of the strongest evidence 
comes from the techniques that were 
exploited in erecting the new build
ings. Their walls were made of deep
sea coral brought up by divers and 
worked before it hardened. Such con
struction is a particular feature of the 
coastal towns of the Red Sea. Indeed, 
until not long ago similar techniques 
were employed at ports such as Sua
kin on the Sudanese coast. It appears 
the techniques were developed dur
ing the 10th century in the Dahlak Is
lands and at sites such as Er Rih (an
cient Badi) near Suakin. From the 
southern Red Sea they were brought 
to East Africa to enrich the courts of 
the rulers of the Swahili Corridor. 

The clinching evidence comes not 
from building materials, however, 
but from the lifeblood of trade: mon
ey. At Mtambwe Mkuu, an lIth-cen
tury site on the island of Pemba, 
I found a hoard of gold and silver 
coins. There were more than 2,000 of 
them, tucked in a cloth pouch with a 
silver clasp that was buried in a mod
est timber house. According to Helen 
Brown of the Ashmolean Museum 
of Art and Archaeology in Oxford, 
the hoard was buried sometime after 
1066, which is the date of the latest 
coin. Although most of the hoard is 
silver, 10 coins are gold, and seven of 
these are Fatimid dinars from Med
iterranean mints. The other three 
are copies of Fatimid coins inscribed 
with bogus Arabic writing; these imi
tations may have been struck in East 
Africa. Thus the gold coins show a 
dramatic and direct connection with 
the Mediterranean. 

That connection is reinforced by 
the silver coins, which are so small 
and thin that they resemble pieces of 
tinfoil. They were minted locally, as 
is shown by the names of African rul
ers inscribed on them. In their de-

sign, however, they clearly show the 
Muslim influence from the Mediter
ranean. The ruler's name is on the 
face of the coin; on the reverse is 
inscribed a motto rhyming with the 
name. The only other coins with that 
arrangement probably come from 
Fatimid Sicily in the 11th century. 
What is more, five genuine Fatimid 
coins from Sicily were found at Man
da. It seems that by 950 the Swahili 
rulers of the Lamu archipelago pos
sessed coins from the Mediterranean 
and were using them as models for 
minting their own. 

W hy did the Swahili want to em
ulate their Mediterranean con

temporaries? One answer is that con
version to Islam may have offered 
the Swahili of the coast the ritual pro
tection of a world religion, no small 
factor in a region where magic was a 
potent aspect of authority. By means 
of their recently acquired religion, 
the Swahili may have achieved a ritu
al equality with their merchant con
tacts. A shared religious (and mor
al) code would also have increased 
the security of commercial transac-
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SILVER COIN gives evidence of the connection between East Africa and the Mediterra

nean. The coin is tiny. 11 millimeters across. Although minted in Africa, it closely fol

lows the style of coins from mints in Sicily controlled by the Fatimids (the Muslim rul

ers of Spain, Sicily, North Africa and Egypt). The face (left) carries the name of a Swahili 

ruler; the reverse carries a motto that rhymes with the name. The coin is one of a hoard 

of 2,000 found in 1984 by the author at Mtambwe Mkuu, a Swahili site on Pemba Island. 

tions, which was of advantage to 
both sides. Such nonmaterial bene
fits to the Swahili would have been 
reinforced both by money and by 
cultural innovations such as the new 
building techniques. 

What did the Swahili have to offer 
the international Muslim merchants? 
Their most important offering was 
mastery of coastal trade. By the 
eighth century rapid sea travel was 
possible from Mogadishu in Somalia 
all the way to Mozambique, a dis
tance of some 3,000 kilometers. The 
corridor was not an easy sail. The 
Mozambique channel, separating the 
mainland from Madagascar, is dan
gerous, and the seasonal monsoons 
are unreliable south of the Equator. 
Along this route specialized naviga
tors were needed, and the Swahili 
provided them. In their teak boats 
with sails made of coconut matting 
they sailed up and down the corridor, 
bringing goods to the large commer
cial centers in the north. There the 
Arab traders loaded the goods into 
big transoceanic dhows and returned 
to the Red Sea. 

The sailing skills of the Swahili 
would have counted for less had they 
not been able to supply the kind of 
goods their trading partners wanted. 
The problem the Swahili faced was to 
obtain these goods-gold, ivory and 
rock crystal-from the interior. To do 
so they exploited long-distance sys
tems of exchange that already exist
ed in Iron Age Africa south of the 
Sahara. Such exchange systems, en
tirely indigenous in origin, served 
to redistribute scarce resources such 
as salt. They also made it possible 
for groups with quite different ways 
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of life, such as hunters, herders and 
farmers, to acquire one another's 
products. The trade involved both 
utilitarian goods and prestige items 
such as seashells. 

The Swahili took the preexisting 
exchange network and began ex
panding it for their own purposes. By 
controlling the supply of goods need
ed in the interior, they developed a 
reliable group of inland trading part
ners. They obtained a monopoly of 
seashells, particularly cowries and 
conus shells, and controlled the 
preparation of salt from seawater. 
Among their number were special
ists in iron working, who supplied 
finished products to groups lacking 
those skills. Cattle and even camels 
moved down the coast in the teak 
boats, along with cloth made of Afri
can cotton or imported silk. 

On the basis of such desirable 
items, the Swahili were able to 

assemble an exchange network lead
ing to the interior. The Swahili them
selves did not travel inland. Instead, 
as can clearly be seen in the case 
of the ivory-supply route, they relied 
on local groups. Ivory was acquired 
on the coast by the Swahili from trad
ing partners who were herders; in 
exchange the Swahili gave finished 
goods, particularly cloth. The rela
tions between the Swahili and the 
herders included not only trade but 
also military support and, from the 
Muslim side, the offer of magic and 
religious "protection." 

The Swahili got ivory from herd
ers, who in turn got it from a third 
link in the chain: hunting peoples. In 
some traditions the hunters gave one 

of each pair of tusks to the herders as 
tribute and were free to trade the sec
ond for dairy products or iron for 
arrowheads. Eventually all the ivory 
reached the coast through the com
plex network of trading connections. 
There the Swahili acquired it and 
took it back to their home towns in 
the north, where it was sold to the 
foreign traders at a huge profit. 

Rock crystal and gold offer varia
tions on the theme of exchange with 
the interior. According to recent 
work by Richard Wilding of the Na
tional Museums of Kenya, the most 
probable source of the crystal is 
southern Ethiopia, where the correct 
geologic conditions prevail for the 
exposure of large pieces. In the 10th 
century the crystal trade appears to 
have been in the hands of herders 
who may have been relatives of the 
modern Boran who still inhabit the 
region. The herders were mobile and 
avid for manufactured items that 
were not available in their own ter
ritory. They probably collected the 
crystal and brought it to the coast, 
giving it up in exchange for cloth and 
manufactured goods. 

Once it was on the coast the crystal 
seems to have been worked before 
being transported. In 10th-century 
occupation levels at East African 
coastal sites pure rock crystal ap
pears in the form of waste fragments 
as well as partially worked lumps 
and beads. The beads often are dis
cards that were tossed away because 
they were cracked or incorrectly 
pierced. Such a pattern indicates that 
the large lumps of crystal were par
tially trimmed by local craftsmen on 
the coast and the waste was made 
into trading beads. The supply lasted 
for only about a century. By 105 0  
rock crystal had vanished from 
coastal sites in the Lamu archipelago. 
At about the same time the work
shops in the Mediterranean ceased 
production in crystal and turned to 
substitutes such as clear glass. 

Rock crystal reached the coast in 
the immediate hinterland of the main 
Swahili ports, in the north. Gold pre
sented a more difficult problem, be
cause the supply lay far to the south 
in areas reached only by a long sea 
journey. Gold was to be found in 
southern Africa, specifically between 
the Zambezi and Limpopo rivers, and 
in that region the precious metal had 
been mined very early. In 1969 Roger 
Summers of the then National Muse
um of Rhodesia identified more than 
1,000 areas where there are ancient 
workings: tunnels and shafts into 
gold-bearing deposits. The workings 
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cannot be precisely dated, but some 
are associated with Iron Age pottery 
of the first millennium A.D. The few 
radiocarbon dates show the gold was 
being worked long before the arrival 
of the Portuguese at the end of the 
15th century. 

On the baSis of his survey Sum
mers estimated that a total of some 
20 million ounces of gold were taken 
out of ancient southern Africa over 
about 800 years. Thus the annual 
yield might have amounted to more 
than 20,000 ounces, which would un
doubtedly have had a major impact 
on the world economy. In the light of 
such figures it is no surprise that the 
Swahili placed great importance on 
the gold trade. 

The coastline of southern Africa 
constituted the terminus of the Swa
hili Corridor. There the merchants 
coming from the north obtained not 
only gold but also ivory, as a num
ber of recent finds suggest. A typical 
Swahili port on the southern coast is 
Chibuene, which was excavated by 
Paul Sinclair for Eduardo Mondlane 
University in Mozambique. Chibuene 
was not a permanent settlement but a 
seasonal encampment where Swahili 
traders met traders from far in the in
terior. The cultural unity of the corri-

dor is suggested by the fact that al
though Chibuene is 2,500 kilometers 
from Shanga, the local earthenware 
pottery and the imported glazed jars 
and bowls are identical with those 
found in the Lamu archipelago. 

F rom ports such as Chibuene trade 
routes penetrated the interior, 

reaching the goldfields and the ele
phant herds. Recent discoveries re
veal that the inland routes extended 
1,000 kilometers from the coast into 
the Kalahari Desert. There the San 
hunters exchanged ivory for glass 
beads. That trade had begun by the 
seventh century, but the richest sites 
are later ones. At Shroda and also 
at a site designated K2, which has 
been dated to about 960 by radio
carbon methods, large quantities of 
glass beads and refuse from ivory 
working have been discovered. At 
nearby Mapungubwe rich royal buri
als were found, including one with 
a spectacular gold rhinoceros. The 
richness of those sites reflects their 
location on the southern fringe of the 
goldfields in a good spot for control
ling trade with the coast. 

The routes by which gold, rock 
crystal and ivory reached the coast 
complete our picture of the trade 

route extending from southern Africa 
to Sicily and beyond. The entire net
work developed rapidly in the sec
ond half of the 10th century and last
ed well into the 16th. It is not likely 
that such a complex system was set 
up simply in response to the new de
mand from Europe. Patterns of lo
cal demand and social organization 
were equally important. The Swahili 
were already trading on the coast, 
gold was being mined in southern Af
rica and indigenous exchange sys
tems were in place. It was the linking 
of such components that established 
the Mediterranean route. 

The main explanatory problem for 
an archaeologist or a historian is to 
show whether the connections were 
achieved fortuitously or by the ini
tiative of one group in the network. 
It does seem improbable that such 
a long, dangerous route was estab
lished by chance. The evidence sug
gests that only one group was in a po
sition to appreciate the large profits 
that could be made and also had con
tacts extending from the Mediterra
nean to southern Africa: the Swahili. 
It is salutary to think the first flower
ing of medieval culture in Europe 
rested on the skills of the sailors of 
the Swahili Corridor. 

GOLD COINS FROM MTAMBWE MKUU include Fatimid dinars 

and imitations that are probably African. The dinar was the main 

unit of currency in the Islamic world. The coins in the upper 

rows are from Fatimid mints in Tunisia, Egypt, Damascus and 

Tyre. Those in the bottom row are imitations, perhaps made 

by Swahili rulers to emulate their Mediterranean counterparts. 

93 

© 1987 SCIENTIFIC AMERICAN, INC



How Children Learn Words 

The key is to see words in intelligible contexts. A dictionary 
is often misunderstood, but an interactive video display can 
mobilize the natural ability of a child to learn from context 

by George A. Miller and Patricia M. Gildea 

L
'stening to a child who is just 

learning to talk, one is most 
aware of the child's limited 

command of the language. What one 
tends to overlook is the sheer mag
nitude of the child's achievement. 
Simply learning the vocabulary is an 
enormous undertaking. The fact is 
that for many years after starting to 
talk a child learns new words at a rate 
of more than 10 per day! Yet little is 
known about how children do it. Cer
tainly they do not do it by memoriz
ing dictionary entries. Our findings 
and those of other workers suggest 
that formal efforts to build vocabu
lary by sending children to the dic
tionary are less effective than most 
parents and teachers believe. We 
are exploring the possibility that 
a computer program providing lexi
cal information about new words en
countered in the context of a story 
might be more effective. 

When adults set out to learn a new 
language, they know what is in store. 
They realize they will have to learn a 
new pronunciation, a new grammar, 
a new vocabulary and a new style of 
using language. They know they will 
have to spend many hours every day 
for years before they can call them
selves fluent in the new language. 
They also know, however, that they 
will be able to rely on teachers to ex
plain, in their first language, every
thing they need to learn about the 
second language. 

How different it is for infants. Hav
ing no language, they cannot be 

told what they need to learn. Yet by 
the age of three they will have mas
tered the basic structure of their na
tive language and will be well on 
their way to communicative compe
tence. Acquiring their first language 
is the most impressive intellectual 
feat many people will ever perform. 

Students of how children learn lan-
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guage generally agree that the most 
remarkable aspect of this feat is the 
rapid acquisition of grammar. Never
theless, the ability of children to con
form to grammatical rules is only 
slightly more wonderful than their 
ability to learn new words. 

How many words must one know 
in order to use English effectively? 
The answer depends on several vari
ables, including the definition of 
"word." For the purpose of counting, 
a word can be defined as the kind of 
lexical unit a person has to learn; all 
the derivative and compound forms 
that are merely morphological varia
tions on the conceptual theme would 
not be counted as separate words. 
For example, write is a word and its 
morphological variants (writes, writ, 
wrote, written, writing, writer and so 
on) are relatives in the same family. 
If such a family is counted as a sin
gle word and knowing a word is de
fined as being able to recognize 
which of four definitions is closest 
to the meaning, the reading vocabu
lary of the average high school grad
uate should consist of about 40,000 
words. If all the proper names of peo
ple and places and all the idiomat
ic expressions are also counted as 
words, that estimate would have to 
be doubled. 

