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SEARSROADHANDLER. 
15% better wet cornering traction 

than��The TireThat Beat The Baja!' 
HOW SEARS ROADHANDLER 

SET A NEW W ET DRIVING RECORD 
FOR SEARS TIRES. 

When it rains, the most important feature 
any tire can deliver is traction. 

And RoadHandler delivers. 
It's designed with many wet driving 

improvements over the original Sears 
Steel-Belted Radial. 

For starters, five rows of grooves instead 
of four give water more outlets. So there's less 
possibility of hydroplaning -skidding on the 
thin film of water that builds up between the 
tire's suri'ace and a rainy road. 

Other wet driving improvements: 
• RoadHandler has six rows of tread 

rather than five, 12.5% more rubber comes in 
firm contact with the road. 

• RoadH andler has a deeper tread for 
10% better tread life. 

• RoadHandler has 15% better wet 
c ornering traction as determined u nder 
carefully controlled laboratory conditions. 

RAIN Y DAY DRIVING ISN'T THE 

ONLY WAY SEARS BEST STEEL-BELTED 
RADIAL PROVED ITSELE 

With 40,000 miles of relentless day and 
night driving already behind them, a set of four 
Sears RoadHandlers took on and tamed the 
rugged 2,000-mile route of the old Pony Express. 

Afterward, these same Sears tires not 
only passed but exceeded every Federal Safety 
Standard for new tires. (RoadHandler still had 
over 2Yz times the tread area strength 
required by law.) 

Even when laboratory engineers 
subjected these Sears RoadHandlers 

to thorough X-Ray examination, not a 
single tire failure of any kind. 

Anywhere. 
We don't call it the RoadHandler for 

nothing. 

TIre and Auto Centers 
and Catalog. 

"Straight talk, good values 
and satisfaction!' 

© SEARS, ROEBUCK AND co.. 1977 
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21 THE DISPOSAL OF RADIOACTIVE WASTES FROM FISSION REACTORS, by 

Bernard L. Cohen There should be no difficulty in safely storing them in deep, stable strata. 

32 THE USES OF SYNCHROTRON RADIATION, by Ednor M. Rowe and John H. 

Weaver Synchrotrons can be a highly effective source of ultraviolet and X-ray wavelengths. 

42 MICROBIAL LIFE IN THE DEEP SEA, by Holger W. Jannasch and Carl O. Wirsen 

How is the metabolism of microbes influenced by the conditions of the deep-sea environment? 

66 BOK GLOBULES, by Robert L. Dickman 

They are small round clouds of interstellar gas and dust that may well be stars in the making. 

82 SPATIAL MEMORY, by David S. Olton 

Experiments with rats indicate this type of memory is localized in a specific part of the brain. 

100 THE LESSON OF RETROLENTAL FIBROPLASIA, by William A. Silverman . 

An epidemic of blindness in infants points a moral for medical experimentation on human beings. 

108 LECTINS, by Nathan Sharon 

Proteins found primarily in plants are a tool for the study of cell surfaces and cell behavior. 

120 POETIC RESPONSES TO THE COPERNICAN REVOLUTION, by Margaret M. 

Byard The poetry of the 17th century reflected man's new awareness of a larger universe. 
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executIve health 
the report that briefs you on what to watch 

©WORLD COPYRIGHT RESERVED 1977 BY EXECUTIVE PUBLICATIONS 

Volume VI, Number 10 Pick fair Bldg., Rancho Santa Fe, Calif. 92067 Area 714:756-2600 

Case Histories . . .  Part ill 

On how to L IVE  90 to 100 HEALT HY years 
(The syndrome of longevity . . . its 7 gre£lt "constants,) 

"There is no short-cut to longevity. To win it is the 

work of a lifetime ... " 

-Sir James Crichton-Browne (1840-1938) 
in his "The Prevention of Senility" 

The errors of our younger years are drafts upon our 

older years, payable (with interest) some 30 years from 

date. 

gerous place. It always has been and, probably, it 

always will be!) But these studies show that other 

factors (not at all dependent on chance) seem depend­

ably present . . . "constants." As you study the case 

histories of these extraordinarily long-lived individuals, 

7 of these great "constants" almost invariably turn up! 

They form what is now becoming known as the syn­

drome of longevity. 

The so-called "diseases of old age" are essentially the 

diseases of 50 to 70 . . .  "the dangerous years!" 

Research scientists have observed that people who 

survive these "dangerous years" successfully (without 

acquiring some "chronic" disease such as cancer or 

heart trouble) are likely to live on for another healthy 

quarter of a century. They seem to have developed 

what might almost be called an immunity to these 

killers. Why? 

To try to find out, some careful studies have now 

been made of these extraordinarily long-lived individuals. 

As an executive, your safest guide (as to what you 

should do, or not do, to live a long, long time in good 

health) is to study, and try to apply to your own life, 

these 7 great "constants" so evident in the lives of other 

executives who have outlived their contemporaries by a 
generation. 

What do these show? Is it what you might expect 

. . just a matter of sheer chance . . . amazing luck? 

Luck plays a part, of course. (This world is a dan-

Nearly four years ago in Executive Health (Vol. Ill, 
Nos. 5 and 6) we gave you some detailed case histories 
of distinguished men whose lives sharply emphasized the 

SIR HANS KREBS, M.D., F.R.C.P. (England), 
Nobel Laureate in Physiology and Medicine. 
Emeritus Professor 0/ Biochemistry, Oxford Unj· 
versifY. Metabolic Research Laboratory. Nu/Jield 
Department 01 Clinical Medicine, RaddiOe In· 
{irmary, Oxford. England. 

RICHARD L. BOHANNON, M.D.. F.A.C.P., 
Lielltenant-General, United States Air Force (Ret.); 
Medical Direclor, The Instilule for Aerobics Re­
search, Dallas, Texas. 

HARDIN B. JONES, Ph.D., Professor of Medical 
Physics and Physiology. Assislant Director, Don­
ner Laboratory of Medical Research. University 
of California, Berkeley. 

LEONARD HAYFLICK, Ph.D., Senior Research Cell 
Biologisl, Chi/dr/til's Hospilal Medical Center, Bruce 
Lyon Memorial Research Laboratory, Oakland, 
California. 

DEMETRIO SODI-PALLARES, M.D., Professor of 
Medicine, Chief of the Deparlment of Electro­
Vectorcardiography, Institute Nacional de Car­
diologia, Mexico, D.F. 

EDITORIAL BOARD 

ALBERT SZENT·GYORGYI, M.D., Ph.D .. Nobel 
Laureate for Physiology and Medicine, Scientific 
Director, The National Foundation for Cancer Re­
search, The Instilute for Molecular and CelllllLlr 
Evolution, Coral Cables. Florida. 

JOHN K. LATTIMER, M.D., SeD., FACS, Profes­
sor and Chairman, Department of Urology, College 
of Physicians and Surgeons. Columbia Uni\'ersiry; 
Director, Squier Urological Clinic and Director. 
Urological Service. PresbYlerian Hospital, New 
York City. 

JOHN STIRLING MEYER. M.D., Professor. DepaTl­
ment of Neurology, Baylor College of Medicine; 
Director, Baylor-Methodist Center for Cerebro­
vascular Disease, Texas Medical Center, HOllston, 
Texas. 

SOLON PALMER, Ir., M.D., Scripps Clinic and 
Research Foundation, La lalla, California. 

HANS SEL VE, C.C., M.D., Ph.D., D.Sc., F.R.S. 
(C), Professor and Director of the Institute for 
Experimental Medicine and Surgery, University of 
Montreal, Canada. 

LINUS PAULING, Ph.D., Nobel Laureate in Chem­
istry and in Peace; Emeritus Professor of Chemis­
try, Stal/ford University, Stanford, Cali/ornia. Re­
search Professor. Linus Pauling Instilme of Science 
and Medicine. Menlo Park. California. 

MARK D. ALTSCHULE, M.D., Visiting Professor 
of Medicine, Harvard Medical School; Lecturer 
in Medicine. Yale University; StaO Consultant, 
Boston City Hospital,- Attending Physician, Bos­
Ion Veterans Administration Hospital, Boston, 
Massachusetts. 

ALTON OCHSNER, M.D., Senior Consultant in 
Surgery, Ochsner Clinic and Ochsner Foundation 
Hospital and EmerjJus Professor of Surgery, Tu­
lane University School of Medicine, New Orleans. 
Louisiana. 

ROGER J. WILLIAMS, Ph.D., D.Se., Professor of 
Chemistry, Co-founder and Consultant, Clayton 
Foundation Biochemical Institute. The University 
of Texas,- Past Prl!Sident, The American Chemical 
Sociely, Austin, Texas. 
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"HOW LONG WILL I LIVE?" 
Before you get any older, isn't it time you find out how to take 

the best care you can of the only body you will ever have? 
What keeps well people well? Medical 
men have long concentrated upon 'sick 
people and how to get them well ... 
not upon well people and how to keep 
them well. Now many top research 
scientists are concentrating their ef­
foris on preventive medicine ... how 

to keep well people well. 

May we suggest that .you get the bene­
fits of this new research for yourself? 
Do as so many thousands of execu­
tives do. Subscribe to Executive 
Health Report. The members of our 
Editorial Board are among the world's 
most distinguished authorities on pre­

ventive medicine. Their wise advice 
can help you not only live longer but 
enjoy those extra years! (Note their 
high qualifications as shown on oppo­
site page.) 
Executive Health Report is not sold on 
newsstands but only by private sub­
scription at $18 a year in the U.S.A. 
and its possessions. $19 a year in 
Canada and Mexico. All other coun­
tries $24 by surface mail, $28 by air 
mail. Individual reports (back issues) 
$1.50 per copy. 