This figure says something about 
the ability of children to learn words. 
If the average high school graduate is 
17 years old, the 80,000 words must 
have been learned over a period of 
16 years. Hence the average child 
learns at the rate of 5,000 words per 
year, or about 13 per day. Children 
with large vocabularies probably 
pick up new words at twice that rate. 
Clearly a learning process of great 
complexity goes on at a rapid rate in 
every normal child. 

No one teaches children 13 or more 
words a day. Children must have a 
special talent for this kind of learn-

ing. Some valuable hints as to how 
they do it were uncovered a decade 
ago by Susan Carey and Elsa j. Bart
lett, who were then at Rockefeller 
University. They worked with the 
names of colors. First they estab
lished that a group of three-year-olds 
did not know the color olive. Most of 
the children called it green and some 
of them called it brown. 

Carey and Bartlett taught the chil
dren a nonsense name for olive-a 
name they would not have heard 
anywhere else. They took two cafete
ria trays and painted one tray olive 
and the other blue. Each child was 
then told casually, "Hand me the 
chromium tray. Not the blue one, the 
chromium one." The child would 
pause and perhaps point to the olive 
tray. "This one?" "Yes, that one. 
Thank you." 

A week later, with no further gUid
ance, the children were again asked 
to name the colors. When olive was 
presented, they paused. They did not 
remember chromium, but now they 
knew that this color was not called 
green or brown. A single exposure 
was enough to begin a reorganiza
tion of their color lexicon. 

This simple experiment demon
strated some important points 

about how children learn words. 
First, in order to learn a word a child 
must be able to associate its sound 
with its meaning. Mastering the me
chanics of uttering and recognizing 
a word and mastering the concept 
that it expresses are separate learn
ing processes. After their experience 
with the trays the children knew that 
olive has a special name-that it is 
not called green or brown-but they 
did not remember the particular spo
ken sound associated with that per
ceived color. Many repetitions may 
be necessary before the sound of a 
new word becomes familiar. 
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Second, a child's appreciation of 
the meaning of a word seems to grow 
in two stages, one rapid and the oth
er much slower. Children are quick 
to notice new words and to assign 
them to broad semantic categories. 
After hearing chromium just once the 
three-year-olds assigned it to the se
mantic field of color names. Children 
are able to keep such fields separate 
even before they know what the in
dividual words mean. Asked the col
or of something, they may respond 
with almost any color term at ran
dom, but they never answer round 
or five or lunch. 

The slow stage entails working out 
the distinctions among words within 
a semantic category. A child who has 
correctly assigned red, green, yellow 
and blue to the semantic field of color 
terms still has to learn the differences 
between and relations among those 
words. This stage ordinarily takes 
much longer than the first and may 

never be completely finished; some 
adults, for example, correctly assign 
delphinium and calceolaria to the se
mantic field of flowering-plant names 
but have not learned what plants the 
words denote and cannot identify the 
flowers on sight. At any given time 
many words will be in this intermedi
ate state in which they are known 
and categorized but still not distin
guished from one another. 

A related aspect of word learning 
by preschoolers that has attract
ed wide attention is called overex
tension. For example, a small child 
learning the word apple may apply it 
to a tomato. Apple is thought to mean, 
say, round, red and of a certain size; 
without further qualification those at
tributes define ripe tomatoes as well 
as ripe apples. Overextension can oc
cur when the child's conception of a 
word's meaning is incomplete. 

The opposite error also occurs, but 
it is revealed only by special ques-

tioning. For example, a child who 
thinks that being round, red and of 
a certain size defines apple might fail 
to use apple to refer to green or yel
low apples. The only way to identify 
such an underextension is to show 
the child green or yellow apples and 
ask what they are called. 

The ability of preschoolers to soak 
up words has attracted increasing at
tention in recent years. Much more is 
known about it than was known 
when Carey and Bartlett did their 
pioneering study with color names. 
The word-learning process becomes 
even more complex, however, dur
ing the school years. 

In the early grades schoolchildren 
are expected to learn to read and 

write. At first they read and write 
familiar words they have already 
learned by means of conversation. 
In about the fourth grade they begin 
to see written words they have not 

COMPUTERIZED TUTORING is being tested by the authors as 

an improvement over dictionaries in helping children to grasp 
the meaning of an unfamiliar word. The children read a text de

scribing an episode from a motion picture they have just seen, in 

this case Raiders of the Lost Ark. The text contains specially 

marked words, such as indigenous, that the children are expect

ed to learn. Interacting with a video display, the children can ask 
for information about the word in any or all of three forms: defi

nitions, sentences and pictures. The aim is to present informa
tion about a word when the child is motivated to learn the word. 
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heard in conversation. At this point it 
is generally assumed that something 
special must be done to teach chil
dren these unfamiliar words. 

This educational assumption runs 
into serious problems. Although chil
dren can recognize that they have 
not seen a word before, learning it 
well enough to use it correctly and to 
recognize it automatically is a slow 
process. Indeed, learning a new word 
entails so much conceptual clarifica
tion and phonological drill that there 
simply is not enough classroom time 
to teach more than 100 or 200 words 
a year in this way. Since learning 
runs so far ahead of teaching-some 
5,000 words learned in a year com
pared with 200 taught-it is hard to 
avoid the question: How do school
children learn so much more than 
they are taught? 

Many words are acquired through 
reading. Children learn words at 
school in the same way as they do at 
home: by observing how the words 
are used in intelligible contexts. The 

difference is that the academic envi
ronment depends more on written 
contexts. Both public opinion and sci
entific evidence are converging on 
the view that the best way to facili
tate vocabulary growth in school
children is to have them read as 
much as possible. 

Tearning words by reading them in 
Lcontext is effective but not effi
cient. Some contexts are uninforma
tive, others misleading. If the word 
in question expresses an unfamiliar 
concept, a single context of use will 
seldom support more than one hy
pothesis about the word's meaning. 
In order for reading to have any sub
stantial effect on vocabulary a great 
deal of reading must be done. 

How much? A child who spent 50 
minutes of every school day reading 
at, say, 200 words per minute would 
read one million words in a 100-day 
school year. A million running words 
of English prose would typically con
tain no more than 50,000 distinct 

word types, representing roughly 
10,000 word families. Schoolbooks 
would probably contain fewer differ
ent words. Even among 10,000 differ
ent words, it is unlikely that more 
than 1,000 would be totally new lexi
cal items. Since multiple encounters 
are required in order to learn a new 
word, it is clear that reading one mil
lion words per year is not enough. In 
order to account for a growth rate of 
5,000 words in a year it seems neces
sary to think about continued learn
ing from conversational interactions 
supplemented by reading several 
million words per year. Indeed, chil
dren who read little outside the class
room generally do poorly on vocabu
lary tests. 

The fact that children learn many 
more words than anyone has time to 
teach them also carries implications 
for the role of teachers in this learn
ing process. Learning new words 
from purely literary contexts of use
from the contexts provided on the 
printed page-is harder than learn-

TRAY EXPERIMENT showed how quickly preschool children as

sign new words to semantic categories. A decade ago Susan 

Carey and Elsa J. Bartlett, who were then at Rockefeller Universi· 
ty, established that a group of three-year·old children did not 

know the name for the color olive; they called it green or brown. 

The experimenters painted one tray blue and another one olive 

and asked each child to "hand me the chromium tray, not the 

blue one." A week later the children were asked to name the col
ors. They did not remember chromium but now knew the color 

was not called green or brown. A single exposure was enough to 

cause them to reorganize their semantic field of color terms. 

The photograph is of a reenactment of the original experiment. 

96 

© 1987 SCIENTIFIC AMERICAN, INC



ing them through interaction with a 
person. In conversation it is usually 
possible to ask the speaker what an 
unfamiliar word means. Moreover, in 
most conversations visual informa
tion supplements the linguistic infor
mation. Such help is missing from the 
printed page. 

Given this additional difficulty, it 
seems reasonable to ask teachers to 
help children to be more efficient 
in learning new words from context. 
If they cannot teach all the words 
children need to know, perhaps 
teachers could help their students 
learn how to work out such things for 
themselves. 

One way to figure out what an un
familiar word means is to use a dic
tionary. In about the fourth grade, 
therefore, most schools begin to 
teach dictionary skills: spelling, al
phabetizing, pronunciation, parts of 
speech and a little morphology and 
etymology. The idea, which is per
fectly reasonable, is that children 
should learn how to find unfamiliar 
words in a dictionary and how to un
derstand what they read there. 

One trouble with this approach is 
that most healthy, right-minded 

children have a strong aversion to 
dictionaries. There may be good rea
son. We have looked at some of the 
tasks teachers assign in order to get 
students to use dictionaries. In our 
opinion these exercises do not merit 
the faith that teachers and parents 
have put in them. 

Two tasks are often assigned when 
children are being taught how to use 
a dictionary. One task entails disam
biguation: the child is given a sen
tence that contains an ambiguous 
word-a word with two or more 
senses-and told to find it in the dic
tionary and to decide which sense 
the author of the sentence had in 
mind. The other task calls for produc
tion: the child is given a word and 
told to look it up in the dictionary and 
to write a sentence incorporating it. 
On the face of it both tasks look as 
though they should be instructive. It 
is therefore surprising to discover 
how ineffectual they are. 

Learning from a dictionary re
quires considerable sophistication. 
Interrupting your reading to find an 
unfamiliar word in an alphabetical 
list, all the while keeping the original 
context in mind so that you can com
pare it with the alternative senses 
given in the dictionary, then select
ing the sense that is most appropriate 
in the original context-that is a high
level cognitive task. It should not be 

OVEREXTENSION in the use of words appears among preschool children when their 

understanding of a word is incomplete. A child whose understanding of apple does not 
extend beyond the fact that the object is round, red and of a certain size may call a to

mato an apple, because without qualification those attributes also define a ripe tomato. 

UNDEREXTENSION also appears, but it is revealed only by questioning. A child who 

thinks being round, red and of a certain size defines apple may not apply the word to 

green or yellow apples. One can find out only by asking what such apples are called. 

surprising that children are not good 
at it. Even when most of the com
plications are removed, children are 
still not good at it. On a Simplified dis
ambiguation task, in which fourth
grade students were given just two 
senses and asked to choose the one 
that was intended in a particular sen
tence, the students did little better 
than chance. 

The second task, producing a sen
tence incorporating a new word, has 
the virtue of requiring the student 
to use the word and so, presumably, 
to think about its meaning. We have 
studied this production task exten
sively. After reading several thou
sand sentences that were written by 
children in the fifth and sixth grades 
we have concluded that it too is a 
waste of time. 

Typical of the curious sentences 
we encountered was "Mrs. Morrow 

stimulated the soup." It illustrates the 
most frequent kind of error made by 
children in that age range. If they 
already know the word, their sen
tences are usually all right. If the 
word is unfamiliar, however, the re
sults are often mystifying. In order 
to understand what the child did, 
you have to read carefully the same 
dictionary definitions the child read. 
The child who looked up stimulate 
found stir up among the definitions. 

The example provides a key to 
what happens when children consult 
a dictionary. They find the unfamiliar 
word and then look for a familiar 
word or phrase among the defini
tions. Next they compose a sentence 
using the familiar word or phrase and 
substitute the new word for it. One of 
our favorite examples came from a 
fifth-grader who looked up the unfa
miliar word erode, found the familiar 
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phrases eat out and eat away in the 
definition and thought of the sen
tence "Our family eats out a lot." She 
then substituted erode for eats out; the 
resulting sentence was "Our family 
erodes a lot." 

If children are so good at learning 
new words when they hear or see 

them used in context, why do they 
have trouble learning new words 
when they see them in a dictionary? 
We decided to look more closely at 
what goes on when an unfamiliar 
word is encountered in the context of 
a typical sentence. A preliminary 
study indicated that children can 
write better sentences when they are 
given a model sentence employing 
the word than when they are given 
a definition of the word. Since many 
of the sentences they wrote were 
patterned on the models, this re
sult could not be interpreted to mean 
that the children learned more about 
the meaning of a word from illus
trative sentences than they learned 
from definitions. Nevertheless, the 
observation was encouraging, and 
we pressed on. 

The next step was simple: if one ex
ample is good, three should be bet
ter. When we made this comparison, 
however, we found that the num
ber of examples made little differ-

ence. The acceptability ratings of 
sentences written after seeing one 
model sentence were the same as 
the ratings of sentences written on 
the basis of three examples. 

That observation made us think 
again about what was going on. Ap
parently three unrelated sentences 
are hard for children to integrate, and 
so they simply focus on one of three 
examples and ignore the others. This 
behavior resembles what children do 
in reading dictionary definitions. 

We were surprised by one result, 
although perhaps in retrospect we 
should have expected it. Mistakes 
resembling simple substitutions ap
peared even when model sentences 
were given instead of dictionary defi
nitions. For example, given the mod
el sentence "The king's brother tried 
to usurp the throne" to define the 
unfamiliar word usurp, the children 
wrote such sentences as "The blue 
chair was usurped from the room," 
"Don't try to usurp that tape from the 
store," "The thief tried to usurp the 
money from the safe" and so on. 
They had gathered from the model 
sentence that usurp means take, and 
so they composed sentences using 
take and then substituted usurp for it. 

Children can appreciate at least 
part of the meaning of an unfamiliar 
word from its context, as in the case 

"I.reJe� 1'<'-,\ �E:\.\ �\s k:.\-\t.\ 
-1:0 \---e:, \-c(;6� 

MYSTIFYING SENTENCES are often written by schoolchildren when their grasp of an 

unfamiliar word is incomplete. Here are examples in the handwriting of children in the 

fifth and sixth grades. The illustration on the opposite page reveals what was going on. 
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of take as one component of the 
meaning of usurp. Just as younger 
children may overextend apple be
cause they know only part of its 
meaning, so this partial definition 
of usurp resulted in its being over
extended. That is to say, if usurp is 
incompletely defined as take, it can 
be said of anything takable: chairs, 
tape, money or whatever. When it is 
seen from this perspective, the be· 
havior of these children in the fifth 
and sixth grades is merely a later 
stage in the development of a word· 
learning process employed by pre
school children. 