Subscribe now under this unusual 
introductory offer : 

(1) Your choice of any three of the 
reports listed below (81.50 each) 
FREE! 

(2) Your money back at anytime 
during the entire year if you do not 
find our reports live up to your ex­
pectations. 

Never forget: "Men's lives are 
chains of chances" but as Euripides 
saw clearly so long ago: "Chance 
fights ever on the side of the prudent." 
Your only insurance against "tomor­
row" is what you do today. You have 
but one life ... doesn't it make sense 
to find out how to take the best care 
of it you can? 

Please study the reports listed here 
and circle your three choices : 
Sir Hans Krebs, M.D.: On the overuse 
and misuse of medication. Too many 
patients are being made ill by drugs 
due to their own or their physician's 
carelessness. 

Alton Ochsner, M.D.: "On the Role of 
Vitamins C and E in Medicine." A 
world-famous surgeon tells you how 
and why he uses these two essential 
vitamins. 
John K. Lattimer, M.D., Sc.D.: On 
That Treacherous Gland . . .  Your 
Prostate. 
On Fatigue, the Great Deceiver : Why 
most men never get their "second 
wind." 

If You Sit At a Desk All Day, how to 
avoid a pot-belly and double-chin. 
On your risk of hearing loss : Year 
after year, after 40, your risk grows 
greater. Why is this and what can 
you do? 
120/80 or what? High blood pressure : 

the hazard of your executive job. 
On that precious eyesight of yours : 
Ignorance of the risks you run as 
you grow older can be dangerous, 
even lead to blindness! 
On "The Horizontal Exercise." New 
research findings about sex and how 
to keep your middle age young! 
John Yudkin, M.D.: On "This Slim­
ming Business " ... The truth about 
the prevention and cure of overweight! 
Linus Pauling, Ph.D.: What about 

Vitamin E? Eminent investigators now 
suspect it may be one of the key fac­
tors to help resist disease and slow the 
aging process. 
On wine and your well-being, "man's 
oldest medicine," used in moderation, 
contributes much more than pleasure 
to your life! 
Mark D. Altschule, M.D.: Is it true 
what they say about cholesterol? Do 
so many of our favorite foods, such as 
eggs, that contain cholesterol increase 
your risk of heart disease? Or are 
those TV ads for "substitute" foods 
that loudly proclaim: "No choles­
terol, no animal fat" a lot of pseudo­
scientific nonsense? 
"The non-dieting diet." Walking is 
magic to keep or win back a strong , 
lean body (and that is just the first of 
its great health benefits.) 
On how to live 90 to ] 00 healthy 

years! (The syndrome of longevity 
... its 7 great "constants"). 
On The Arthritis Mystery. Can what 
you eat-or don't eat-make you ar­
thritis-prone or arthritis-resistant? 
The B Vitamins ... Part V. On the 
Number One B Vitamin ... Thiamine 
and its role in solving health prob­
lems. 

Hans Selye, M.D.: On Stress Without 

Distress. Your mind can make or 
break you! 
The B Vitamins • . .  Part II. On Vita­
min B6 (Pyridoxine) "The Sleeping 
Giant of Nutrition." 
Linus Pauling, Ph.D.: For the Best of 
Health, How Much Vitamin C Do You 
Need? People who take the optimum 
amount of vitamin C may well have, 
at each age, only one quarter as much 
illness and chance of dying as those 
who do not take extra vitamin C. 
Mark D. Altschule, M.D.: What Causes 
Your Arteries to Harden? 
George C. Griffith, M.D.: On those 
irregular heart beats (arrhythmias). 

Some mean little or nothing, but others 
warn your heart is in trouble. 
Miles H. Robinson, M.D.: On Sugar 
and White Flour . . • the Dangerous 

Twins. How, with the best 'of inten­
tions, we have managed to process 
natural foods into appetite-tempting, 
disease-breeding trouble-makers . . . 
Roger J. Williams, Ph.D., D.Sc.: On 
your startling biochemical individual­
ity. Some amazing facts about your 
body you need to know if you want 
to understand yourself (and other 
people) better. 
On "The Unsuspected Illness"-Hypo­
thyroidism. How it can subtly sap 
health in a variety of ways .. . and a 
simple test to uncover it. 
Roger J. Williams, Ph.D., D.Sc.: On 

Cataracts--,-and the possibility now of 
avoiding them by intelligent .nutrition. 
Linus Pauling, Ph.D.: On Vitamin C 

and Cancer. Recent studies show that 
vitamin C has a large life-extending 
effect for patients with advanced can­
cer and suggest a similar large effect 
for earlier stages of the disease. 
John Stirling Meyer, M.D.: On TIAs 

and Strokes-Their Long Follow-up. 
Case histories which show one can 
recover and live in good health for 
years. 
Please use the coupon below, under 
our money-back at any time guar­
antee. 

EXECUTIVE HEALTH, Pick fair Bldg., Rancho Santa Fe, CA 92067 
Gentlemen: Enclosed is my check for $ for a year's subscription 
to Executive Health to start with this month's issue. I have circled the three $1.50 
reports I am to receive free. It is understood that I am to get my money back if 
at any time during the entire year I become dissatisfied with your reports. In 
addition, I would appreciate your sending me a complete list of your 70 other 
reports because among them may be some from which I might greatly benefit 
and would otherwise miss. 
NAME (please print) _____________________ _ 

ADDRESS ___________________________________________ ___ 

STATE/COUNTRY ZIP SA-6 
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THE COVER 

The photograph on the cover, made with the 150-inch reflecting telescope of 
the Kitt Peak National Observatory, shows part of the Lagoon Nebula in the 
constellation Sagittarius. The nebula consists of gas and dust. Some of the gas 
is luminous because its atoms are excited by ultraviolet radiation from hot 
young stars embedded in it. Some of the· dust is visible as dark clouds because 
it blocks the light of the luminous gas and stars behind it. Among the dark 
clouds are numerous small round objects known as Bok globules (for the as­
tronomer Bart J. Bok). Globules may well be clouds of gas and dust in the 
process of collapsing to form stars (see "Bok Globules," by Robert L. Dickman, 
page 66). A typical small Bok globule is the dark speck, about the size of a small 
star image, half an inch below the bright star at the far right. The halo and cross 
around the brightest stars in the photograph are artifacts of telescope optics. 

THE ILLUSTRATIONS 

Cover photograph courtesy of Kitt Peak National Observatory 

Page Source Page Source 
22-31 Allen Beechel 110-112 Jerome Kuhl 
33-40 George V. Kelvin 113 Nathan Sharon 
41 International Business 114 Jerome Kuhl 

Machines Corporation 
115 Garth L. Nicolson (top), 43 Woods Hole 

Oceanographic Institution 
Nathan Sharon (bottom) 

44 Dan Todd 116 Jerome Kuhl 

45 Woods Hole 118 Abraham Novogrodsky 
Oceanographic Institution 120 New York Public Library 

46 Ralph Morse 122 National Gallery, London 
47-51 Dan Todd 123 New York Public Library 
52 Woods Hole 124 Bob Zucker, from the 

Oceanographic Institution collection of Spencer Byard 
56 Jerome Kuhl 126-132 Ilil Arbel 
66 Steward Observatory, 

University of Arizona 133 Laszlo Kubinyi 

68-70 National Geographic 134 Ilil Arbel 
Society-Palomar 137 External Construction 
Observatory Sky Survey by Animals. © 1976, 

75 Hale Observatories Dowden, Hutchinson 
76-81 Gabor Kiss & Ross, Inc. 

83 Ben Rose 138 All Their Own: People 

84-91 Alan D. Iselin and the Places They 

92 Ben Rose Build. © 1977, Schenkman 

94 Alan D. Iselin 
Publishing Company 

96 David S. Olton 139 U.S. Army Corps of 
Engineers Topographic 

98 Alan D. Iselin Laboratory 
101 J. D. Baum 140 Grand Design: The Earth 
102-104 Carol Donner from Above. © 1976, 
105 Gabor Kiss Paddington Press Ltd. 
106 Johns Hopkins 141 The American Farm: 

Hospital A Photographic History. 
109 J. G. Collard and © 1977, Houghton 

J. H. M. Temmink Mifflin Company 

SCIENTIFIC 
AMERICAN 

Offprints 
Each article in each issue of 

SCIENTIFIC AMERICAN is 
available in a separate Offprint 

starting January 1977 

Offprints will be ready for delivery by 

the end of the month following the 

month of issue. In addition, over 1,000 
selected articles from earlier issues 

are available in Offprints and are listed 

in catalogue (see form below). 

Individual and Corporate Orders 
Offprints may be ordered in any quan­

tity and combination. Price: $.35 
each; $5.00 minimum; payment with 

order. Coupon below suggests form 

of order. 

School and College Orders 
Offprints adopted for classroom use 

may be ordered direct or through 

campus bookstore. Price: $.35 each. 

Student sets of 10 or more Offprints 

are collated by publisher and deliv­

ered as sets to bookstore. Offprint 

Readers, pre-selected course-oriented 

sets of Offprints, are accompanied by 

selector's commentary relating the ar­

ticles to one another and to formal 

course work. Write for catalogue. 

W. H. Freeman and Company 
660 Market Street, San Francisco, Cal 94104 

Please send me Offprints: 

Title of Article Quantity 

Total 
Multiply by $ .35 

Payment Enclosed =.$ ___ _ 

Minimum order $5.00, payment with order 
California residents add sales tax 

o Please send free Offprint catalogue 

Name 

Address 

City and State Zip 
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�MEASUREMENTBCOMPUTATI0N advances from Hewlett-Packard ------

8 

Large work surface with raised edges. 

Adjustable IV pote mounts in any corner. 

,,- -�."-.,,,
. J � r  

New resuscitation system speeds 
emergency aid in hospitals. 

In one compact cart, HP's resuscitation system 
carries everything a medical team needs for 30 
minutes of patient support including battery-op­
erated defibrillator/monitor; recorder; organized 
storage for all drugs, equipment, and supplies­
ready for immediate use on arrival at bedside. 

Speed. That's the essential meaning of the sound of 
an emergency code in a hospital. Never is the need 
more critical than when a medical team responds to a 
resuscitation code, because a minute or two can liter­
ally mean the difference between life and death. 

It is precisely this matter of life and death that promp­
ted us to re-examine the resuscitation team's instru­
ment needs. The result is a new resuscitation system, 
aimed exclusively at helping the medical team reach 
its first objective: to arrive at the emergency bedside 
quickly, with everything it needs ready for use. 

Essential to the system is the new cart illustrated 
above. It provides organized storage space for all the 

Defibrillator/monitor swivels 

270 degrees for easy viewing. 

Recess for storage of clipboard, 

endotrachial and suction tubes. 

Cardiograph or recorder 

on pull-out rack. 

Storage for suction and IV bottles. 

Tilted swivel casters for maneuverability 

and straight tracking. 

medical team's needs, and is easy to maneuver in 
crowded corridors and tight spaces. It is designed to 
allow full access to system instruments and supplies: 
two-way drawers open from either side, and the top 
of the cart, except for the swivel-mounted defibril­
lator/monitor, remains clear for use as a work surface. 

Many innovative features of the new defibrillator/ 
monitor let the medical team concentrate on the 
quick application of emergency procedures without 
interruption for instrument adjustments. Thus the 
instrument is automatically set for defibrillation 
when power is turned on; the defibrillation paddles 
are instantly accessible, and serve as ECG electrodes 
for immediate initial cardiac assessment; charge and 
discharge buttons are built into the paddles; an inter­
nal battery delivers one hundred 400-joule dis­
charges or seven hours of continuous monitoring on 
a single charge, and its built-in charger permits in­
stant AC back-up; ECG waveform size and position 
are automatically adjusted on the scope and, after 
defibrillation, the trace automatically returns to non­
fade display. 

The new resuscitation system is available in a choice 
of eight models, to suit individual hospital needs 
without compromise. System prices start at $5600*. 

© 1977 SCIENTIFIC AMERICAN, INC
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The HP 5420A is well suited to the study of noise 

and vibration. Here it is being used to study the 

vibration induced in an optical bench from the 

floor, the air conditioning, and a supply of 

water piped to the bench to cool a laser. 

How to use powerful analysis techniques on complex 

analog signals without being an expert. 

Once restricted to those versed in the com­
plexities of Fourier transform mathematics, the 
time and frequency domain analysis of low fre­
quency dynamic signals can now be made by 
people with far less understanding of the 
mathematical theory, and with far less attention 
to instrument set-up details. 

The intelligence built into HP's new 5420A dual­
channel digital signal analyzer literally guides the 
novice to the desired result. The instrument's CRT 
displays the "menu" of measurements from which to 
choose, then shows the appropriate instrument 
setups for the choice you have made, and finally sets 
forth the measurement results. An integral tape car­
tridge stores both measurement data and instrument 
set-up state; to repeat an analysis you need press only 
two keys. 

Measurement versatility is inherent in the HP 5420A. 
Basic frequency domain measurements it can make 
include linear spectrum, auto power spectrum, 
power spectral density or energy density, cross 

HEWLETT � PACKARD 

1505 Page Mill Road. Palo Alto. California 94304 

For assistance call: Washington (30t) 948·6370, Chicago (312) 255·9800, 

Atlanta (404) 955·1500, Los Angeles (213) 877·1282. 

.r 

power spectrum, high resolution auto spectrum, 
transfer function and coherence. In the time domain, 
the HP 5420A measures time average, auto­
correlation, cross correlation, and impulse response. 

The analyzer'S user-interactive display cursors let 
you read out any values along a signal or expand both 
the X and Y axes about an area of interest. Moreover, 
the instrument also offers a 75 dB dynamic range and 
"zoom" capability, providing a frequency resolution 
of up to 0.004 Hz anywhere in the 25 kHz bandwidth. 

With the HP 5420A, you can post-process measure­
ment results using the four basic arithmetic functions 
as well as integration and differentiation of complex 
data. Thus, for example, you can determine the cohe­
rent output power from a device by measuring the 
coherence function on one trace and total power on 
the other, and multiplying the two together-all with 
simple keystrokes. 

The HP 5420A's applications are wide ranging­
from structural and vibrational analysis to analysis of 
underwater sound ,or electronic circuits. At 
$29,900* , it is a very cost-effective tool for digital 
signal analysis of complex analog signals. . • �.;> • • -, j>' 

Mail to: Hewlett-Packard, 1505 Page Mill Road. Palo Alto. CA 94304. 
Please send me further information on 

HP medical resuscitation system 

) HP 5420A digital signal analyzer 

Name ______________________________ ___ 

Company ___________________________ _ 

Address _____________________________ _ 

City _____________ State __ Zip ____ _ 

-Domestic U.S. prices only. 00745 

9 

© 1977 SCIENTIFIC AMERICAN, INC



whole new 
world of viewing 
enjoyment with 

amazing new 
henniscope 
monocular system 
You will be startled by performance of Henniscope which 
measures just 3 '12", weighs scant 4 ozs and costs less 
than one-half of what you would expect to pay for even 
ordinary binoculars. Henniscope comes with two Quick­
change objectives-B x 24 (more powerful than 90% of 
all binoculars) and 6 x lB, which has wide-angle field Of 
view of 576 feet at 1000 yards. Prismatic, fully coated 
optics with crispness of view and brillance that will amaze 
you. Added bonus: exchange objectives make exquisite 
3 '. and 5 x hand lenses. Comes with hand strap and 
zippered, soft vinyl pouch that slips easily into coat pock­
et For hfetim� family viewing enjoyment, order Henni·· 
scope today I hennikers 

779 Bush St.. BOI 7584. San Francisco, CA 94120 

Henniker's. 779 Bush 51 90:-: 7584 San FrancIsco. CA 94120 

Yes, subject to yOU! 2-week refund pnvllege and your guaran­
tee. please send me _ Henniscope Systems a:S29.95 each 

::=JMy check for thiS amount. plus $1 per shlpmenl for postage and 
Insurance (pluS tax for Cahfornla delivery) 15 enclosed 

:JBA MC # exp _, 

or for tastest service call TOll FREE 180°1 648-5311 
tiN NEVADA (800) 992·57101 IN SF BAY AAEA C LL 433·7540 

My name is ___________ _ 

I live at _____________ _ 
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A Game with 
Three Rules ... 
The Peer of Chess 

A faSCinating, subtle new game 
that is child's play, simple in its rules, 
A game of depth and beauty that 
will never stale_ 

LOCUS is a very successful 
embodiment of certain mathematical 
ideas in a game with a minimum rule 
structure. Its very name is an acronym 
for a fundamental concept-largest 
connected set (LCS)-and its playing 
pieces are those fascinating 
geometrical entities, polyominoes_ 

A decade of play has led us to the 
belief that others will relish this 

sublimely simple-subtle game as we 
do, Sets conSisting of playing pieces, 
playing mat, container. rules, and 
annotated games are available at 
$7,95 each from: 

STATCON, Box 338 
Hockessin, DE 19707 

LETTERS 
Sirs: 

I found much food for thought in 
Kosta Tsipis' article "Cruise Missiles" 
[SCIENTIFIC AMERICAN, February). I 
agree with most of the discussion and 
with the majority of his conclusions, 
particularly those regarding the promise 
of tactical, non-nuclear armed cruise 
missiles for replacing vulnerable and 
costly manned fighter-bombers. But 
with the degree of cooperation required 
for Tsipis' satellite-verification scheme 
to be effective (cruise-missile testing in 
the absence of cloud cover, certain de­
sign constraints regarding infrared sig­
nature and the like) I think a much bet­
ter verification system could be devised 
that would require only a similar 
amount of cooperation. This would in­
volve: 

1. Testing on coastal ranges only. 
2. Pre announcement of tests. 
3. Announcement of the type number 

of the missile under test. 
Of course, whether an agreement is 

verifiable depends not only on the 
means of verification but also on the na­
ture of the agreement. Cruise missiles 
need not derail the SALT process. 

RICHARD L. GARWIN 

Thomas J. Watson Research Center 
Yorktown Heights, N.Y. 

Sirs: 
In his article "The Reprocessing of 

Nuclear Fuels" [SCIENTIFIC AMERICAN, 
December, 1976) William P. Bebbing­
ton describes the waste products from 
coal as "essentially worthless and innoc­
uous ash." On the basis of my experi­
ence with disposal problems associated 
with ash and sulfur sludge from coal­
fired power plants I would disagree. 