The substitution strategy therefore 
seems to be quite general. In the con
text of a model sentence, however, 
something more than a simple sub
stitution error appears. The children 
cannot search through an illustrative 
sentence for a familiar word as they 
could in a dictionary definition. First 
they must abstract a familiar concept 
from the context of the unfamiliar 
word. Only then can they apply the 
substitution rule. 

M ight there be a better way to 
foster the growth of vocabulary? 

What we and others have found out 
about the word-learning process will 
support some plausible suggestions. 
Put at the front of your mind the idea 
that a teacher's best friend in this en
deavor is the student's motivation to 
discover meaning in linguistic mes
sages. Then the problems with the 
traditional modes of instruction will 
begin to make sense. Drill on arbi
trarily preselected lists of words sel
dom takes place at a time when the 
student feels a need to know those 
words; it fails to draw on the natural 
motivation for learning the associa
tions between word and meaning. 
Learning through reading faces the 
opposite problem: not enough infor
mation about the word is available at 
the moment the student is motivated 
to learn its meaning. 

What is needed is reading, which 
can make students curious about un
familiar words, supplemented by im
mediate information about the mean
ing and use of those words. The 
important thing is to provide the 
information while the reader still 
wants it. Dictionaries are too slow. 
Recourse to a dictionary may help 
a mature and well-motivated stu
dent, but for the average child in the 
elementary grades it is likely to com
pound interruption with misunder
stood information. A human tutor
someone immediately available to 
detect and resolve lexical misunder-
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standings-would be much better 
than a dictionary. 

Given the shortage of attentive tu
tors to sit at every young reader's 
elbow, it is natural to wonder how 
much of the tutoring task might 
be carried out by a suitably pro
grammed computer. For example, 
suppose reading material was pre
sented to the student by a computer 
that had been programmed to an
swer questions about the meanings 
of all the words in the material. No al
phabetical search would be needed: 
the student would Simply point to a 
word and information about it would 
appear. No sophisticated disambigu
ation would be necessary: the com
puter would know in advance which 
particular sense of a word was ap
propriate in the context. Indeed, no 
definition would be necessary: the 
phrase or sentence containing the 
word could be rephrased to show 
what the word meant in the context. 

As a case in point, imagine what 
such a computer might do with erode 
and usurp. It might present a text con
taining the sentence "The presi
dent's popularity was eroded by his 
bad relations with Congress." If the 
student asked for information about 
erode, the computer might state: 
"Things can erode; when soil is erod
ed by rain or wind, it breaks up and 
so is slowly destroyed and removed. 
Someone's power or authority can 
erode too, being slowly destroyed or 
removed by unfavorable develop
ments. That kind of erosion is meant 
in the sentence about the president." 

Suppose that for usurp the comput
er presented a text containing the 
sentence "The king's brother failed 
in his effort to usurp the throne." 
Asked for information, the computer 
might say: "When you usurp a title, 
job or position from someone else, 
you seize it or take it away even 
though you have no right to it. In the 
sentence about the king's brother, 
throne means not just the piece of fur
niture the king sits on; it also stands 
as a symbol of the king's authority." 

Providing such explanations al
most instantly is well within the 
range of currently available comput
er technology. It is even possible to 
add a voice that pronounces the tar
get word and explains it, or to show 
pictures indicating what the word de
notes in the context. 

W e are exploring some of these 
possibilities with a setup in 

which children in the fifth and sixth 
grades interact with a video display. 
They are asked to read a text that de-

scribes an episode from a motion pic
ture they have just seen. Included in 
the text are certain marked words 
the reader is expected to learn. When 
one of them comes up, the child can 
ask for information about its mean
ing in any or all of three forms: defini
tions, sentences and pictures. 

For some children illustrative sen
tences are more informative than 
definitions or pictures. When such 
children are given a definition, they 
read it and quickly return to the sto
ry. When they are given a sentence 
that is relevant to the story and uses 

the word in the same context, they 
interpret it as a puzzle to be solved. 
They spend more time thinking 
about the meaning of the word and 
remember it better a week later. 

We found that providing informa
tion when it is wanted can signifi
cantly improve the children's grasp 
of unfamiliar words, as is demon
strated by their ability to recognize 
the meanings and to write acceptable 
sentences incorporating the words. 
The results reinforce our belief that 
much can be done with computers to 
make learning words easier. 

DEFINITION EXCERPT RESPONSE 

correlate I. be related one 

to the other: The diameter 

and circumference of a 

circle correlate. 2. put into 

relation: Try to correlate 

your knowledge of history 

with your knowledge of 

geography. v., correlated, 

correlating. 

meticulous very careful 

or too particular about 

small details. adj. 

redress 1. set right; repair; 

remedy: King Arthur tried 

to redress wrongs in his 

kingdom. 2. reparation; 

setting right: Any man 

deserves redress if he has 

been injured unfairly. v., n. 

relegate 1. send away, 

usually to a lower position 

or condition: to relegate a 

dress to the rag bag. 

2. send into exile; banish. 

3. hand over (a matter, 

task, etc.). v. 

tenet opinion, belief, 

principle, or doctrine held 

as true. n. 

be related 

very careful 

remedy 

send away 

true 

Me and my parents corre

late, because without them 

I wouldn't be here. 

I was meticulous about 

faIling off the cliff. 

The redress for getting 

well when you're sick is to 

stay in bed. 

I relegated my pen pal's 

letter to her house. 

That news is very tenet. 

DICTIONARY DEFINITIONS read by the children who wrote the sentences in the illus

tration on the opposite page appear at the left here. When the word is unfamiliar, the 

child usually abstracts some familiar concept (middle) from the definition, composes a 
sentence embodying that concept and then substitutes the new word, such as correlale. 
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Coal-fired Power Plants 

for the Future 

Existing plants can be improved to generate electricity more cleanly 
and economically. Future plants incorporating technologies expressly 
developed to minimize both costs and emissions will do even better 

by Richard E. Balzhiser and Kurt E. Yeager 

T
he invention of the incandes
cent light bulb by Thomas A. 
Edison in 1879 created a de

mand for a cheap, readily available 
fuel with which to generate large 
amounts of electric power. Coal 
seemed to fit the bill, and it fueled the 
earliest power stations (which were 
set up at the end of the 19th century 
by Edison himself). As more power 
plants were constructed throughout 
the country, the reliance on coal in
creased. Since World War I coal-fired 
power plants have accounted for 
about half of the electricity produced 
in the U.S. each year. In 1986 such 
plants had a combined generating ca
pacity of 289,000 megawatts and con
sumed 83 percent of the nearly 900 
million tons of coal mined in the 
country that year. Given the uncer
tainty in the future growth of nuclear 
power and in the supply of oil and 
natural gas, coal-fired power plants 
could well provide up to 70 percent 
of the electric power in the U.S. by 
the end of the century. 

Yet in spite of the fact that coal has 
long been a source of electricity and 
may remain one for many years (coal 
represents about 80 percent of U.S. 
fossil-fuel reserves), it has actually 
never been the most desirable fossil 
fuel for power plants. Coal contains 
less energy per unit of weight than 
natural gas or oil; it is difficult to 
transport, and it is associated with a 
host of environmental issues, among 
them acid rain. Since the late 1960's 
problems of emission control and 
waste disposal have sharply reduced 
the appeal of coal-fired power plants. 
The cost of ameliorating these envi
ronmental problems, along with the 
rising cost of building a facility as 
large and complex as a coal-fired 
power plant, have also made such 
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plants less attractive from a purely 
economic perspective. 

Changes in the technological base 
of coal-fired power plants could re
store their attractiveness, however. 
Whereas some of these changes are 
evolutionary and are intended main
ly to increase the productivity of ex
isting plants, completely new tech
nologies for burning coal cleanly are 
also being developed. These technol
ogies seek to make cost-effective en
vironmental control, flexibility in the 
type of coal burned and reduced con
struction time inherent features of fu
ture coal-fired power plants. 

To appreciate the significance of 
such advances in coal-combus

tion technology, a brief review of the 
operation of a conventional coal
fired power plant is in order. A mod
ern power plant burns coal in a boil
er: a huge box-shaped vessel whose 
inner walls contain tubes in which 
water is converted into steam. The 
coal is finely ground before it is in
jected into the boiler so that it burns 
with the high efficiency of a combus
tible gas. A typical large boiler con
sumes 500 tons of pulverized coal ev
ery hour in order to produce 6.4 mil
lion pounds of steam-enough to 
generate a million kilowatt-hours of 
electricity. At the same time the boil
er gives off about 3.5 million cubic 
feet of flue gas, or exhaust. 

The steam passes through a super
heater, where its temperature and 
pressure are increased, before it 
drives a high-pressure turbine. The 
rotation of the turbine shaft provides 
the mechanical energy that is con
verted into electricity by a generator. 
To increase the overall energy-con
version efficiency, the steam leaving 
the turbine is usually reheated and 

sent back to drive one or two lower
pressure steam turbines before it is 
cooled, condensed and pumped (as 
water) to the boiler to begin the cycle 
once again. 

In addition to coal-feed mecha
nisms, boilers, turbines, condensers, 
pumps and generators, power plants 
also depend on elaborate cooling, 
emission-control and waste-handling 
systems. All these main and adjunct 
systems must be designed to operate 
at high reliability for a lifetime of 40 
or more years under load conditions 
that may vary daily between 20 per
cent of the plant's design capacity 
and its maximum power output. The 
capital costs of the equipment in a 
typical 1 ,OOO-megawatt plant can eas
iI y exceed $1 billion. 

The efficiency with which the heat 
released from the burning of coal is 
converted into electricity, which was 
as low as 5 percent before 1900, had 
reached about 40 percent by 1967. In 
other words, in the space of about 70 
years an eightfold reduction in coal 
consumption per unit of generated 
electricity was achieved. This prog
ress was reflected in the cost of a kilo
watt of new generating capacity: in 
1920 it was about $350 (in 1967 dol
lars) and in 1967 it had dropped to 
$130. The cost of residential electric
ity service also dropped from more 
than 25 cents per kilowatt-hour to 
two cents per kilowatt-hour over the 
same period. 

Beginning in the 1960's, however, 
the pace of improvement began to 
slow. This trend suggested that con
ventional power-plant designs had 
approached the inherent limits set 
by the laws of thermodynamics and 
the properties of the materials from 
which boilers and steam turbines 
were made. By the 1970's the dimin-
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ishing technical returns were also 
joined by new economic and insti
tutional forces, namely rapidly esca
lating capital costs, slow growth of 
demand, stricter emission-control re
quirements and extended licensing 
and construction schedules. The re
sult has been an abrupt end to the 
historic trend of declining real cost 
for electricity from coal. Indeed, a kil
owatt of new generating capacity 
costs more today (in constant dol
lars) than it did in 1920. 

Measures to control gaseous, liq
uid and solid wastes have had 

the greatest impact on the cost of 
coal-fired power plants in the past 20 
years. A new plant's pollution-con
trol systems now account for as 
much as 40 percent of the capital out
lay and 35 percent of operational 
costs. The most technically and eco
nomically visible element of emis-

sion control in today's pulverized
coal plants is the flue-gas-desulfu
rization system, often called a wet 
scrubber. The scrubber removes the 
oxides of sulfur that are a major gas
eous pollutant resulting from the 
burning of coal. 

Wet scrubbing is a simple concept 
but is difficult and expensive to car
ry out in practice. An alkaline sub
stance, usually lime or limestone, is 
mixed with water to form a slurry 
that is sprayed into the flue gas. The 
sulfur oxides in the flue gas are ab
sorbed by the slurry and precipitate 
out of the liqUid as inert calcium sul
fite or calcium sulfate (gypsum). Gyp
sum, if it is pure enough, can be easi
ly disposed of or sold as a building 
material. Alternative but more ex
pensive scrubbing systems are able 
to transform the precipitates into sul
furic acid or elemental sulfur, which 
can then be sold on the chemical 

market at a higher price. Scrubbers 
have been required on all pulver
ized-coal power plants whose con
struction began after 1978. As a re
sult the U.S. electric-utility industry 
is operating more wet-scrubber sys
tems today than the rest of the world 
combined. 

In a new plant the scrubber typical
ly costs between $150 and $200 for 
each kilowatt of generating capaci
ty. Because of the difficulty in fitting 
scrubbers into old power plants not 
originally designed to accommodate 
them, a scrubber for an existing plant 
costs between 10 and 40 percent 
more than a scrubber for a new 
plant-assuming that the installation 
goes smoothly. Regardless of the age 
of the plant, the cost of operating the 
scrubber is high. Scrubbers create 
huge amounts of sludge waste that 
must be put in holding ponds and 
landfills, constituting an environ-

COOL WATER DEMONSTRATION PLANT of the Southern Cali
fornia Edison Company converts 1,000 tons of coal daily into a 

clean-burning gas whose combustion products drive a gas-tur

bine generator. The ''waste heat" in the exhaust from the gas tur-

bine then produces steam that drives a steam-turbine generator. 

The aerial photograph shows the plant's two coal-storage silos 

(middle); the gasifier facility, gas-cooling system and electricity
generating equipment extend from the silos to the lower right. 
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COOLING 
TOWER 

PROCESS-LIQUOR 
RETURN 

CALCIUM SULFATE 
OR SULFITE 

PULVERIZER 

TYPICAL CONVENTIONAL PLANT burns pulverized coal in a 

boiler to produce steam, which then drives a set of turbines con

nected to a generator_ The steam is then condensed and recycled 

through the boiler. Much of the other equipment at the plant is 

intended to remove pollutants from the flue gas, or boiler ex

haust, before it is released into the air. First, an electrostatic pre-
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LIMESTONE 

t 
BOILER FAN 

cipitator collects dust particles from the flue gas by channeling 

the gas between charged electrodes and grounded plates_ The 

particles acquire a charge from the electrodes as they pass by 

and are attracted to the plates_ Next, a flue-gas desulfurization 

system, known as a wet scrubber (green), extracts most of the 

oxides of sulfur from the gas_ This is generally achieved by 
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bringing the gas in contact with a slur

ry of limestone (calcium carbonate) and 

water. The sulfur oxides react with the 

slurry to produce a sludge consisting of 

either calcium sulfite or calcium sulfate 

(which can be sold as building material). 

mental side effect in itself. A 1,000-
megawatt power plant that burns 
coal with a sulfur content of 3 per
cent, for example, produces enough 
sludge in one year to cover about a 
square mile to a depth of one foot. 