Fly ash from a power plant is alkaline 
and can contain hazardous trace metals, 
depending on the type of coal burned. 
Bottom ash may be alkaline or acidic, 
depending on the sulfur content of the 
coal burned. Pyrites removed from the 
coal during crushing are a highly acid­
ic waste, Air-quality regulations issued 
pursuant to the Clean Air Act that limit 
sulfur dioxide emissions have given rise 
to a new waste-disposal product: sulfur 
dioxide scrubber sludge. Unless the 
sludge, a toothpaste like sulfur com­
pound, is stabilized it doubles the quan­
tity of waste and can represent a large 
commitment of unusable land over the 
life of a coal-fired plant. Since the waste 
products of coal plants are not "innocu­
ous," they must be disposed of in a way 
that will not pollute the ground or sur­
face waters or spoil the terrestrial envi­
ronment. 

Over the life of a coal-fired plant the 
waste materials from a 1,000-megawatt 
plant may fill one to two square miles of 
land 30 to 100 feet deep with waste. 
Currently 50 to 60 million tons of coal 
ash is produced in the U.S. annually; 
projections double this by 1985. Such a 
major commitment of land resources 
should be made with a full recognition 
of what is involved. 

Since disposal may present problems, 
there are alternatives that should be 
considered. Ash has considerable poten­
tial as a construction material, as struc­
tural fill, in blocks and bricks and in ce­
ment. It is not "essentially worthless." 
The logistics of introducing ash into our 
economy, however, remain to be per­
fected. Power plants are not always sit­
ed at locations convenient to construc­
tion or other activities that might utilize 
ash. A network of supply and distribu­
tion links will have to be developed be­
fore ash can be introduced on a major 
scale into the economy. At present only 
about 10 percent of the available ash 
generated in the U.S. is used for some 
purpose. 

Ash disposal tends to be neglected in 
the primary analysis of the impacts of 
coal-fired power plants that have too 
frequently led to air, water and land pol­
lution later. With the advent of very 
large coal facilities and tough environ­
mental laws the issue of how ash and the 
by-products of flue-gas desulfurization 
are to be disposed of will have to be 
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FOR 5 
C OSI AlALFA 

VERSUS A BMW OR PORSCHE 
1. 2. 

All Aluminum Double 
Engine Overhead Cams 

Alfa Romeo GT YES YES 

BMW 320i NO NO 

Porsche 924 NO NO 

There are in the world some very beautiful versions of the personal 
motor car. You know the names, and the look. When you see 
one on the road, you notice it. 

But you can't really know these cars until you 
know whafs inside them. What's inside an Alfa 
is the result of 67 years of world class 
racing competition. (Alfa won its first 
Grand Prix in 1925. And its latest 
world championship in 1975.) 

The comparison chart above lists 
five Alfa features; they are major 
car components, not superficial 
distinctions. None of these features 
is found in BMW (320i) 
or Porsche (924). 

The all-aluminum engine for instance. 
Only four other cars have it. Rolls Royce, Jaguar, 
Ferrari. Maserati. At two to five times Alfa's price. 

The DeDion independent rear suspension. Only one 
other car available in the U.S. has it-the $40,000 Aston-Martin. 

By combining these two costly major advances, Alfa 
created the world's first truly balanced production car. Half 
the weight is in the front. half in back. The result is precise han­
dling, easy.steering, sure-footed roadholding. 

There are other important differences inside an Alfa. Disc 
brakes on all four wheels instead of just the front two. Five-speed 
transmission for the important economies of an overdrive. 

With all these advantages, you'd expect an Alfa Romeo to cost 
more than a BMW or a Porsche. Several years ago, it did. But 
then came the devalued lira. 

Surprising prices 

Since 1972, in the U.S" the dollar has grown 49% in buying 
power compared to the Italian lira. In that same period, the dol­
lar has lost 27% in buying power compared to the German mark. 

That is why, in the U.S" Alta Romeo simply has not gone up in 
price the way German (and American) cars have. In fact. you 
can now buy an Alfa Romeo for less than comparable BMW or 
Porsche models. 

See an Alfa, inside and out. It's a unique experience. 

3. 4. 5. 
DeDion Rear 4-Wheel Power S-Speed 

Suspension System Disc Brakes Transmission 

YES YES YES 

NO NO NO 

NO 

5 engineering achievements in Alfa Romeo, 
bred in 67 years of world class racing competition 

1. Ali-Aluminum Engine. 
Its light weight makes possible 
better weight distribution for 
surer control. And. of course, 
its lighter weight is a gas· saver. 

2. Double Overhead 
Camshafts, With this ad­
vanced feature, the Alfa is also 
economical to run. It gives you 
excellent gas mileage you 
might not expect in a high 
performance car.' 

3. DeDlon Independent Rear 
Suspension. It made possible 
a whole new driving experi­
ence-uncanny handling 
and roadholding abilities 

that conventional systems 
simply cannot match. 

4. Four-Wheel Power Disc 
Brakes. Your Alfa stops faster­
and without swerving or fading. 
Demonstrably superior to BMW 
ond Porsche. according to 
Road & Track's January 1977 
issue. 

5. Five-Speed 1I'ansmission. 
It is synchronized for smooth. 
effortless shifting. T he fifth is an 
overdrive gear for maintaining 
high speeds at low engine 
rpm's-resulting in exceptional 
gas economy and longer 
engine life. 

EPA mileage ratings: The GT and sedan models rated 19 mpg-city and 25 mpg-highwoV 
(21-city and 32-highwoy in California). The Spider model rated 18 mpg-city and 25 mpg­
high lNOY (19-city and 27 -highlNOV in California). These ore only esti mates. The actual mileage 
you get will vary depending upon the type of driving you do. driving conditions. your driving 
habits. and your car's condition and optional equipment. 

Alto Romeo Spider Veloce 

II 

© 1977 SCIENTIFIC AMERICAN, INC



MATERIALS 
RESEARCH 
CENTER 
REPORTS ... 

Ona New 
Quench-Casting Process 

for Metallic Glasses. 

Metallic glasses exhibit extraordinary magnetic, mechanical 
and chemical properties and are thus of great interest as en­
gineering materials which Allied Chemical has pioneered in 
making commercially as METGLAS@ materials. 

Up to this time metallic glasses have been available com­

mercIally only in ribbon or filamentary forms which has re­

stricted their use. 

Now Dr. Mandayam C. Narasimhan of Allied Chemical's 
Materials'Research Center has invented a casting technique 
which permits the direct fabrication of METGLAS strips up to 
two inches in width. This is a significant technological advance 

. in the state of the art. His quench-casting method allows high 
speed, economical and continuous production of metallic glass 
strips directly from the melt at rates of up to 6000 feet per min­
ute. There are indications that the two inch width can be further 
increased. The Narasimhan process is applicable to most and 
probably all METGLAS alloy compositions. 

The Materials Research Center continues its interest in and 
investigations of engineering and electronic materials. 

® Registered trademark of Allied Chemical Corporation 

Allied Chemical Corporation I Materials Research Center 
P.O. Box 1021R, Morristown, New Jersey 07960 

(iI�iCai 

addressed in a more sophisticated man­
ner than it has been in the past. 

WILLIAM D. LILLEY 

Consulting geologist 
Elsmere, N.Y. 

Sirs: 
In 'The Origin of Atherosclerosis:' 

by Earl P. Benditt [SCIENTIFIC AMERI­
CAN, February], there was a graph that 
showed the death rate from cancer of 
the colon compared with the death rate 
from arteriosclerotic heart disease for 
various countries. 

The two were correlated, but what I 
find striking is that all the countries at 
the top right-hand side of the graph are 
English-speaking whereas none of the 
countries to the center and lower left are 
English-speaking. Although I do not 
wish to suggest that speaking English is 
dangerous to one's health, there must 
surely be some factor at work that is not 
a function of the degree of development 
or industrialization of the country. Per­
haps it has to do with food intake, but 
even that is hard to believe. 

The division between these two 
classes of countries seems to be too 
striking to be a coincidence. Can any­
one suggest what the cause might be? If 
not, perhaps people should be warned 
against the risks of speaking English! 

GERRIT L. VERSCHUUR 

University of Colorado 
Boulder 

Sirs: 
I write concerning the engraving of a 

running horse that was derived from the 
photographs by Eadweard Muybridge 
["A Horse's Motion Scientifically De­
termined," SCIENTIFIC AMERICAN, Octo­
ber 19, 1878, and 'The Control of 
Walking," by Keir Pearson, SCIENTIFIC 
AMERICAN, December, 1976]. The posi­
tions of the front legs as shown in Frame 
No. 9 should be reversed if they are 
to be consistent with the explanation 
of flexion-extension. The engraving of 
Frame No.9 shows the horse's right rear 
leg and right front leg in a later stage of 
the swing phase while the left rear and 
left front legs are in the beginning stages 
of the swing phase. 

It is my contention that the error was 
due to the engraver's misinterpretation 
of the photographs. Considering a shut­
ter speed of a five-hundredth of a second 
and the state of photography in 1872, I 
imagine that the prints he had to work 
from were little more than shadows. 