Wet-scrubbing systems also re
quire large amounts of water (about 
1,000 gallons per minute for a 1,000-
megawatt plant), and they often suf
fer from plugging and fouling of 
equipment and corrosion of duct
work. These problems add to operat
ing costs and reduce the overall reli
ability of the system. Finally, scrub
bers extract a penalty of between 3 
and 8 percent of the power plant's en
ergy output simply to run pumps and 
fans and to reheat the flue gas in or
der to prevent corrosive condensa
tion in the chimney. 

The widespread implementation of 
scrubber technology in the U.S. has 
not been easy or cheap. The reliabil
ity of early units was considerably 
less than that of the power plant as a 
whole; hence they required compo
nents that were either redundant or 
had been engineered with large mar
gins of tolerance. Some of the difficul
ties associated with the installation 
and operation of scrubbers can be at
tributed to the fact that the technol
ogy was prematurely brought up to 
commercial scale. Only now, after a 
quarter-century of experience, have 
scrubbers approached an acceptable 
level of reliability. 

Coal-fired power plants have be
come more expensive to build 

not only because of emission-control 
systems but also because construc
tion costs themselves have skyrock
eted. Even after adjusting for infla
tion, new coal-fired generating ca
pacity is three times as expensive 
today as it was in 1970. Over the past 
15 years the economies of scale that 
are to be gained from constructing 
large plants have been offset by large 
cost increases. In part the increases 
reflect the high cost of financing pro
longed construction delays. 

The experience of japanese utility 
companies demonstrates how big a 
difference construction delays can 
make. japanese utilities typically 
deal more expeditiously than their 
American counterparts with the vari
ous regulatory and financial issues 
that often delay large construction 
projects. Whereas the japanese are 
able to bring power plants on line in 
from 35 to 40 months, American com
panies generally require from 50 to 
60 months for plants of similar de
sign. Consequently the cost of a sin-

gle new large generating unit is com
parable to the total assets of many 
U.S. electric utilities. 

Utilities are therefore seeking to re
duce the costs by turning to smaller, 
modular generating units, which can 
be transported to the sites of existing 
power plants and rapidly installed 
there to keep pace with the growth of 
demand. Because such units can be 
brought on line quickly, their capital 
cost can be recovered faster-even if 
the rate base remains constant. In
stalling new units only when new ca
pacity is needed can result in a net 
saving of as much as $200 per kilo
watt, in spite of the fact that smaller 
units sacrifice economies of scale. 

As an alternative to building new 
generating capacity, utilities have 
been refurbishing old plants to im
prove their performance and extend 
their lifetime. This strategy is certain
ly less costly than building a new 
plant. The trend is reinforced by the 
fact that plants now completing three 
decades of service are not obsolete. 
In some cases they may even be 
more efficient than new plants, since 
they are not burdened by scrubbers. 
Indeed, older plants are becoming a 
larger fraction of our total electricity
generating capacity. In 1970 only 2 
percent of U.S. generating capacity 
was more than three decades old. By 
the end of the century 30 years will 
be the average age of a coal-fired 
power plant. 

Utilities are also looking at ways 
to lower operating costs. Early warn
ing of the deterioration of critical sys
tem components is essential to pre
vent the loss of generating capacity. 
Hence the continuous monitoring for 
incipient failure is becoming an im
portant part of maintenance proce
dures. Such monitoring keeps track 
of the natural processes of wear, cor
rosion and erOSion, making it possi
ble for plant operators to institute 
corrective measures in time to avoid 
forced electricity outages. The value 
of such efforts can be appreciated 
by recognizing the fact that an idled 
1,000-megawatt coal-fired plant may 
cost the utility as much as $ 1  million 
for every day it is out of service, 
largely because the electricity must 
be bought from other, more costly 
sources. 

Escalating costs for the transporta
tion and handling of coal as well as 
for ash disposal have also made the 
quality of coal (determined from its 
content of moisture, sulfur and other 
minerals) an important consideration 
in improving plant performance. Al
though low-quality coal may well be 
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cheaper per ton than high-quality 
coal, more of it must be burned to 
generate the same amount of elec
tricity. The cost of shipping a greater 
volume of low-quality coal may off
set the cheaper price. Low-quality 
coal typically generates more waste 
than higher-quality coal, leading to 
higher costs for waste disposal. Final
ly, the composition of low-quality 
coal is more variable than that of the 
better grades, making it difficult to 
"tune" a plant's systems to achieve 
the greatest possible efficiency: the 
systems have to be adjusted to cope 
with the worst quality of coal expect
ed in a load. 

Existing plants can improve the 
coal or at least maintain a uniform 
quality by removing some of the im
purities, such as sulfur-containing 
minerals, before the coal is burned. 
This is done at facilities that crush 
the "dirty" coal and then separate 
the coal from the mineral impurities 
by virtue of differences in specific 

gravity or other physical properties. 
In spite of such measures for im

proving the performance of existing 
coal-fired plants, the U.S. may still 
need 150,000 megawatts or more of 
additional generating capacity by the 
end of the century, if demand for 
electricity grows at the projected 
annual rate of 2.3 percent. To main
tain the competitiveness of coal in 
such an expanding energy market, 
utilities will have to adopt coal-burn
ing technologies that are more cost
effective than conventional ones in 
three key areas: pollution control, 
construction and performance. 

There are a dozen or more ad
vanced technologies under de

velopment for burning coal cleanly 
and efficiently. Two of the more 
promising are fluidized-bed combus
tion (FBC) and coal gasification. In a 
typical FBC coal boiler, crushed coal 
is "fluidized" along with bits of lime
stone by supporting the particles on 
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a strong rising current of air. The flu
idized particles act as if they were in 
a boiling liquid, that is, they mix tur
bulently, ensuring a very efficient 
combustion process. Because boiler 
tubes are in direct contact with the 
fluidized particles, an FBC boiler can 
absorb much of the heat by conduc
tion, which is more efficient than the 
radiant and convective heat transfer 
a conventional boiler relies on. 

The greater surface area for heat 
transfer offered by the tubes in the 
fluidized bed also enables an FBC 
boiler to operate at lower tempera
tures than a conventional pulver
ized-coal boiler does, thereby mini
mizing the formation of oxides of 
nitrogen. (Whereas the temperature 
in a conventional boiler may reach 
3,000 degrees Fahrenheit, in an FBC 
boiler it generally ranges between 
1,450 and 1,600 degrees.) Moreover, 
the limestone mixed with the coal 
captures 90 percent or more of the 
sulfur released from the coal during 
combustion, because the lower oper
ating temperature promotes the reac
tion between limestone and sulfur 
that produces calcium sulfite or sul
fate. FBC tackles the pollutants pro
duced by burning coal where they 
are formed: in the furnace. 

FBC boiler design and operation are 
also less sensitive to variations in 
coal quality. The large amounts of 
melted ash that result when low
quality coal is burned in a pulver
ized-coal boiler often foul heat-ex
change surfaces, reducing the boil
er's efficiency and reliability. In an 
FBC boiler, however, coal is burned 
at temperatures below the melting 
point of ash, avoiding the problem. 
Because an FBC plant operator can 
afford to buy lower quality coal, he 
can in some instances substantially 
reduce operating costs. 

FBC technology also lends itself to 
the design of small boilers that can be 
prefabricated as modular units. It is 
estimated that a plant built from com
pact, pressurized FBC boilers could 
require between 10 and 20 percent 
less investment capital than conven
tional plants having the same total 
generating capacity. The savings re
sult from a reduced construction 
time and better capacity to expand 
the plant in response to an uncertain 
growth in the demand for electricity; 
planning is also made easier by the 
knowledge that these compact units 
can be installed quickly whenever 
the need arises. 

An FBC boiler could also be add
ed to an existing plant for a rap-
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FLUIDIZED-BED COMBUSTION (FBC) of coal reduces the need 

for adjunct emission-control systems. In an FBC boiler a bed of 

crushed coal and limestone is suspended by a blast of air that 
fluidizes, or agitates, the bed particles so that they behave as 

if they were in a boiling liquid. The turbulent mixing ensures 
that the coal is thoroughly burned and that the limestone reacts 

CYCLONE 
DUST COLLECTOR 

RECYCLE 
METERING/ 

DEVICE 

1 1 

FLUE 
GAS 

with combustion gases and thereby captures 90 percent or more 
of the sulfur oxides. Because boiler tubes are in direct contact 
with the fluidized bed, steam can be produced more efficiently 

in FBC boilers than in conventional pulverized-coal boilers. An 
FBC boiler also operates at a lower temperature, avoiding the 

melting of ash and reducing the formation of nitrogen oxides. 
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COAL GASIFICATION can be accomplished by heating a coal

water slurry in an oxygen atmosphere_ The process yields a fuel 

gas composed mainly of carbon monoxide and hydrogen_ After 

the gas has been cooled, cleansed of solid particles and rid of 
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sulfur it can be burned to drive gas turbines and then produce 

steam for a steam turbine, an arrangement called a combined cy
cle. An integrated gasification/combined-cycle plant emits few

er pollutants into the air than conventional coal-fired plants do. 
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id increase in generating capacity. 
Indeed, the Northern States Power 
Company has converted an existing 
coal-fired boiler in a Minnesota plant 
into an FBC boiler. The objective is to 
increase generating capacity by 40 
percent, increase fuel flexibility (the 
boiler can burn even municipal re
fuse), control emissions more thor
oughly and extend the plant's operat
ing life to at least 50 years. 

Over the past 15 years the technol
ogy of power plants that rely solely 
on FBC boilers has advanced from 
small test and pilot-plant facilities to 
large demonstration plants. The Ten
nessee Valley Authority, the Duke 
Power Company and the Common
wealth of Kentucky are building such 
a plant with a generating capacity 
of 160 megawatts; the Colorado-Ute 
Electric Association, Inc., has begun 
operating a 1l0-megawatt FBc-based 
generating unit. If they are success
ful, these two projects along with 
the Northern States Power Compa
ny's project-a combined private
sector commitment of nearly $400 
million-will reduce the economic 
risk entailed in the application of 
FBC boilers for the utility industry. 

A n alternative technology, which
.t-\. in less sophisticated form-was 
actually commonplace in the mid-
19th century, produces clean-burn
ing gas from coal [see illustration on 
preceding page]. The gas is suitable 
for lighting and heating purposes 
and in fact had an important role in 
the U.S. until it was displaced by nat
ural gas just before World War II. 

Utilities were initially interested in 
coal-gasification processes because 
they can produce a fuel for boilers 
that burns cleanly and thereby elim
inates the need for scrubbing. It is 
now clear that coal gasification has a 
more significant advantage: turbines 
can be driven directly by the hot gas
es produced by the combustion of 
coal gas. This in turn makes it possi
ble for the "waste" heat of the com
bustion products leaving the gas tur
bine to be captured and harnessed to 
produce steam for a steam turbine. 
Such an arrangement of coupled gas 
and steam turbines is called a com
bined cycle and is one of the most ef
ficient means available to generate 
electric power. 

Coal gas from which sulfur and par
ticulate matter have been removed is 
an excellent gas-turbine fuel and, like 
natural gas, can be burned with very 
low emissions. The combined cycle's 
high efficiency compensates for the 

unavoidable effiCiency losses that re
sult from converting coal into a gas. 
Moreover, water consumption is low
er than in a conventional coal plant 
because two-thirds of the power is 
produced by the gas-turbine system, 
which needs no cooling water to con
dense steam. 

The viability of an integrated gasi
fication/combined-cycle (IGCC) pow
er plant has been demonstrated at 
the Cool Water site of the Southern 
California Edison Company. The Cool 
Water plant, which began operating 
in May, 1984, generates about 100 
megawatts of electricity from a wide 
range of coal types; its emissions are 
comparable to those of a nearby nat
ural-gas power plant. Sulfur oxides in 
its flue gas are kept well below Feder
al standards by means of an adjunct 
sulfur-removal system that extracts 
essentially all the sulfur originally 
contained in the coal to yield pure 
sulfur with a significant market val
ue. Nitrogen oxide formation is sup
pressed by adding moisture to the 
gas before it is burned, so that the 
combustion temperature of the gas is 
lowered. Moreover, the coal residues 
left in the gaSifier are melted, yield
ing an inert, vitreous material when 
cooled that meets California solid
waste standards. 

In addition to its advantages in pol
lution control and effiCiency, an IGCC 
plant can be constructed in phases, 
allowing generating capacity to be 
built up in increments. Such flexibili
ty in construction minimizes the risk 
in capital investment associated with 
an uncertain growth of the electric 
load. The first increment of generat
ing capacity, for example, might be 
provided by gas turbines, which, tak
ing advantage of current low fuel 
prices, might be driven not by coal 
gas but by oil or natural gas. Then, as 
the demand for electricity grows, the 
addition of a waste-heat boiler and 
steam turbine would increase not 
only the capacity of the plant but also 
its efficiency. When oil and gas prices 
as well as load requirements make it 
economical to do so, a coal-gasifica
tion facility could then be construct
ed at the plant site. 

The role of coal-fired power plants 
is a crucial question in the pub

lic-policy debate over the steward
ship of natural resources, the protec
tion of the environment, the provi
sion of energy and the growth of the 
economy. Yet these considerations 
need not conflict: a look at the emerg
ing technological options shows that 

emiSSIOn controls and cost reduc
tions can in fact complement one an
other. This principle was recognized 
in a joint U.S.-Canadian report on acid 
rain issued last year. Acting on the re
port's recommendations, Congress is 
currently considering the establish
ment of a major national initiative to 
demonstrate and deploy clean coal
burning technology. This initiative, 
which would augment private-sector 
resources with Federal investments, 
is intended to ensure that the full 
range of coal-processing technolo
gies-including FBC boilers and coal 
gasifiers-will be available for wide
spread commercial application in the 
1990's. Even with such power-plant 
technologies in the offing, however, 
the growing demand for electricity 
could not be met without a collection 
of concurrent measures that empha
size conservation, end-use manage
ment and increased productivity 
from existing power plants. 

Continuing economic and environ
mental considerations will eventual
ly lead to technological develop
ments extending well beyond those 
we have discussed here. Ultimately 
coal-fired power plants could evolve 
into fully integrated "resource refin
eries." Such facilities would adapt 
themselves to the local fossil-fuel and 
resource base to produce a mixture 
of electricity, heat, fuels and market
able products for the local economy. 
In addition to FBC boilers and coal
gasification facilities, an entirely new 
spectrum of technologies-linked by 
electronic diagnostic and control sys
tems-would be incorporated at such 
plants to recover most of the by
products of coal processing. 

There is no shortage of opportu
nities to improve both the econom
ic and the environmental aspects 
of coal-based electric-power produc
tion. The timely exploitation of these 
opportunities, however, depends on 
whether the Government can enact 
broad and balanced energy and en
vironmental poliCies that give the 
electric-utility industry the neces
sary incentives. Care must be taken 
that innovative coal-processing tech
nologies are developed and imple
mented rationally, with the coopera
tion of utilities-in contrast to the 
way scrubber technology was intro
duced. This could be ensured if the 
associated costs and risks are mini
mized through well-planned design, 
testing and refinement of small-scale 
prototypes and demonstration plants 
before commercial-scale systems are 
finally introduced. 
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SCIENTIST 
Sticky threadlike substances that tend 

to draw themsel� into bead arrays 

� 
by Jearl Walker 

T;e tendency of a threadlike liq
uid to draw much of itself into 
beads has intrigued many in

vestigators. The beads can be found 
on sticky strung-out liquids such as 
the circular strands of certain cob
webs and a bit of saliva drawn out be
tween the thumb and forefinger. C. V. 
Boys, author of the classic Soap Bub
bles and the Forces Which Mould Them, 
demonstrated another form in a lec
ture at the London Institution many 
years ago. He dipped a straw into cas
tor oil and coated a quartz fiber thin
ly with the oil, which quickly pulled 
itself into beads less than .01 millime
ter in diameter. 

Lord Rayleigh examined beading 
in a set of papers published in 1879 
and 1892. His work was based on ear
lier experiments done by the Belgian 
physicist Joseph A. F. Plateau, who 
is still renowned for his pioneering 
study of thin films. When a liquid 
is drawn into a thread, surface ten
sion minimizes the surface area by 
pulling the thread into a cylindrical 
shape. At the same time, however, 
waves playing along the thread work 
to distort it into a periodic series of 
narrow and wide regions. The waves 
are unavoidable, arising from the 

....... ...... :,:: .. :.\ ...... 
, , 
I I 
I I I I : Wavelength I 
,'" � I 
I I 
, I 

motion when the thread is drawn out, 
from any slight shaking of the mount 
and from motion of the air. 

Plateau demonstrated that the 
wavelength of a wave determines 
whether the thread resumes a cylin
drical shape after the wave has 
passed. If the wavelength is less than 
the circumference of the thread, the 
distortion produced by the wave 
increases the overall surface area. 
The area of the narrowed regions 
decreases but that of the widened re
gions increases much more. As soon 
as the wave has passed, surface ten
sion pulls the thread back into a cyl
inder to minimize the surface area. 

If the wavelength is greater than 
the circumference, the distortion 
decreases the overall surface area. 
The area of the narrowed regions de
creases more than that of the wid
ened regions increases. Then surface 
tension enhances the distortion, pull
ing the widened regions into beads 
and the narrowed regions into a 
thread thinner than the original one. 
The spacing of the beads is. equal 
to the wavelength of the wave. A 
weak thread may rupture, freeing 
the beads. If a thread is strong, addi
tional waves may create a second 

"��/ . .. .,.� - /� - �  . . ... ...•.. � . . ....... . ..... . : .... •... 
Pull of 

surface. tension 

I I 

��()>====:\,O�···� 
Evolution of beads on a liquid thread 
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set of smaller beads mixed in with 
the first set-all of them strung to
gether by a thread that may now be 
virtually imperceptible. 

Rayleigh found that the initial liq
uid thread is most unstable when a 
passing wave has a certain critical 
wavelength. A wave of that length 
generates beads faster than waves of 
other lengths and therefore domi
nates the formation of beads. If the 
viscosity of the liquid can be disre
garded, the critical wavelength is ap
proximately one and a half times the 
circumference of the thread. Waves 
of about that size leave a number of 
beads separated by a distance rough
ly equal to the initial circumference 
of the thread. When the viscosity is 
high, as in a thread of molten glass, 
the critical wavelength is much long
er. Beads are fewer, and they are far
ther apart. 

A commoner example of a strung
out liquid is a soap film suspended 
between two mounts. Jurjen K. van 
Deen of The Hague has studied sev
eral of the stability limits in such an 
arrangement. (I described some of 
his equipment in this department last 
month.) For his experiments on sta
bility he prepared two rings, each of 
them 50 millimeters in diameter, by 
soldering copper wire. The rings are 
mounted horizontally, one above the 
other, on a stand. 

To form a bridging film van Deen 
blows a soap bubble between the 
rings and makes sure that it anchors 
on them. Since the solution gradually 
drains along the film, fresh solution is 
provided through a tube near the top 
of the bubble. An extension of the 
wire forming the top ring fits loosely 
into the tube, guiding the solution to 
the bubble. As liquid drains to the 
bottom of the bubble, it tends to col
lect in a drop that makes the bubble 
oscillate when it detaches. Van Deen 
eliminates the oscillations by placing 
a length of copper wire just below the 
bubble. Because of the wire, the drop 
detaches gently. 

The bubble forms a sphere be
cause surface tension pulls inward, 
tending to minimize the surface area. 
Air pressure inside the bubble 
counters the inward pull. (Actually 
the cause is the excess of the inner 
air pressure over the atmospheric 
pressure.) The bubble is stable when 
its air pressure is equal to 47TSjr, 
where S is the film's surface tension 
and ris the radius of the bubble. 

In one set of experiments van Deen 
reduces the bubble's air pressure 
with a vacuum cleaner, which sucks 
air out by means of a tube stuck 
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through the top ring. A clamp on the 
tube controls the rate at which air is 
removed. As the air pressure drops, 
the bubble begins to change shape. 
When the pressure reaches 2 -rrSlr, the 
sides of the bubble form a cylinder. 
This shape requires less pressure 
than a sphere because the net curva
ture of the cylinder is less than that of 
a sphere. (A cylinder does not curve 
along its length.) 

A cylindrical bubble is peculiar in 
that its existence depends on the ra
tio of L, the separation between the 
rings, to d, the diameter of the rings. 
If the ratio exceeds -rr, the bubble 
becomes unstable and collapses to 
form two smaller bubbles, one on 
each ring. This limit on stability is 
less surprising if it is recast in the fol
lowing form: a cylindrical bubble can 
exist if L is less than the circumfer
ence of the cylinder. 

In this form the limit of stability is 
related to the beading on a liquid 
thread. Remember that the waves re
sponsible for beading have a wave
length longer than the circumference 
of the thread. A cylindrical bubble 
also develops waves from chance 

disturbances, but their wavelength 
cannot be longer than L. Hence if L is 
kept smaller than the circumference 
of the cylinder, the waves are too 
short to make the cylinder collapse. 
Every time a wave passes along the 
cylinder the overall surface area in
creases. Surface tension immediately 
pulls the bubble back into a cylinder. 
If L exceeds the circumference, the 
waves can be at a wavelength that 
exceeds the circumference. Such a 
wave decreases the overall surface 
area of the bubble. Surface tension 
tends to distort the cylinder. As a re
sult the center of the bubble col
lapses, leaving a spherical bubble on 
each ring. 

In another experiment van Deen 
anchors a spherical bubble to the 
rings and pricks the two sections en
closed by them. The ruptures open 
the bubble to the atmosphere, where
upon the internal pressure drops to 
zero. This change causes the cur
vature of the remaining soap film 
to become zero also. How can the 
film stretch between two rings with
out curvature? 

The explanation is that the bubble 

forms a catenoid: a surface generat
ed when a catenary curve is rotat
ed about an axis. (A catenary curve 
is formed when a stringlike object 
is suspended between two fixed 
points.) The catenoid's surface con
stitutes the minimum area for a film 
stretched between two rings when 
there is no pressure inside the struc
ture. The surface also has a net cur
vature of zero. Although the surface 
is in fact curved, any point on it is 
part of a concave curvature in one di
rection and a convex curvature in a 
perpendicular direction, so that the 
net curvature is zero. 

This configuration also sets a limit 
on the film's stability that involves 
the ratio of L to d. The catenary shape 
can exist only if Lid is less than .663. 
If the limit is exceeded, the waist 
of the catenoid suddenly collapses, 
leaving a flat film on each ring. The 
reason is that when Lid exceeds .663, 
the flat films have a combined area 
smaller than the area of the catenoid. 
(Actually the combined area of the 
flat films is smaller than that of the 
catenoid when Lid exceeds . 52 8. The 
catenoid can be stable between . 52 8  

Spider o n  a beaded web and a micrograph o f  a beaded thread 
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and .663, however, because its sur
face area would have to increase mo
mentarily if it could transform to two 
flat films. Unless the waves on a soap 
film are vigorous, surface tension 
causes the catenoid to re-form after 
the passage of each wave. It fails to 
do so when Lid exceeds .663. Then 
even a feeble wave gives rise to an 
immediate collapse.) 

Van Deen discovered that main
taining a stable catenoid with Lid 
greater than .5 was difficult. The cat
enoid nearly always collapsed be
cause of waves from various distur
bances. If you experiment with a cat
enoid film, isolate it from vibrations 
and air currents. 

In the early 1970's M. A. Erie, R. D. 
Gillette and Derek C. Dyson of Rice 
University also studied the stable 
shapes of soap films, but in their ar
rangement the film formed a bridge 
between two coaxial, parallel disks. 
The workers dealt with films that 
were symmetrical around the central 
axis and with symmetrical distur-

50ap 
bubble. 

Wireto � � 
catch drop5 � 

]urjen K. van Deen's soap·bubble setup 
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bances to the films. In their experi
ments the film was anchored to pro
truding rims on the disks. Air was 
removed from or added to the film 
through a small hole in one of the 
disks. When the film was inflated, it 
eventually reached a limit of stabil
ity, a condition in which its sides 
bulged outward. When more air was 
pumped in, the film broke free. 

When air was removed from the 
film, the sides moved inward until 
it reached another limit of stability. 
Then the center collapsed, leaving a 
hemispherical film on each disk. The 
shape of the film just before collapse 
again depends on Lid. The limiting 
shape is an inward bulge when the 
ratio is less than TT and an outward 
bulge when it is greater than TT. 

Suppose that Lid is less than TT. Vi
sualize the change in the film's shape 
as air is removed. Begin with the film 
at the limiting shape of an outward 
bulge. As the volume of air in the film 
decreases, the structure shrinks and 
its curvature increases, raiSing the in
ner air pressure. For any given inner 
volume of air the film has a unique 
shape determined by the interplay of 
the net curvature and the air pres
sure. When more air is taken out, the 
curvature begins to decrease and the 
air pressure drops. When the curva
ture reaches zero, the side of the film 
is a catenary. 

This configuration is called a type-
1 catenary. A type-2 catenary can 
also have a net curvature of zero, and 
so be compatible with an air pressure 
of zero inside a film. The mathemati
cal functions for both catenaries are 
similar, but the type-2 catenary has a 
narrower waist and a larger surface 
area. When the film is on rings, sur
face tension prevents the formation 
of a type-2 catenary; instead it de
creases the surface area by pulling 
the film into a type-l catenary. 

A type-2 catenary is possible when 
the soap film is mounted on disks 
and the volume of air in the film is re
duced. Beginning with the film in a 
type-l catenary, imagine the change 
in its shape when more air is re
moved. Its sides begin to move in
ward as the inner pressure drops 
below the external air pressure, and 
the net curvature is outward. After a 
minimum air pressure is reached the 
pressure begins to increase until it 
again reaches zero and the net curva
ture is also zero. The curve of the film 
between the disks is then a type-2 
catenary. 

Erie, Gillette and Dyson found that 
a film with a type-2 catenary is possi
ble if Lid is between .47 and .663. At 

any value less than the lower limit 
the film always collapses into two 
hemispherical shapes before the in
ternal pressure reaches zero for a 
second time. If Lid is, say, .5 and the 
soap solution is long-lasting, the film 
can survive as a type-2 catenary for 
more than an hour. 

The research team also investigat
ed the stability of greatly inflated 
films. Theoretically, if the film is sym
metrical with respect to the central 
axis and if only symmetrical distur
bances are considered, the film can 
bulge outward quite significantly be
fore it becomes unstable. The calcu
lated limit is reached when the sur
face of the bridge is perpendicular to 
the back of each disk. 

Recently M. R. Russo and Paul H. 
Steen of Cornell University consider
ably reduced this theoretical limit 
by examining asymmetrical distur
bances. They prepared a silicone-oil 
bridge that stretched between two 
brass plates. The bridge was sur
rounded by a mixture of n-propanol 
and water that had the same density 
as the oil. The match of densities ef
fectively removed the distortion nor
mally caused by gravity because the 
buoyancy on the bridge was equal to 
the weight of the bridge. 

The liquids were put in a Plexiglas 
cell to eliminate evaporation and 
consequent changes in density. The 
oil was added to or removed from the 
bridge by means of a flexible tube in
serted through a small hole in one of 
the plates. A syringe at the other end 
of the tube facilitated the change in 
the volume of the oil. 

Beginning with a cylindrical oil 
bridge, Russo and Steen decreased 
the distance between the plates by 
turning a micrometer drive. Because 
the volume of oil remained constant, 
the bridge billowed outward. Each 
plate's beveled edge and coating of 
paraffin wax helped to anchor the oil 
on the plate. The bridge remained 
symmetrical until its surface at the 
plates was tangent to the plane of the 
plates. When the distance between 
the plates was further decreased, in
creasing the bridge's outward bulge, 
the bridge suddenly became distort
ed on one side. The buckling reduced 
the surface area of the bridge. 