MICHAEL CRAGGS 

Granite Falls, Wash. 
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As a dramatic introduction to membership in the 
BOOK-OF-THE-MONTH CLUB8 

EVER SINCE THE FIRST VOLUME of this 
remarkable magnum opus appeared 

forty-one years ago, it has been hailed 
as a literary achievement as well as an epic 
history of civilization. As such it certainly 
deserves a place in every library, especially 
in homes where there are young people 

Includes the latest 
-and probably 
final- volume 

ofthis great work: 

THE AGE OF 
NAPOLEON 

of school age. Each volume, including the 
recently published Age of Napa/eon, has 
been given not only extraordinary critical 
acclaim but wide general readership 
throughout the world. 

IIOur century has produced no more successful attempt to 
narrate the whole common story of mankind" -CLIFTON FADIMAN 

I. Our Oriental Heritage. Ancient 
Egypt and the Near East. The· Far 
East, early to modem times. 

II. The Lile 01 Greece. Explores all 
facets of Greek life from prehis­
toric times to the Roman conquest. 

III. Ca esar  and Christ. The rise 01 
Rome and Christianity and the col­
lapse of classic civilization. 

IV. The Age 01 Faith. Christian, 
Islamic and Judaic civilizations, 325 
to 1300, including the Crusades. 

v. The Renai ssance. Italy's golden 
age, 1304 to 1576. A turbulent world 
of intrigue and great art. 

VI. The Reformation. Europe's re­
ligious conflicts, from two centuries 
before Luther to Calvin. 

V II. The Age 01 Reason Be gins. 
Europe, 1558-1646. The age of 
Shakespeare, Rembrandt, Galileo. 

V III. The Age 01 Louis XIV. The 
brilliant era of the "Sun King," 
Milton, Cromwell, Peter the Great. 

IX. The Age 01 Voltaire. Europe 
from 17lS to 1756. The world of 
Frederick the Great, Wesley, Bach. 

X. Rousseau and Revolution. Eu­
rope from the Seven Years' War to 
the storming of the Bastille. 

XI. The Age of Napoleon. France's 
domination of European history, 
from the fevers of the French Revo­
lution to Napoleon's defeat at 
Waterloo. A history of European 
civilization from 1789 to 1815. 

7-A170-6 

Please enroll me as a member of the Book-of-the-Month Club and send me The Story of 
Civilization in I I volumes, for which you will bill me S24.45. I agree to buy four Selections 

or Alternates during the first year I am a member. paying in most cases special members' 

prices. My membership is cancelable any time after I buy these four books. A shipping 

change is added to all shipments. 55 

�:s I····················································· ........................................................ . 
MIS� (Please print plainly) 

Address ....... ........................................................................................ ,', .. .. ............ Apt .................. . 

City ......... 

State .......... .. .. .................................................................................... ....... Zip .............................. . 

FACTS ABOUT MEMBERSHIP 
• You will receive the Book-ol-Ihe-Month Club 
News,S a literary magazine published by the Club 
fifteen times a year. The News describes the com­
ing Selection and scores of Alternates, and will 
be sent to you approximately every three and a 
half weeks. 
• If you wish to purchase the Selection, do noth­
ing and it will be shipped to you automatically. 
• If you do not want the Selection - or you would 
like one of the Alternates or no book at all - sim­
ply indicate your decision on the reply form al­
ways enclosed with the News and mail it so we 
receive it by the date specified. 
• If, because of late mail delivery of the News. 
you should receive a Selection without having had 

at least ten days to decide whether you want 
it, that Selection may be returned at Club ex­
pense, 
• If you continue after your trial membership you 
will earn at least one Book-Dividend® Credit for 
every Selection or Alternate you buy. These Cred­
its enable you to acquire for your library a wide 
variety of books. called Book-Dividends. at aston­
ishing savings - al leasl 70% 01 publishers' Iisl 
prices. Under this unique system. more than 100 
Book-Dividends will be available to choose from 
every year. 
• All books distributed by the Book-of-the-Month 
Club are identical to the publishers' editions in 
content, format, size and quality. 

13 

© 1977 SCIENTIFIC AMERICAN, INC



14 

Distinguished for the quality of service it provides and distinctively 
marked by the engine that sweeps cleanly through the tail, our DC-lO is the 
crowning achievement of 40 years of continuous airliner production. 

So widely used, and useable, it now flies to more places, more often, than any 
other wide-cabin jet. 

Airlines like the remarkable reliability and unmatched fuel efficiency of the DC-lO. 
Passengers - more than 100,000 each day - appreciate its smooth flight, wide seats, 
big windows, high ceilings, attractive lighting and the uncommon quiet of the cabin. 

DC-lOs serve 150 cities on six continents. Take one on your next trip. You'll be 
pleased - and so will we. 

Building jetliners and spacecraft 
and fighter planes occupies much 
of our time, but it also creates a 
healthy climate for creativity that 
can yield surprising results. For 
example, the space age technology 
that insulated and contained liquid 
hydrogen on Saturn moon rockets 
is now being applied in an 
improved method for ocean 
shipment of super-cold liquid 
natural gas (LNG). The insulation 
being produced by our 

Astronautics Company provides 
added safety for shipment of the 
fuel, offers increased cargo loads 
for existing ship designs, or 
permits greater capacity in new 
small ships. We can't do it alone. 
Our insulation material must be 
joined with a metal barrier 
designed by Gaz-Transport of 
France, and of course, a ship to 
carry it. But if you have tankers, 
or build them, ask us about 
insulation. We'll know what 
you mean. 

Our engineers, once concerned 
with the health of astronauts, were 
encouraged to turn their wits to 
broader problems of health care. 
The result - an automatic 
system for identifying infectious 
organisms in patient samples, 
such as urine. The system also 
identifies, for attending 
physicians, the antibiotics most 
likely to counter the malady. 

You3exped McDonnell D ouglas  

This AutoMicrobic™ System, 
designed and built by 
McDonnell Douglas and marketed 
by Fisher Scientific, eliminates 

to build the reliable and p opular DC-tO ... 

... but would you expect us to keep 
natural gas super-cold, help train pilots 

and make electricity from the sun? 
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many repetitive tasks now 
performed manually, freeing 
technicians for more useful work. 

The disposable test kits that 
receive the patient samples for 
analysis are filled with growth­
stimulating nutrients. Growth in 
these kits is automatically moni­
tored and results are displayed to 
hospital personnel and printed out 
as reports. Now being sold for 
organism identification, the system 
is awaiting FDA approval of its 
antibiotic mode. 

Fuel conservation is becoming a 
necessity to airlines with soaring 
fuel costs. Our Electronics division 
uses digital computers to create 
scenes through the windshield for 
pilot training simulators. They're 
so realistic that Federal regulators 

now permit ground training for a 
dozen pilot training maneuvers 
that once required costly training 
flights. One airline, using several 
of our VITAL systems, claims fuel 
savings of 4 million gallons a year. 
Systems are now being introduced 
for military pilots to let them train 
for formation flying, carrier 
landings, air refuelling, even for 
combat, all without leaving the 
ground. Money is saved, time is 
saved, and safety is enhanced. 
Early units permitted night 
training only. Daylight systems are 
now being demonstrated. For 
those who are pilots, or who train 
pilots, it's amazing. For the rest of 
us, the fuel saved is a godsend. 

Speaking ·of godsends, we call 
your attention to a government 
agency really immersed in the 
energy problem. The Energy 
Research and Development Agency 
has us developing mirrors that 
track the sun, focusing rays onto a 
tower-mounted boiler to produce 
super-heated steam. The steam 
passes through a conventional 
turbine - presto - electricity. In 
another ERDA study, we focus 

ItIICDONNELL DOUGLAS 

EOUAL OPPORTUNITY IN PROFESSIONAL CAREERS. SEND RESUME: BOX 14526, ST LOUIS, MO. 63178 

solar rays on a field of liquid-metal 
filled pipes to generate heat. We're 
working hard on this, but as one 
engineering wag observes, "In this 
job, work stops at sunset:' 

We would not quarrel if you think 
of McDonnell Douglas as an 
aerospace company. But, far be it 
from us to turn away from 
invention simply because it does 
not fly. To discuss the technologies 
mentioned, jot your interest on 
your letterhead and send it to us. 
We'll be in touch. Write: 
McDonnell Douglas, Box 14526, 

St. Louis, MO 63178. 
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50 AND 100 
YEARS AGO 

JUNE, 1927: "For several years it has 
been possible to transmit ordinary pho­
tographs by wire and radio, but the 
problem of sending motion pictures or 
images of moving objects has been far 
more intricate. However, the solution 
has been found, and the results of inten­
sive research and development work 
have now been shown by the Bell Tele­
phone Laboratories. In the first demon­
stration two-way telephonic communi­
cation was maintained between New 
York and Washington, D.C., and the 
images of the various persons in Wash­
ington were sent by the new process to 
the New York terminal of the wires. 
Secretary Hoover, in Washington, 
opened the demonstration, and his voice 
synchronized perfectly with the illumi­
nated image of himself that was cast on 
a screen in New York. Three telephone 
lines were used, one for transmitting the 
voice, one for transmitting the television 
current and the third for the synchroni­
zation of the motors that drove the spin­
ning disks that created the image." 

"Dr. E. E. Slosson has worked out for 
each country what he calls the 'national 
index of scientific research.' He has tak­
en the list of Nobel prize awards and 
found out that out of the 72 physics, 
chemistry, physiology and medicine 
prizes awarded since 1900 Germany 
won 21, Great Britain II, France 10, the 
Netherlands six, the United States and 
Sweden four each, Denmark and Swit­
zerland three each, Austria, Italy, Can­
ada and Russia two each and Belgium 
and Spain one each. This looks as if the 
Germans won, while we got nowhere. 
But the Germans did not win, although 
we got little better than nowhere. It is 
the Dutch, the Swiss and the Danes who 
go to the head of the class when you 
figure it out on the basis of percentage of 
population. We are not quite at the foot 
of the class, but nevertheless there is not 
much satisfaction in our position: Rus­
sia stands at the foot and we are next." 

"A new wrinkle in radio broadcasting 
is Great Britain's Advisory Committee 
on Spoken English, which was formed 
under the chairmanship of Robert 
Bridges, the poet laureate. Other mem­
bers of the Committee are George Ber­
nard Shaw, Sir Johnston Forbes-Robert­
son, Professor Daniel Jones of the Uni­
versity of London and Logan Pearsall 
Smith, representing the Society for Pure 
English. The Committee was formed 

16 

not to dictate or lay down principles of 
pronunciation for the country but to in­
troduce uniformity into the forms of 
pronunciation used by radio-station an­
nouncers." 

"The Huff, Daland Company's Cy­
clops, the largest single-engine bomber 
in the world, is now undergoing an ex­
haustive series of tests by the Army Air 
Corps at McCook Field in Dayton, 
Ohio. With full bomb and machine-gun 
equipment and a crew of eight, the 
bomber will have a range of 1,000 miles. 
With gasoline substituted for the bombs 
and other ordnance, it will be capable of 
a flight of 24 hours' duration, which 
could carry it easily from New York to 
Paris. Perhaps the Cyclops will be one of 
the many airplanes that are to attempt a 
trans-Atlantic flight this summer." 

JUNE, 1877: "The United States pro­
duced last year a cotton crop worth 
about $250,000,000 and a corn crop 
worth about $583,000,000. Of a total 
agricultural product of $4,000,000,000 

the corn crop forms the largest item, be­
ing more than double the value of the 
crop that used to be called the King of 
American Commerce. The King has 
now laid aside his purple robe and be­
come a respectable citizen who is well 
received everywhere, but the whole of 
his estate is far less than that of his ple­
beian neighbor. Indian Corn. who enters 
into the business of society in a wonder­
ful variety of forms. His guests sit down 
to a homely bill of fare. offering homi­
ny. griddle cakes. egg bread, roasting 
ears. pudding. Johnny cake and pop­
corn. He shows with pride his well-filled 
stockyards of corn-fed beeves and pork­
ers, which supply home and foreign 
markets with the finest meat in the 
world. from the sweet beefsteak to the 
fragrant sugar-cured ham fit for the ta­
ble of a king. He has immense factories 
employed making starch and syrup, 
consuming millions of bushels. He runs 
great distilleries, which send out alcohol 
enough to float a fleet of war vessels. 
furnishing material to the arts. revenue 
to the government. rascality to the whis­
key rings and themes to the temperance 
lecturers." 

"The Whitehead torpedo is the secret 
and the property of the British Admiral­
ty. but the following details have leaked 
out. These torpedoes resemble in shape 
a cigar pointed at both ends and are 18 

feet long by two feet in diameter. The 
inside is divided into three different 
compartments: first. the head. which 
contains a charge of 350 lb. of gun cot­
ton and the pistol or detonator to ex­
plode it; second. the balance chamber, 
which enables the torpedo to travel at 

any depth under the water line; and 
third. the air chamber. which contains 
the engines and the compressed air to 
drive them. The Whitehead torpedo can 
be made to go at the rate of 20 knots for 
1.000 yards, and at any depth that is 
desired from one foot to 30 feet. It is 
discharged from what is called an im­
pulse tube." 

"The electric light. as all are aware, is 
produced by means of two rods of car­
bon placed end to end, the extremities 
being separated by a distance of some 
hundredths of an inch. Through the 
carbons a powerful electric current is 
passed. which causes the production be­
tween the ends of an intensely luminous 
voltaic arc. M. Jablochkoff now discov­
ers that he can dispense with the carbon 
points and obtain the light by passing 
the electric current through an insulat­
ing material. kaolin clay. He found that, 
although the current was unable to fuse 
the kaolin. it did heat it to incandes­
cence. By priming the kaolin plate with 
a better conductor, he then succeeded in 
obtaining a brilliant light with a very 
small consumption of kaolin, so small. 
indeed. that a kaolin plate barely half an 
inch in length is sufficient for a small 
light burning 10 hours." 

"Professor A. Graham Bell has re­
cently completed a series of three lec­
tures. in which he introduced his speak­
ing telephone to New York audiences. 
There can be no question but that the 
instrument is a most wonderful inven­
tion. Without the aid of any battery. us­
ing only the current induced in the cir­
cuit by its permanent magnet, the tele­
phone on the occasion of the last lecture 
transmitted musical sounds and speech 
from Yonkers to New York, a distance 
of 26 miles. With the battery attached. 
melodies and chords played on a small 
organ at Yonkers were distinguishable 
throughout the large hall where the lec­
ture took place." 

"A new mania is at hand, to wit the 
celery cure. 'Celery is the greatest food 
in the world for the nerves,' says one of 
our contemporaries. and the informa­
tion is traveling the length and breadth 
of the land. It is fashionable nowadays 
to call every ailment that flesh is heir to a 
nervous disease. and where our ances­
tors would have resorted to such homely 
remedies as a hot drink and simple ca­
thartics. the present practice demands 
chloral. bromides. quinine. strychnine 
and phosphates. Of course, celery is 
pleasanter to take than most drugs. and 
now that it is brought forward as a new 
nervine plenty of people will use it. As it 
can do no harm. and indeed may actual­
ly work good by checking the too preva­
lent consumption of 'nervous specifics,' 
the mania is rather a benefit than other­
wise and should doubtless be encour­
aged." 
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IT TOOK A WINE MERCHANT· 
TO BLEND A SCOTCH THIS 

PLEASING TO THE PALATE. 

Ever since the lal'e 1600's, BeRRY Brothers & RUDD, 

Lt�. have aFFixed their peRsonal label to some of the 
world's most expen�ive and plEAS­
ing potions. And theiR shop in 
london has attracted a p3rade of 
peers, poets and prime MinisteRS 
to its door. 

lords tippled here. 
NaturAllY, when BeRRY BRoth­

ers & RUDD created a Scotch Whisky, they blended it to 

meet the exPEctATions of noble tastes. The result was 
Cuttv Sark Scots WhiSKY. A Scotch of uncomMon breed-
ing and Distinctive smoothne ss-

Today, you CAn OBtain Cutty SaRK from YOUR neigh­
borhood spiRits merchant, secure in the know ledge 
that it Will live up to its heritage. You'd exPEct no 
less fRom the people' who provided Napoleon III with 
claret, Beau BRuMmel with chaMbertin, ANd lord Byron 
with pORT-
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The Disposal of Radioactive 
Wastes from Fission Reactors 

A substantial body of evidence indicates that the high-level 
radioactive wastes generated by U.S. nuclear power plants 
can be stored satisfactorily in deep geological formations 

T
he task of disposing of the radio­
active wastes produced by nuclear 
power plants is often cited as one 

of the principal drawbacks to the contin­
ued expansion of this country's capacity 
to generate electricity by means of the 
nuclear-fission process. Actually the 
task is not nearly as difficult or as uncer­
tain as many people seem to think it is. 
Since 1957, when a committee of the 
National Academy of Sciences first pro­
posed the burial of such wastes in deep, 
geologically stable rock formations, a 
substantial body of evidence has accu­
mulated pointing to the technical feasi­
bility, economic practicality and com­
parative safety of this approach. In 
recent years a number of alternative 
schemes-some of them involving un­
dersea burial-have also been put for­
ward, but deep underground burial re­
mains the best understood and most 
widely favored solution to the problem 
of nuclear-waste disposal. 

In what follows I shall describe the 
nature of the wastes produced by nucle­
ar power reactors, evaluate their poten­
tial impact on public health and the en­
vironment and outline current plans to 
dispose of them in secure underground 
repositories. 

What are the special characteristics 
of nuclear-plant wastes, and how 

do they differ from the wastes produced 
by the combustion of other fuels to gen­
erate electricity? For the sake of com­
parison it might be helpful to consider 
first the wastes resulting from the opera­
tion of a large (I,OOO-megawatt) coal­
burning power plant. Here the principal 
waste is carbon dioxide, which is emit­
ted from the plant's exhaust stacks at a 

by Bernard L. Cohen 

rate of about 600 pounds per second. 
Carbon dioxide is not in itself a danger­
ous gas, but there is growing concern 
that the vast amounts of it being re­
leased into the atmosphere by the com­
bustion of fossil fuels may have delete­
rious long-term effects on'the world's 
climate. The most harmful pollutant re­
leased by a coal-burning power plant is 
sulfur dioxide, which is typically emit­
ted at a rate of about 10 pounds per 
second. According to a recent study 
conducted under the auspices of the Na­
tional Academy of Sciences, sulfur di­
oxide in the stack efft uents of a single 
coal-fired plant causes annually about 
25 fatalities, 60,000 cases of respiratory 
disease and $12 million in property 
damage. Among the other poisonous 
gases discharged by coal-burning power 
plants are nitrogen oxides, the principal 
pollutants in automobile exhausts (a 
large coal-fired plant releases as much 
of these as 200,000 automobiles do), 
and benzpyrene, the main cancer-caus­
ing agent in cigarettes. Solid wastes are 
also produced, partly in the form of tiny 
particles. In the U.S. today such "fine 
particulate" material is considered sec­
ond in importance only to sulfur dioxide 
as an air-pollution hazard; approxi­
mately a sixth of all man-made fine­
particulate pollution comes from coal­
burning power plants. Finally there is 
the residue of ashes, which for a 1.000-
megawatt coal-fired plant accumulate at 
a rate of about 30 pounds per second. 