Cylindrical bridges of liquid have 
been the subject of study by ]. M. 
Haynes of the University of Bris
tol, who considered their stability as 
their length increases. He knew that 
they are unstable when Lid exceeds 
TT. The bridges break up into hemi
spheres on the plates to which they 
are anchored. Haynes also discov-
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A cylindrical bubble on two rings 

ered that they show surprising stabil
ity at smaller ratios. When Lid ex
ceeds 9/4, the surface area of a cylin
drical liquid bridge is actually more 
than the total surface area of the 
hemispheres. If the ratio is less than 
7T, however, the bridge does not col
lapse to form hemispheres because 
to do so it would momentarily have 
to increase its surface area. That bar
rier disappears when Lid reaches 7T. 

S
everal readers have commented 
on what I said in June about the 

Minotaur Cube. They found two solu-

Side of 
::,oop film 
i5 a catenary 
curve 

1 

Ax i::, of rotation �I 
to generate 
catenoid 

The catenoid surface 

tions instead of one. The first letters 
to arrive were from John Stewart and 
Jim Rostirolla of Bellevue Communi
ty College in Bellevue, Wash., Leon
ard Gordon of Chico, Calif., and Mi
chael Keller of Ellicott City, Md. Keller 
found the first solution "by hand" 
and then was surprised when his 
computer turned up the second one. 
The solutions have identical plays 
for pieces A and B. The problem as I 
gave it was to employ the six pieces 
of the puzzle-three quadcubes and 
three pentacubes-to form a cube 
with three units on a side. 

Plane of film coincident 2--.. . . . _f c::; 
With plane of disk ./'��=. ==========� 

The outward-bulge limit 

Type 1 Type 2 

Types of catenaries 
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COMPUTER 

RECREATIONS 
Diverse personalities search for social 

equilibrium at a computer party 

by A. K. Dewdney 

I 
recently gave a party I was not 

able to attend in person. My eight 
guests had quite distinct personal

ities and occupations; for example, 
there was Walter (not his real name) 
the weight lifter. Wally had con
ceived a hopeless passion for anoth
er guest, Princess Penelope, a refined 
and sensitive woman of aristocratic 
pretensions. At the party Wally con
tinually edged closer to Princess Pe
nelope, while she just as continual
ly moved away from him. In quanti
tative terms Wally would have liked 
to spend the entire evening just three 
feet away from Penelope; to have 
been any closer would have been so
cially unacceptable. For her part, Pe
nelope was not comfortable unless 
15 feet separated her from her admir
er. But if Wally strayed any farther, 
Penelope would begin some edging 
of her own. Perhaps she enjoyed re
maining in Wally's view. 

It will surprise few readers to learn 
that the party was held in my com
puter. The guests were represented 
on my display screen as typographic 
characters: Wally was a Wand Pe
nelope was a P, for instance. As the 
party progressed, the eight guests 
drifted about the room in a seeming
ly endless search for social equilibri
um. Occasional clusters of closely in-

NAME OCCUPATION 

ARTHUR ARTIST 
BERNIE BUSINESSMAN 
DENNIS DENTIST 
MILLIE MODEL 
PENELOPE PRINCESS 
SUSAN STOCKBROKER 
VIOLA VIOLINIST 
WALLY WEIGHTLIFTER 

Guest list for a computer parry 
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teracting people would form only to 
be dispelled by the arrival of a new 
individual who upset the delicate bal
ance in some subtle way. Each guest 
had an ideal distance from each of 
the others. He or she would always 
move in a direction to minimize 
unhappiness. In the context of my 
admittedly quantitative (and stereo
typed) party, the unhappiness of a 
given guest was measured by the 
sum of the differences between the 
ideal and the actual distances to all 
the other guests. 

The guests were confined to a sin
gle rectangular room dominated by a 
table spread with tempting refresh
ments. Each person had an ideal dis
tance from the table as well as from 
the others; dieters preferred a dis
tance of five feet, whereas others 
were not completely happy unless 
they were just a foot from the table. 
This is not to say that the average, 
nondieting guest would simply move 
toward the table. For example, Arty 
the artist might have wanted to sam
ple some digital dip but Bernie the 
businessman (whom Arty disliked) 
blocked the way, expounding on the 
principles of vertical marketing. 

The program that produced the 
party is called PARTY PLANNER by its 
originator, Richard Goldstein, a com
puter artist and game designer who 
lives in Los Angeles, Calif. Rich Gold, 
as he prefers to be called, is well 
known as the designer of "The Little 
Computer People, " a game that pro
duces a cross-sectional image of a 
house in which a mannequin (the lit
tle computer person) goes about his 
daily routine. 

Gold calls his new recreation PARTY 
PLANNER with tongue in cheek; he 
maintains that by coding the likely 
relations between guests invited to a 
real party one can determine possi-

ble outcomes of the mix in terms of 
social dynamics. One might even dis
cover the optimal location for the 
refreshment table. Perhaps a proper 
evaluation can only be left to those 
readers who both write their own 
version of the game and attempt to 
apply it to real life. The real guests, it 
would seem, may at least chuckle at 
their own antics on the screen. 

Gold's computer party can be held 
in a room digitized into 600 squares 
in a 20-by-30 array. Each guest oc
cupies a single square of the array. 
PARTY PLANNER proceeds by consid
ering each person in turn; the pro
gram moves a guest to each of the 
eight neighboring squares. In each 
location the program calculates the 
total unhappiness of the guest. The 
neighboring square in which unhap
piness is at a minimum becomes the 
person's new location. 

Organizing a party requires only 
a modicum of programming expe
rience. The 20-by-30 array will be 
called room. Since the entries of the 
array are alphabetic characters, room 
must be declared as a character array 
in the program. The walls and re
freshment table are designated by 
fixed characters [see illustration on op
pOSite page]. 

PARTY PLANNER has a fairly simple 
structure that can be described on 
two levels, from the outside in. First 
there is a loop within which all the 
guests are moved about the room 
endlessly, or at least until the user of 
the program presses the space bar. In 
algorithmic terms the outer level can 
be summarized as follows: 

repeat 
for i<-1 to 8 

move the ith guest 
display room 

until space bar 

Inside the repeat loop is a second 
loop in which the eight people are 
all shifted to new locations. I shall 
expand below on the mysteries of 
moving the ith guest. A display of the 
room requires a double loop that 
scans the array room when the new 
positions of the guests have all been 
computed. Using indices j and k, for 
example, the routine will examine 
room(j,k) and display whatever char
acter is stored there at a correspond
ing position on the screen. 

Moving the ith guest is in itself a 
somewhat complicated operation be
cause his or her new position will de
pend on the positions of all the other 
people and the distances the ith 
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D 11 
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7 13 6 3 8 9 
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guest prefers to be from them. Of 
course, PARlY PlANNER must include a 
table showing the distance the guest 
listed by row prefers to be from the 
guest listed by column [see illustration 
above]. Such an array, called ideal, 
must be stored in the program as a 
data file or as a set of data statements. 
The entry ideal( iJ) records the ideal 
distance the ith guest prefers to be 
from thejth guest. This may not have 
the same value as idea/(J, i). For exam
ple, Wally may want to be three feet 
from Penelope, but Penelope wants 
to be a good 15 feet from him. 

Two arrays, x and y, store the cur
rent positions of the eight party
goers. During any given computa
tional cycle the ith guest occupies a 
position whose coordinates are xU) 
and y(i). The ith guest's level of un
happiness is computed as shown: 

ARTHUR 

presum +-sum 
sum+-O 
for j+-l to 8 

dist2+-[xU) - xUl]> + 
[y( i) - y(j)]2 

dist +-sqrt(dist2) 
sum +-sum + abs[dist - idea/(iJ)] 

The for loop is run not only for the 
ith guest's current position xU) and 
y(i) but also for the eight surround
ing positions, yielding a total of nine 
calculations. Every time a new calcu
lation is made, the value of sum is 
stored in the variable presum in order 
to save it for the purpose of compar
ison. The variable sum is then set 
to zero and the distance dist from the 
ith guest to the jth is calculated. The 
absolute value of the difference be
tween the actual distance and the 
ideal distance (from the ith guest's 
point of view) is then calculated and 
added to the ongoing total. 

Once a new value of sum has been 
calculated, the program compares it 
with the previous value stored in 
presum. If the new sum is smaller 
than the previous one, PARlY PLAN
NER must save the coordinates. The 
following algorithmic fragment indi
cates how that might be done: 

if sum < presum 
then xx+-xU) 

YY+-y(i) 

In this way an up-to-date record 

is maintained of the coordinates that 
yield the (so far) minimum unhap-. 
piness of the ith guest. When all nine 
positions have been calculated, the 
ith guest is moved to the position 
that yields the least unhappiness. 
The nine calculations are most sim
ply accomplished by means of a dou
ble loop that uses variables x and yin 
place of the array elements x(i) and 
y(i). Thus x would go from xU) - 1 to 
xU) + 1 and y would go from y(i) - 1 
to y(i) + 1. A simple way to construct 
the loop is to add the increments dx 
and dy to xU) and y(i) respectively: 

for dx +- - 1 to 1 
for dy+- - 1 to 1 

x+- xU) + dx 
y+-y(i) + dy 

One further complication should 
be addressed by party programmers: 
guests must not be allowed to walk 
through walls or over the refresh
ment table. For this reason, every 
time a new set of coordinate values x 
and y is about to be tried PARlY PlAN
NER must test them against certain 
bounds that represent the walls and 
the table. In the array room used in 
the version of the program described 
here the four walls are at x = I, 
x = 30, y = 1 and y = 20. If either co
ordinate of the ith guest is equal to 
one of the corresponding wall coordi
nates, the calculation of unhappiness 
must be skipped entirely. Similarly, 

PENELOPE 

Wally the weight lifter descends a hill of unhappiness toward Princess Penelope 
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) 
the table in my room occupies x coor
dinates 10 through 15 and y coordi
nates 9 through 11. If x lies in the 
first range at the same time that y lies 
in the second, the guest is in immi
nent danger of destroying the prop
erty of the host. Again the calculation 
is skipped. Purists might urge that 
guests not be allowed to walk over 
each other; this does not occur fre
quently enough in well-planned par
ties, however, to be worth the trou
ble of implementing. 

The programmer initiates PARTY 
PlANNER by selecting starting posi
tions for each guest. The positions 
can be entered by typing coordinates 
or by allowing the program to select 
positions randomly. In the latter case 
there must be a provision for ensur
ing that initial positions do not coin
cide with a wall or the table. 

Magi, my cybernetic sidekick, has 
been experimenting with variations 
of PARTY PlANNER. Why, he reasons, 
must everyone have some ideal dis
tance from everyone else? Perhaps 
some guests will have no feelings at 
all about certain other guests. 
When that is the case, Magi inserts a 
-1 in the appropriate cell of the 
ideal distance matrix. When the pro
gram comes to consider the attrac
tion of that guest for the others, it first 
tests the value of the ideal distance to 
the others. If the value is - I , the cal
culation is skipped; the other guest 
contributes nothing to the first 
guest's happiness or unhappiness. 

I urge readers to experiment with 
different room configurations, size 
of party and array of ideal distan
ces. Gold has even suggested hold
ing what he calls "irrational parties ": 
guests are invited in off the street, as 
it were. In other words, the ideal-dis
tance array is filled with random in
tegers chosen from an appropriate 
range of numbers, say 1 through 25. 

It is fascinating to experiment with 
various predetermined guest lists. 
Sometimes the results are predict
able. For example, if all the ideal dis
tances are greater than the room 
size, the partygoers will all become 
wallflowers, skirting walls in a vain 
attempt to avoid everyone else. (I 
have been to such parties.) If, on the 
other hand, the ideal distances are 
small, guests will form a single, tight 
conversational knot near the refresh
ments. Hilarious results can be had 
by setting up an endless cycle of one
way attractions: A loves B but B hates 
A. At the same time, B loves C but C 
hates B. The chain continues until it 
closes in on itself at A again. Depend
ing on how the guests are distributed 

initially, one may witness an endless 
chase with occasional romantic ed
dies and culs-de-sac. 

The notion of an ideal distance is 
not a complete mathematical fiction; 
behavioral scientists use a similar 
concept called social distance. In dai
ly interactions with others there is a 
distance we naturally tend to adopt 
depending on our relative mobility 
and our relation to the other person. 
The study of social distances is called 
proxemics. Findings include the dis
covery that social distances are de
termined in part by culture, role and 
sex. North Americans, for example, 
sometimes feel a bit crowded in con
versation with people from a country 
where social distances are smaller. 
The phenomenon could be studied in 
a group setting by using PARTY PLAN
NER. Let half of the guests prefer to be 
one foot from everyone else and let 
the other half prefer a distance of 
three feet. Will they continue to mill 
about or will some final, stable con
figuration emerge? 

The foregoing question leads us 
willy-nilly into the realm of dynami
cal systems. Abstractly considered, a 
computer party of the kind described 
here consists of a distance matrix, a 
two-dimensional cellular space (be it 
finite or infinite) and a set of tokens 
that move by turns according to the 
value of a potential function. From 
the point of view of a given token 
(that is, a guest) the space is an undu
lating plain. The height of any point 
in this dynamical landscape is the 
value of the potential function for the 
token. The value is simply the sum of 
the differences between the token's 
matrix distances and actual distances 
to the other tokens. 

The motion of an individual token 
is analogous to a ball rolling under 
the influence of gravity; the ball al
ways seeks to move "downhill." By 
this reasoning Gold sometimes de
scribes the guests at his computer 
parties as continually seeking val
leys of pleasure. At the same time, 
each token inhabits a different land
scape. One guest's valley of pleasure 
is another's hill of unhappiness [see 
bottom illustration on opposite page]. 

Given a particular cellular space, 
whether it is a party room, an infinite 
plain or a wraparound, toroidal space 
of the kind so often encountered in 
the recreations of this department, 
the questions asked by the abstract 
investigator are simple: What dis
tance matrices guarantee the ulti
mate stasis of tokens? What matri
ces guarantee eventual periodic be
havior? The second question makes 

sense only for infinite spaces, howev
er. In a finite space some configu
ration must eventually repeat itself. 
Thereafter the tokens will behave 
in ruthlessly periodic fashion. In in
finite two-dimensional spaces what 
matrices will never produce periodic 
behavior? 

In a geographic context, Gold has 
developed a particularly interesting 
version of PARTY PLANNER. Invite the 
eight largest cities in the U.S. to a 
computer party (in a large room). In 
other words, let the ideal distance be
tween each pair of guests reflect the 
distance between the corresponding 
cities. Amazingly, when such guests 
are given a random initial placement 
and are allowed to roam freely ac
cording to the rules of the game, they 
usually end up in correct geograph
ic positions in relation to one an
other! Readers who try this experi
ment may be momentarily puzzled 
by the emergence of a map that is re
versed or tilted from its usual orien
tation, but the emergence is undeni
able. Presumably the phenomenon 
occurs for any set of distances be
tween pOints on a plane. 

As an artist, Gold pursues what he 
calls algorithmic symbolism. PARTY 
PlANNER emerged not from Gold's 
need to plan parties but from his 
need to paint pictures. He writes: 
"These paintings were to consist of a 
number of objects such as oranges, 
apples, violins, hammers, etc. I want
ed to paint [them] so that similar ob
jects were close together on the can
vas while dissimilar ones were far 
apart. I had constructed a matrix indi
cating the ideal distances each object 
would have from [every] other but 
discovered it was no easy task to find 
such an arrangement by eye .... I 
began to wonder what would hap
pen if I could animate ... the objects 
and let them wander around seeking 
their own positions. I was not pre
pared for the beautiful dance they 
performed as they sought to mini
mize their own unhappiness. The 
party planner was born!" 

For readers who prefer purchase 
to perspiration, Gold has diskettes 
available for the IBM PC and compati
ble computers as well as a version for 
the Apple series. His address is 815 
North Gardner Street, Los Angeles, 
Calif. 90046. 

The reprise for this column and for 
all future ones has been moved from 
three to four months from the month 
of publication. At that time I shall be 
delighted to devote a brief social 
page to the most interesting parties 
held by readers. 

115 

© 1987 SCIENTIFIC AMERICAN, INC



BOOKS 
Aerial Armageddon, young Einstein revealed, 

color's chemistry, high-altitude physiology 

by Philip Morrison 

THE RISE OF AMERICAN AIR POWER: 

THE CREATION OF ARMAGEDDON, by 
Michael S. Sherry. Yale University 
Press ($29.95). 

Just before midnight on March 9, 
1945, bombers appeared over unpre
pared Tokyo. They were no strang
ers by day, but in blue skies they 
were remote, gleaming, unreal. Now 
they droned low, black and menac
ing; later that night they seemed like 
silver moths drawn to the tower
ing inferno they themselves had 
wrought. Although from the ground 
they seemed to fly at random, there 
was a plan. First a big X was carved 
out in flame across the dense resi
dential districts, and then for three or 
four hours that mark was "fed and 
broadened" as Gen. Curtis E. LeMay's 
300 heavy aircraft poured jellied gas
oline and magnesium into the avid 
flames. This time the spring winds 
were not divine but infernal; the pil
lar of fire swept along the surface, 
consuming 16 urban square miles
home to nearly one and a half million 
people. Perhaps as many as one in 
every dozen of them died that night. 

Flight was the only recourse, es
cape in urgent silence, an escape cut 
off for many by debris and panic, by 
smoke and fumes, radiant heat and 
superheated vapors. Some inviting 
waters were not cool; they boiled 
many a hapless refugee. Some ten
derly bundled babies erupted into 
flame right on a fleeing mother's 
back. The grotesque keloid scars of 
many survivors had hardly formed 
before the first million citizens aban
doned Tokyo. 

On March 11 LeMay sent his elated 
crews against Nagoya; as the nights 
passed they went on to Osaka, Kobe 
and back to Nagoya again. By then 
ground and air crews were exhaust
ed, like the depots of incendiaries at 
the airfields in the Mariana Islands, 
and the new "strategic campaign had 
to go on hold." 

It had been a fateful command deci-
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sion. The bombers had first assem
bled in October under Gen. Haywood 
Hansell on the long runways in the 
Marianas. Efforts to bomb with preci
sion the aircraft-engine plants in Ja
pan had achieved little: the weather 
was foul; the jet stream, a head wind 
of unprecedented strength, reached 
speeds as high as 150 miles per hour; 
the radar at altitude was hard to read. 
In early January strategist Hansell 
was sacked and the 21st Bomber 
Command was put under Curtis Le
May-tough, cigar-chewing, blunt, 
the unflinching field commander. In 
early March, anticipating a probing 
visit by the analytic deputy chief of 
staff from Army Air Force headquar
ters in Washington, LeMay acted. 

All at once he decided to bomb by 
night, to fly at low altitude where 
there were no hurricane winds, to 
accommodate more payload by dis
pensing with defensive guns and 
gunners (after all, there were few 
fighters and poor flak). He would 
send in the full bomber stream, each 
B-29 heavy with six tons of all-incen
diary load. Now there would be wide 
targets, entire cities to burn under 
the spring winds. 

LeMay's command decision was 
the center of the intimate articles that 
ran, one a week, in the New Yorker of 

June, 1945; they were written by the 
PR officer of the 21 st Bomber Com
mand, St. Clair McKelway, who had 
been an editor of that magazine. He 
"did not find it contradictory," Mi
chael Sherry now writes, "to say that 
the 'incendiaries were dropped with 
precision.' '' Fire attack followed on 
attack. By the end of July, B-san (Mr. 
B), flying in processions of up to 700 
aircraft, had visited and set aflame 60 
cities in Japan, large and small, caus
ing deaths at least equaling in num
ber the quarter of a million killed by 
the two atomic bombers of August. It 
is even possible that twice that num
ber died. 

Bombers cannot be dispatched by 

a commander's will as easily as were 
the ready cavalrymen of the Light 
Brigade, sabers in hand. An industri
al engine of war requires elaborate 
preparation. Years earlier the organ
ic chemists of Harvard had found a 
cheap way tojell gasoline, the chemi
cal manufacturers had produced the 
stuff in shiploads and the architects 
had prepared Japanese houses on the 
desert proving grounds of Utah. The 
aircraft designers of prewar years 
had also been at work. The proposal 
was in fact no mere option: the doc
uments of the analysts argue per
suasively for the scheme. Headquar
ters had planned the attack carefully; 
it also preferred that the field com
mander grasp the weapon and with it 
the accountability. 

Yet LeMay himself believed he had 
made the critical decision. He even 
found a clear justification out of his 
own experience. "I'll never forget Yo
kohama," he wrote after the war. 
"That was what impressed me: drill 
presses. There they were, like a for
est of scorched trees and stumps, 
growing up throughout that residen
tial area." So had it been from the 
first, a feeder system for the war fac
tories ofJapan. By 1944 the Japanese, 
however, had moved and consoli
dated production; they "almost elim
inated home industry in their war 
economy," the U.S. Strategic Bomb
ing Survey concluded later. Housing 
was the "physically the most vulner
able but socially the least effective 
component of a city." This is hind
sight, but even in foresight there was 
knowledge. What was known point
ed to the effectiveness of shutting 
down transport by sea and land, min
ing the harbors, sinking the ships, 
attacking rail and power lines and 
terminals. There were rationales 
for sowing fire; none seem weighty 
enough for the awful events. 

It is difficult to deny the author's 
claim. What LeMay had done "was to 
bring Americans the pleasure of re
venge in the guise of military neces
sity." It was not the general's deci
sion to set Tokyo aflame that was 
influential; it was the momentum of 
his success. By August apocalypse 
appeared in embryo: two nuclear 
bombers carried ruin to two cities, 
cities foreseen and husbanded for 
years by Gen. "Hap" Arnold, com
mander of the Army Air Force during 
World War II, as undamaged test tar
gets. "Which cities should be spared 
was a problem," he wrote. Now the 
problem has been generalized. 

Michael Sherry is a young historian 
at Northwestern University. He has 
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written a brilliant, biting and yet not 
ungenerous study of a momentous 
idea, the idea of war from the air, and 
he has filled in its eclectic origins and 
its complex sociology, civil and mili
tary. Although more than half of the 
book treats World War II, mainly the 
air war againstjapan, he begins earli
er. The first chapter opens with the 
days of Mark Twain and H. G. Wells, a 
time that soon saw air war both as 
terrifying and as attractive because 
of its presumed swiftness. For Britain 
the bomber was first seen as a ter
ror; for America, a kind of hope. Day
light precision bombing by unes
corted "flying fortresses" was put 
forward as an American style of war, 
crisp, even ethical. 

It is Sherry's aim to explain how 
such events happened as a guide to 
what could come next-to us all. His 
preface makes it plain that ideas 
alone cannot suffice; the tangible is 
required for judging the interplay of 
idea and action. The striking illustra
tions are his "visual essay" on Ameri
can imagination; they are cartoons, 
posters, advertisements and a few 
terrible photographs of damage. Yet 
he does not include many of the ta
bles and estimates that throw light on 
whether men could indeed do what 
they imagined. To be sure, he sees 
the detached style of the analysts of 
operational catastrophes as in itself 
a contributor to the fanaticism of 
technology in war, the exaltation 
of means before ends, when "satis
faction of organizational and profes
sional drives loomed larger than the 
overt passions of war." 

The 20th century can be seen as an 
undecided race between the original
ity and untiring zeal of those who or
ganize war from the skies and the 
stubborn, inarticulate urge of Every
man to survive. Hare and tortoise? 

THE COLLECTED PAPERS OF ALBERT 

EINSTEIN, VOLUME 1: THE EARLy 

YEARS, 1879-1902. john Stachel, ed
itor, with six associates. Princeton 
University Press ($52.50). English 
translation of the German texts of 
Volume 1, Anna Beck, translator, and 
Peter Havas, consultant. Princeton 
University Press (available only to 
buyers of the documentary edition, 
paperbound, $22.50; microfiche, $10; 
$1.50 for postage and handling in the 
U.S. and Canada). 

A thriving scholarly industry cen
tered in the University of Cambridge 
has for years documented the lives 
and works of Isaac Newton and 
Charles Darwin. Although it is under 
some linguistic handicap, American 

competitiveness here asserts itself 
with a first heavy and handsome vol
ume in condign response, the mas
sive written legacy of our fellow citi
zen, this century's symbol, at once its 
hero, victim and unintending culprit. 

Einstein once explained that be
cause he had never deferred to au
thority in his youth, Providence pun
ished him in the end by making him 
quite an authority himself. This first 
volume uniquely skirts that punish
ment by showing us the young Ein
stein intimately before he had be
come anything of an authority at all, 
even before the work of the Wunder
jahr 1905. It meticulously presents 
and annotates 134 documents, al
though all his published papers, 
even the two of 1901 and 1902, are 
held over for Volume 2. Here are the 
letters to and about him as well as 
from his hand, exams, records of his 
schoolwork, legal forms he filed and 
character reports made by the au
thorities-even his birth certificate, 
accompanied by photographs of the 
period as well as copies of sketches 
and drawings. The book has all the 
expert apparatus we expect: map, 
footnotes to identify the people who 
are mentioned, helpful comment on 
the more technical material, a chro
nology, thumbnail biographies of 
friends, family and teachers and an 
excerpt from a reminiscence his 
younger sister wrote in 1924. The 
texts are in German, although all the 
editorial apparatus is in English. An 
accompanying paperback gives a lit
eral translation of the texts but does 
not repeat any of the editorial matter. 

The second item is Einstein's moth
er's note to her sister, written as he 
finished second grade at the local 
public school in Munich. "Yesterday 
Albert got his grades, once again he 
was ranked first." The myth of the 
backward child is plainly false, al
though his sister had heard that he 
had been slow in learning to speak; 
it is certainly true that he was not a 
top student at all levels and times. He 
listened to drummers near and far. 
Young Einstein left Munich at 16, be
fore finishing secondary school, to 
seek more education in Switzerland 
and probably to avoid conscription. 
His family had already moved for 
business reasons to Italy. The rest of 
the events in this volume take place 
in the Swiss setting, except for visits 
and holidays in Milan, Genoa, Pavia 
and the mountains. 

Einstein failed the general part (but 
probably not the scientific part) of 
the entrance examination for engi
neering at the ETH in Zurich (the Fed-

eral Poly technical School). He had at
tempted the exam even though he 
was two years younger than the age 
of regular admission. He was advised 
to spend an additional year at the 
cantonal school in Aarau, a second
ary school known for its liberal and 
secular bent, and good in science. 

That year is endearing to read 
about, and Einstein would recall it 
fondly all his life. The cantonal in
spector reported on an examination 
of the violin students. Bowing tech
nique seemed a little stiff here and 
there, but "one student, by name 
of Einstein, even sparkled ... render
ing ... a Beethoven sonata with deep 
understanding." Here too Albert fell 
in love for the first time, with Maria, 
the young daughter of the family he 
lived with; his host was a teacher of 
Greek at the school. "How different it 
is," he wrote to her while he was 
away on a visit to his family, "to play 
a simple, sweet little song with one's 
sweetheart than to overcome ... an 
admittedly difficult sonata with 
straight as ramrod, decked-out Pavia 
ladies." He broke off the innocent ro
mance about a year later. It was in 
Aarau too that Einstein, not yet 17, 
wondered what would happen to a 
light wave if one ran after it fast 
enough to catch the thing-"the first 
childish thought-experiment that 
had to do with special relativity," he 
would recall at 60. 

Nearly a third of the text tran
scribes two Einstein notebooks that 
record a year of physics lectures by 
H. F. Weber, his ETH professor. The 
student Einstein plainly enjoyed ex
periments and their results, and he 
was particularly pleased when a the
ory would unify empirical results 
that had seemed to be unrelated. The 
biographical sensation of the vol
ume is a set of 50 documents never 
before published, letters exchanged 
between Einstein and another phys
ics student at the ETH, Mileva MariC 
from Zagreb. Their letters are funny, 
tender, intimate and practical, with 
much comment on physics-if more 
on jobs and apartments. The lines are 
full of diminutives; he is johonzel, lit
tle johnny, for reasons unknown; she 
is usually Doxerl, a form of Dolly. 