The wastes from a nuclear power 
plant of equivalent size differ from the 
by-products of coal combustion in two 
important ways. First, their total quan­
tity is millions of times smaller: when 
the wastes are prepared for disposal, 

the total volume produced annually by 
a 1,000-megawatt nuclear reactor is 
about two cubic meters, an amount that 
would fit comfortably under a dining­
room table. The comparatively small 
quantities of radioactive materials in­
volved here make it practical to use 
highly sophisticated waste-management 
procedures, whose cost must be viewed 
in relation to the price of the electric­
ity generated. For a I,OOO-megawatt 
plant that price is roughly $200 million 
per year. 

The second distinguishing character­
istic of nuclear wastes is that their po­
tential as a health hazard arises not from 
their chemical properties but from the 
radiation they emit. There appears to be 
a widespread misapprehension that this 
factor introduces a considerable degree 
of uncertainty into the evaluation of the 
potential health hazards associated with 
nuclear wastes, but the truth is quite the 
opposite. The effects of radiation on the 
human body are far better understood 
than the effects of chemicals such as air 
pollutants, food additives and pesti­
cides. Radiation is easy to measure ac­
curately with inexpensive but highly 
sensitive instruments; indeed, that is 
why radioactive isotopes are used so 
widely in biomedical research. More­
over, a large body of information has 
been compiled over the years from hu­
man exposure to intense radiation, in­
cluding the atomic-bomb attacks on Ja­
pan, medical treatment with different 
forms of radiation and the inhalation of 
radon gas by miners. The available data 
have been analyzed intensively by na­
tional and international groups, includ­
ing the National Academy of Sciences 
Committee on the Biological Effects of 

21 
© 1977 SCIENTIFIC AMERICAN, INC



25 r---.--------,--------.--------,--------.---� 

::; Pu239 
W 
::J li. 
li. 20 0 
Z U236 
0 
f-
U 
a: 
f-
w ::;: 
a: 
w 
Cl. 15 f-I (!) iii 
:;: 
u 
� 
0 
f-
q: 
::;: 10 q: 
a: 
� 
(J) 
f-
U 
::J 

'0 
0 
a: 
Cl. 
z 
0 5 
f= 
u 
q: 
w 
a: 

0 
110 330 550 770 990 

DA YS IN REACTOR 

BUILDUP OF REACTION PRODUCTS per metric ton (1,000 kil­
ograms) of uranium fuel in the active core of a typical U.S. power 
reactor of the light-water type is plotted here on two different verti­
cal scales as a function of time over the three-year period the fuel 
customarily resides in the core, The hundreds of products resulting 
from the fission of uranium-235 nuclei in the fuel are represented by 
two characteristic fission fragments, strontium 90 and cesium 137, 
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DAYS IN REACTOR 

which together constitute about 5 percent of the total. All the other 
isotopes shown result from nuclear reactions in which uranium nuclei 
in the initial fuel are transmuted by neutron-capture reactions, fol­
lowed in some cases by radioactive decay. Leveling off of the curve 
for fissionable plutonium 239 means that near the end of the effec­
tive life of the fuel this isotope is being consumed by fission reactions 
and neutron-capture reactions almost as fast as it is being created, 
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U238 (967 KG.) 

THREE 
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YEARS 

BLOCK DIAGRAM provides another graphic view of the transfor­
mation that takes place in the composition of the nuclear fuel in a 
light-water reactor over a three-year period. For every 1,000 kilo­
grams of uranium in the initial fuel load (left) 24 kilograms of ura­
nium 238 and 25 kilograms of uranium 235 are consumed (eel/ter), 
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ASSORTED FISSION 
PRODUCTS (35 KG.) 

Am243 (.12 KG.) 

reducing the "enrichment" of uranium 235 from 3.3 percent to .8 per­
cent. Uranium that is consumed is converted into 35 kilograms of as­
sorted fission products, 8.9 kilograms of various isotopes of plutoni­
um, 4.6 kilograms of uranium 236, .5 kilogram of neptunium 237, .12 
kilogram of americium 243 and .04 kilogram of curium 244 (right). 
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Ionizing Radiation and the United Na­
tions Scientific Committee on the Ef­
fects of Atomic Radiation. The result is 
a fairly reliable set of estimates of the 
maximum effects of various levels of ra­
diation on the human body. 

What are the radioactive substances 
in the waste products of a nuclear 

reactor, and how are they formed? In a 
light-water reactor (the type of nuclear 
plant now in general service for generat­
ing electricity in this country) the fuel 
consists initially of a mixture of two 
isotopes of uranium: the rare, readily 
fissionable isotope uranium 235 ("en­
riched" to 3.3 percent) and the abun­
dant. ordinarily nonfissionable isotope 
uranium 238 (96.7 percent). The fuel 
mixture is fabricated in the form of ce­
ramic pellets of uranium dioxide (U02), 
which are sealed inside tubes of stainless 
steel or a zirconium alloy. In the course 
of the reactor's operation neutrons pro­
duced initially by the fission of some of 
the uranium-235 nuclei strike other ura­
nium nuclei, either splitting them in two 
(and thereby continuing the chain reac­
tion) or being absorbed (and thereby in­
creasing the atomic weight of the struck 
nucleus by one unit). These two types of 
reaction result in a variety of nuclear 
products, which can be plotted as a 
function of the time the fuel is in the 
reactor, usually about three years [see 
top illustration on opposite page). 

The most important reaction in a 
light-water reactor is the fission of ura­
nium 235, which creates hundreds of 
different products, of which strontium 
90 and cesi um 13 7, two characteristic 
fission fragments, constitute about 5 
percent of the total. Another important 
reaction is the capture of neutrons by 
uranium-238 nuclei. which gives rise to 
plutonium 239. (Actually the neutron­
capture reaction first yields uranium 
239, which then decays radioactively in 
two steps to plutonium 239.) The pluto­
nium 239 does not continue to build up 
linearly with time, because it may also 
participate in nuclear reactions. For ex­
ample, a nucleus of plutonium 239 may 
fission when it is struck by a neutron, or 
it may absorb the neutron to become a 
nucleus of plutonium 240. The leveling 
off of the plutonium-239 curve means 
that near the end of the effective life of 
the fuel load this isotope is being de­
stroyed by such processes at nearly the 
same rate as the rate at which it is being 
created. 

Plutonium 240 can also capture a 
neutron and become plutonium 24 1, 
which can in turn either fission or cap­
ture another neutron and become pluto­
nium 242. Plutonium 242 can be con­
verted by the capture of still another 
neutron into americium 243 (after an 
intermediate radioactive decay from 
plutonium 243), and there is even an ap­
preciable amount of curium 244 created 
by an additional neutron capture fol-
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YEARS AFTER REMOVAL FROM REACTOR 

HEAT GENERATED by tbe various radioactive isotopes in tbe spent fuel from a nuclear 
power plant must be allowed to dissipate safely, wbicb means tbat in any long-term storage 
plan tbe canisters containing tbe bigb-Ievel wastes must be spread out over a fairly large area. 
Tbe problem can be substantially alleviated by resorting to an interim-storage period of about 
10 years (colored pallel at left), after wbicb tbe beat generated by eacb canister will bave fallen 
off to about 3.4 kilowatts. Tbe gray curves trace tbe contributions of tbe more important ra­
dioactive isotopes to tbe overall beating effect, wbicb in turn is indicated by tbe black curve. 

lowed by a radioactive decay. By the 
same token successive neutron captures 
beginning with uranium 235 can respec­
tively give rise to uranium 236, neptuni­
um 237 and plutonium 238. 

For every metric ton ( 1,000 kilograms) 
of uranium in the initial fuel load 24 

kilograms of uranium 238 and 25 kilo­
grams of uranium 235 are consumed in 
the three-year period, reducing the en­
richment of the uranium 235 from 3.3 
percent to .8 percent. In the process 800 
million kilowatt-hours of electrical en­
ergy can be generated, and the uranium 
that is consumed is converted into 35 
kilograms of assorted fission products. 
8.9 kilograms of various isotopes of plu­
tonium. 4.6 kilograms of uranium 236. 
.5 kilogram of neptunium 237, . 12 kilo­
gram of americium 243 and .04 kilo-

gram of curium 244. Since only 25 kilo­
grams of uranium 235 are consumed 
and a fifth of that amount is converted 
into uranium 236 and neptunium 237. 
one can easily calculate that only 60 per­
cent of the energy-releasing fission reac­
tions actually take place in uranium 
235. Thirty-one percent occur in pluto­
nium 239, 4 percent occur in plutonium 
24 1 and 5 percent are ind uced by high­
energy neutrons in uranium 238. (These 
figures are averages over the three years 
the fuel customarily is in the reactor. 
Near the end of that period only 30 per­
cent of the fission reactions take place in 
uranium 235, with 54 percent occurring 
in plutonium 239, 10 percent in plutoni­
um 24 1 and 5 percent in uranium 238. In 
view of the current public controversy 
over the projected future recycling of 
plutonium in nuclear reactors, it is inter-
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SPRAY CHAMBER 

MOLTEN 
GLASS 
WITH 
WASTES 

CURRENT PLAN for handling high-level 
radioactive wastes calls for their incorpora­
tion into glass cylinders about 300 centime­
ters long and 30 centimeters in diameter. In 
the single-step solidification process depicted 
here the liquid high-level waste is first con­
verted into a fine powder inside a calcining 
chamber (top), then mixed with glassmaking 
frit (middle) and finally melted into a block 
of glass within the thick stainless-steel canis­
ter in which it will eventually be stored (bot­
tom). When canister is full, How is switched 
by a diverter valve into a new canister (bro­
ken outline); hence the process is continuous. 
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esting to note that plutonium is already 
in intensive use as a nuclear fuel.) 