Mileva bore to Albert a daughter 
they called Lieserl, born in Serbia a 
year before the two were married in 
Bern, a match much against the Ein
stein family's wishes. "This Miss 
MariC is causing me the bitterest 
hours of my life," the angry mother
in-law wrote. The fate of the baby girl 
is not known; she may have died in 
Serbia of a childhood infection. Al-
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bert and Mileva had two sons in the 
marriage, which lasted for nearly 20 
years until divorce. 

The young physicist tried for ev
ery kind of post, "honoring all physi
cists from the North Sea to the south
ern tip of Italy with my offer," as he 
put it. He advertised private lessons 
in mathematics and physics "given 
most thoroughly" by Albert Einstein, 
diplomate. The fees were a help; bet
ter were the lifelong friendships he 
formed with a couple of interesting 
students. Finally, in June of 1902, 
through the good offices of a class
mate at the ETH, he got a position 
at the Patent Office: provisional ap
pointment as Technical Expert third 
class at 3,500 francs to start. "Ehrat 
thinks ... one cannot live on 4,000 fro 
with a wife. But we will prove by 
deeds how fabulously that can be 
done!" Salary, young wife and son, 
degree, leisure to work: it would be 
done well. A few months earlier he 
had written to Mileva that he was 
working "very eagerly on an electro
dynamics of moving bodies, which 
promises to become a capital paper." 
There was truth in that too. 

Some 30 volumes lie ahead. The 
monument being built is a grand one; 
here is the entrance, lively with the 
sights and sounds of youthful life. 

ARTISTS' PIGMENTS: A HANDBOOK OF 

THEIR HISTORY AND CHARACTERIS

TICS, VOLUME 1. Robert L. Feller, edi
tor. Cambridge University Press and 
National Gallery of Art ($49.50). 

The miniature of the delicate 
young prince in the orange-red robe, 
like Claude Monet's quieter oil of a 
wooded fall scene along the Italian 
Riviera, might appear to be an unlike
ly and beautiful distraction among 
these pages. Most of the other imag
es are colorful polarized micropho
tographs, gray X-ray-diffraction pat
terns from powders or crisply graphi
cal infrared spectral traces. Actually 
both works of art belong of right: 
they are celebrated samples. That 
Persian robe is brilliant in red lead, 
an artifiCial pigment as familiar to 
Vitruvius as it was to the painters of 
the Han. The fall foliage is tinted with 
cadmium yellow, an expensive prod
uct of the 19th-century chemists that 
is still in wide, if sparing, use by art
ists today. 

The volume is a coordinated col
lection of 10 recent monographs, one 
on each of as many pigments, com
piled as an authoritative reference 
for artists, conservators and art his
torians. For the general reader it is 
agreeably exemplary both of the ver-
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satile powers of modern materials 
analysis and of the breadth and ener
gy of scholarship. The choice of the 
pigments is more or less opportunis
tic (these are recent studies from a 
variety of expert laboratories in the 
U.S., Canada and Europe); indeed, 
a second volume will offer 10 more. 
The chapters share a common sys
tematic organization including a gen
eral introduction, a brief history of 
use, a section addressing the artist's 
concerns, color range, permanence, 
grinding and so on; a long chapter on 
the diagnostic and revealing details 
of chemical and physical nature and 
variation, as well as a review of the 
appropriate analytical techniques. Fi
nally, there is a careful field guide to 
speCific uses of the materials in art. 

The pigments here represent the 
animal and mineral kingdoms; plants 
play a subtler role. The analytical 
studies follow the nature of the sub
stance: electron microprobe and x
ray powder-diffraction analyses are 
fine for heavy metals. A cross section 
of the paint at one point within a dra
matic old canvas, an Arrest of Christ, is 
shown at hundredfold magnification 
by three techniques: optical micros
copy, scanning electron microscopy 
and X-ray microtrace at two resolu
tions. Matthias Stomer's yellow un
derpaint is lead antinomate, a syn
thetic pigment called Naples yellow, 
whose use can be traced back to 
glass of the Middle Kingdom. It has 
been lost and rediscovered a number 
of times across three millenniums. 

Microspectrophotometry and thin
layer chromatography better suit the 
intricacies of the organic world. A 
Persian invention, a clear Indian yel
low used liberally in miniatures from 
the 16th century until the 20th, was 
made from the urine of cows fed 
exclusively on mango leaves! Two 
ounces of the crude pigment were 
the daily yield of such a cow; an ani
mal so fed appeared chronically ill 
but could survive on the regimen for 
a number of years. The government 
of India seems to have limited pro
duction out of respect for the cows in 
about 1890; cobalt yellows and syn
thetic organic yellows slowly took 
the place of the pigment (which is 
mostly calcium and magnesium salts 
of an organic acid derived from an ac
tive anthraquinone of the dark green 
leaf). The old yellow pigment, but not 
its replacements, fluoresces strongly, 
converting blue-violet light into yel
low or yellow-green; photographs of 
one page rendered in Rajput style 
show the yellow areas still yellow un
der the all-purpling ultraviolet lamp. 

The redcoats of the British army, 
Boston's lobsterbacks, were clothed 
in fabrics given color by the dye de
rived from the cochineal insect, un
til it was replaced by azo synthetics 
in about 1878. The bright crimson of 
the purest carmine, as the dyestuff is 
called, is an intensely red powder. A 
varied set of paintouts are shown 
here laid in an acrylic vehicle. They 
are made by treating with iron-free 
alum the soluble hot-water extract 
of the insects. The result is an insolu
ble pigment called a lake. The beau
tiful colors are fugitive under light, so 
that nowadays carmine is used main
ly for cosmetics; in the U.S. it is the 
only organic pigment now allowed 
in eye makeup. 

One color photograph, itself a mi
nor work of art, displays the use of 
simple but apt thin-layer chromatog
raphy in the analysis of the carmines. 
A small sample of each pigment is 
drawn out across a sintered layer of 
commercial absorbent polyamide by 
the diffusion of a few drops of the 
right fancy solvents. The blots that 
result are made visible-here as a set 
of pastel blues and violets with a cou
ple of accenting red tips-by a heavy
metal developer, uranyl acetate. A 
dozen drifted patterns appear, clear
ly distinguishing the two carmines, 
madder, some mixtures and a few 
control samples as well. Spot tests to 
be viewed in ultraviolet are also tab
ulated. This is altogether a valuable 
reminder of what the expert organiC 
analyst (from the Bayer Analin- und 
Sodafabrik laboratories) can do to
day, without electron beam or polar
izing microscope. This style comes 
less easily to the analysts of paint
ings, but the scheme has identified 
the carmines in the paintbox of]. M. 
w. Turner and in paintings by artists 
from Boucher and Goya to Oufy and 
de Chirico. Yet it is in faded pre
Columbian textiles that these once 
dazzling traditional colors are most 
extensively found in the museums. 
Here is a splendid example of conver
gence during the long evolution of a 
technology that delights the eye. 

GOING HIGHER: THE STORY OF MAN 

AND ALTITUDE, by Charles s. Hous
ton, M.D. Revised edition, 1987. Little, 
Brown and Company ($19.95; paper
bound, $10.95). 

Operation Everest II, a simulated 
40-day assault on a Himalayan sum
mit, was mounted in a pressure tank 
late in 1985 at the U.S. Army Re
search Institute of Environmental 
Medicine in Natick, a western suburb 
of Boston. Dr. Charles Houston, a vet-
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eran mountaineer, himself no strang
er to the real slopes of K-2 and Ev
erest, is a reflective internist with 
strong physiological interests and a 
man who demonstrably can both or
ganize and write vividly. He led 
the team at high pressure (no met
aphor!). At low pressure were eight 
volunteers chosen with care; "all 
were very fit, . .. most were climbers." 
The space was crowded, but not in
tolerably so: the main decompres
sion chamber was 20 feet by nine, 
connected to a smaller lock and to 
a room-size second chamber crowd
ed with instrumentation. The volun
teers lacked for nothing except air 
and room. Theirs was no life in frail 
tents under the storm winds; they en
joyed snug bunks, showers and the 
best of food (including the most es
teemed ice creams of the day). They 
did exercise seriously, whether on a 
treadmill, cycling against a load or on 
a climbing simulator. 

They all first lost appetite, then 
weight, then sleep, as the air grew 
slowly thinner. In the air of 20,000 
feet all became lethargic and took in
terest mostly in lying in the sack. 
They were still able to sustain short 
bursts of maximum work even at 
25,000 feet. They did not stagger or 
hallucinate even at Everest summit 
altitudes, as most of the climbers of 
the real peak remember doing. These 
indoor mountaineers were not as 
poorly off as that, yet they were not 
as well acclimatized toward work in 
thin air as real climbers are. Was the 
time too short? It is hard to stretch 
such an imprisonment out to the sev
eral months of real expeditions. Per
haps the stressful work of real climb
ing is itself a help to acclimatization. 

The rich data are still under study: 
they range from regular muscle biop
sy and rates at which injected inert 
gases are cleared to pressures and 
oxygen uptake measured by the pas
sage of a small tube all the way from 
an arm vein right into the heart and 
lung. The study was successor to a 
smaller experiment Dr. Houston had 
conducted in 1946 at the School of 
Aviation Medicine in Pensacola, Fla. 

The expeditions of the pressure 
chamber are not the chief burden of 
this compact book, only its newest el
ement. The volume is an up-to-date 
survey of what is and is not known 
about the results of reduced oxygen 
transport and the correspondingly 
reduced removal of carbon dioxide. 
The author describes the fundamen
tals: the fall in oxygen availability 
step by step from free air to the cell 
membranes that must admit passive-

ly diffusing gas from the tiny capillar
ies nearby, and at the same time clear 
waste carbon dioxide. That physiolo
gy is explained in simple language. A 
reader gathers a deep sense of the 
tangled feedback loops, hormones 
and enzyme systems that complicate 
the SimpliCities of a shortage of the 
most urgent and essential of all nutri
ents, oxygen. 

In addition to those who dwell 
there, millions of people visit modest 
altitudes. (No enduring settlement is 
known above 17,000 feet, although 
some Andean mine caretakers have 
lived for several years at 20,000 feet, 
and archaeological finds suggest an
cient temporary occupation of sites 
22,000 feet high.) The clinical rec
ord is thick: there are several distinct 
kinds of altitude illness, and a num
ber of other effects. Cases typical of 
each are discussed. They come both 
from the growing literature and from 
what Houston himself has cannily 
observed for 50 years. 

Acute mountain sickness hits one 
person in six or eight of those who 
travel upward within a few days from 
near sea level to 9,000 feet or more. It 
is like a bad hangover, with a battery 
of unpleasant symptoms, more un
comfortable than threatening. It lasts 
for a day or two. Prevention can be 
achieved by slowing down or by tak
ing a new drug, Diamox, an inhibitor 
of the enzyme carbonic anhydrase. 
According to Houston, the agent sets 
in motion a combination of actions 
that begin with an increase in red
cell oxygen affinity; the drug allows 
more breathing with lower blood al
kalinity and with less bicarbonate 
loss in urine. 

Rarer (very roughly one patient 
among hundreds of visitors to the 
heights) but much more dangerous is 
an edema of lungs that have been too 
rapidly starved of oxygen. Increased 
arterial pressure stretches the blood 
vessels and promotes release of sub
stances that allow leakage from fine 
capillaries. Fluid gathers in the tiny 
lung spaces, and the process wors
ens. Several detailed mechanisms 
are suspected, from platelet clump
ing to surfactant breakdown. Daily 
aspirin to reduce the prostaglandin 
level may be helpful, Houston re
ports; the best remedy is to get back 
down. The Indian armed forces anx
iously confirmed both the condition 
and the treatment during the 1962 
border conflict in the Himalayas, 
very soon after the first description 
of the disease from Peru. 

Third is a true brain disorder, 
marked by insomnia, staggering and 

hallucinations. Climbers who sur
vived one such attack "said they had 
seen bulldozers and palm trees on 
the snow-capped summit." The neat 
but simplistic explanation is an ede
ma of the brain, which swells be
cause it retains too much fluid. "The 
brain becomes too big for its box." 
There is evidence for this, but hardly 
enough. Compare two photographs 
of the retina and its blood vessels, at 
sea level and at altitude. The tiny ves
sels are doubled in size above 15,000 
feet, a universal response to that 
stress. Go much higher and real hem
orrhages appear in the retinal blood 
net. They seem not to be accompa
nied by symptoms and usually disap
pear after a few weeks. Is the eye a 
window to the mind? Are there such 
lesions in the brain? Do they matter? 
The answers are not known. 

One can dream of a tentative gener
al model for all of this. The electro
lyte ions, sodium and potassium, do 
not diffuse freely through the cell 
membrane; they must be actively 
pumped. Sodium is pumped out of 
the cell uphill against the concentra
tion gradient; potassium is pushed in
stead into the cell, where it is normal
ly more abundant. The energy for the 
pumping demands oxidative synthe
sis of the cellular fuel ATP. A de
rangement of pumping rates may be 
behind most of the watery changes 
that seem to show up at altitude. 

Houston opens with an unusually 
interesting summary of the long his
tory of our knowledge of breathing, 
amusingly illustrated. (We miss pre
cise citations for some sources, and 
there is confusion about early mi
croscopy.) Robert Hooke appears in 
the story, occupying his usual role as 
an innovator: in 1671 at a meeting of 
the Royal Society he decompressed 
himself in a sealed oaken barrel to 
the air pressure prevailing at about 
3,000 feet. He reported no discomfort 
except for some pain in the ears. Lat
er the balloonists, audacious if not 
downright foolhardy, rose without 
preparation to Himalayan altitudes; 
sometimes they even survived. 

A brief chapter celebrates the re
markable women pioneers of moun
tain climbing, beginning with Maria 
Paradis, who climbed Mont Blanc in 
1808 in the seventh party to reach 
that summit. A street in Chamonix 
bears her name. On the side of physi
ology there is a suggestion that wom
en are less likely than men to devel
op the rarer altitude illnesses. Well
trained women, lighter than men but 
comparably strong, can climb as well 
as men-or perhaps better. 
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