After the spent fuel is removed from 
the reactor it is stored for several 
months in order to allow the isotopes 
with a short radioactive half-life to de­
cay. (This temporary storage is particu­
larly important with respect to an iso­
tope such as iodine 131, one of the most 
dangerous fission products. which has a 
half-life of only eight days.) Thereafter 
one of the options would be to send the 
spent fuel to a chemical-reprocessing 
plant, where the fuel pins would be cut 
into short lengths, dissolved in acid and 
put through a series of chemical-separa­
tion processes to remove the uranium 
and plutonium, which would then be 
available to make new fuel. Everything 
else (except for certain gases, which 
would be discharged separately, and the 
pieces of the metal fuel pins that do not 
dissolve in the acid) is referred to as 
"high level" waste. In addition to all the 
fission products. which are responsible 
for the bulk of the radioactivity, the 
high-level wastes would in this case in­
clude the isotopes of neptunium, ameri­
cium and curium, along with the small 
amounts of uranium-and plutonium that 
would not be removed in reprocessing, 
owing to inefficiencies in the chemical 
separations. 

The simplest and most obvious way to 
dispose of the remaining high-level 

wastes (once an economically sufficient 
quantity of them began to accumulate) 
would be to bury them permanently 
deep underground. On the face of it 
such an approach appears to be reason­
ably safe, since all rocks contain traces 
of naturally radioactive substances such 
as uranium. thorium. potassium and ru­
bidium, and the total amount of this nat­
ural radioactivity in the ground under 
the U.S. down to the proposed nuclear­
waste burial depth of 600 meters is enor­
mously greater than the radioactivity in 
the wastes that would be produced if the 
country were to generate all its electric 
power by means of nuclear fission. Of 
course. the radioactivity of the nuclear 
wastes is more concentrated. but in prin­
ciple that does not make any difference; 
the biological effects of radiation are 
generally assumed to have a linear re­
lation to dosage, so that distributing a 
given total dosage among more people 
would not change the number of ad­
verse health effects. (If this "linearity hy­
pothesis" were to be abandoned. current 
estimates of the potential health hazards 
from nuclear wastes and all other as­
pects of the nuclear power industry 
would have to be drastically reduced.) 

The detailed procedures for handling 
the high-level wastes are not yet definite. 
but present indications are that the 
wastes will be incorporated into a boro­
silicate glass (similar to Pyrex). which 
will be fabricated in the form of cylin­
ders about 300 centimeters long and 30 

centimeters in diameter. Each glass cyl­
inder will in turn be sealed inside a thick 
stainless-steel casing. These waste canis­
ters will then be shipped to a Federally 
operated repository for burial. One 
year's wastes from a single 1,000-mega­
watt nuclear power plant will go into 10 
such canisters. and the canisters will be 
buried about 10 meters apart; hence 
each canister will occupy an area of 100 
square meters. and all 10 canisters will 
take up 1,000 square meters. It has been 
estimated that an all-nuclear U.S. elec­
tric-power system would require rough­
ly 400 1,000-megawatt plants. capable 
of generating 400.000 megawatts at full 
capacity. compared with the present av­
erage electric-power usage of about 
230.000 megawatts. Accordingly the to­
tal high-level wastes generated annually 
by an all-nuclear U.S. electric-power 
system would occupy an area of less 
than half a square kilometer. 

The main reason for spreading the can­
isters over such a large area is to dissi­
pate the heat generated by their radioac­
tivity. The problem of dealing with this 
heat can be substantially alleviated by 
waiting for 10 years after the reprocess­
ing operation, at which time the heat 
generated by each canister will have 
fallen off to about 3.4 kilowatts. The 
advantage of delayed burial is seen 
more clearly when the heating effect is 
translated into the estimated rise in tem­
perature that would result at the surface 
of a canister buried alone in rock of av­
erage thermal conductivity [see top illus­
tration on page 26]. It is evident that buri­
al after a wait of a year would lead to a 
temperature rise of 1.900 degrees Celsi­
us. whereas waiting for 10 years would 
reduce the rise to 250 degrees C. The 
difference is critical, since glass devitri­
fies (crystallizes and becomes brittle) at 
temperatures higher than 700 degrees. 
In rock of average thermal conductivity 
the maximum average temperature of 
the rock just above and below the burial 
depth would be reached 40 years after 
burial. when the average temperature at 
the burial depth would be increased by 
140 degrees [see bottom illustration on 
page 26]. If the canister were to be buried 
in salt. which has a much greater ther­
mal conductivity. the rise in tempera­
ture at the burial depth after 40 years 
would be less: 85 degrees. 

In salt an additional effect must be 
taken into account, since the heat will 
cause the migration of water toward the 
waste canister. Typical salt formations 
contain about .5 percent water trapped 
in tiny pockets. The solubility of salt in 
water increases with temperature. so 
that if the temperature on one side of the 
pocket is raised. more salt will go into 
solution on that side. This raises the salt 
content of the water above the satura­
tion point for the temperature on the 
opposite side of the pocket. however. 
causing the salt to precipitate out of so­
lution on that side. The net effect is a 
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migration of the water pocket in the di­
rection of the higher temperature. which 
is of course the direction of the buried 
waste canister. The rate of the migration 
depends on how rapidly the temperature 
increases with distance. and on how rap­
idly the temperature gradient. as I have 
explained. falls off with time. 

This process is expected to lead to the 
collection of water around each canister 
at an initial rate of two or three liters per 
year; within 25 years a total of 25 li­
ters will have collected. with very little 
further collection expected thereafter. 
Since the temperature at the surface of 
the canister would be higher than the 
boiling point of water. the water arriv­
ing at the canister would be converted 
into steam and would be drawn off by 
the ventilation system (assuming that 
the repository is not sealed). Small 
amounts of water would continue to mi­
grate toward the canisters after 25 years. 
carrying corrosive substances such as 
hydrochloric acid arising from chemical 
reactions ind uced in the salt by the radi­
ation from the canister. It is therefore 
usually assumed that the stainless-steel 
casings will corrode away. leaving the 
waste-containing glass cylinders in con­
tact with the salt. 

How can one evaluate the health haz­
ards presented by such radioactive 

waste materials? The most direct hazard 
is from the gamma radiation emitted by 
the decaying nuclei. Gamma rays be­
have much like X rays except that they 
are even more penetrating. The effect of 
gamma rays (or any other form of ioniz­
ing radiation) on the human body is 
measured in the units called rem. each 
of which is equal to the amount of radia­
tion that is required to produce the same 
biological effect as one roentgen of X 
radiation. ("Rem" stands for "roentgen 
equivalent man.") In analyzing the im­
pact of radioactive wastes on public 
health the only significant radiation ef­
fects that need to be considered are 
those that cause cancer and those that 
induce genetic defects in progeny. Ac­
cording to the best available estimates. 
for whole-body radiation such as would 
be delivered by a source of gamma rays 
outside the body the risk of incurring a 
radiation-induced fatal cancer is ap­
proximately 1.8 chances in 10.000 per 
rem of radiation exposure. The estimat­
ed risk for total eventual genetic defects 
in progeny is about 1.5 chances in 
10.000 per rem of radiation delivered to 
the gonads (with the effects spread out 
over about five generations). In the dis­
cussion that follows I shall be referring 
only to cancers. but it should be kept in 
mind that there are in addition a compa­
rable (but generally smaller) number of 
genetic defects caused by exposure to 
gamma radiation. 

The biological damage done by a 
gamma ray is in most situations roughly 
proportional to the ray's energy. so that 
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DEEP UNDERGROUND BURIAL is at present the method favored by most nuclear power 
experts in the U.S. for the long-term storage of high-level radioactive wastes. In this idealized 
diagram of a proposed Federally operated repository in southeastern New Mexico the waste 
canisters are shown emplaced at a depth of 600 meters in a geologically stable salt formation. 
In order to dissipate the heat from the canisters they would be buried about 10 meters apart; 
thus each canister would occupy an area of about 100 square meters. On this basis the total 
high-level wastes generated annually by an all-nuclear U.S. electric-power system (assuming 
roughly 400 1,OOO-megawatt plants) would occupy an area of less than half a square kilometer. 
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ADVANTAGE OF DELAYED BURIAL is evident in this graph, in which the heating effect 
of a single waste canister is translated into the estimated rise in tern perature that would result 
at the surface of the canister if it were buried alone in rock of average thermal conductivity, 
The numbers labeling each curve indicate the heat generated by the canister (in kilowatts) 
after a given interim-storage period (in years). Thus bnrial after one year (top curve) would 
cause a temperature rise of 1,900 degrees Celsius, whereas waiting for 10 years (bottom curve) 
would reduce the increment to 250 degrees C. Colored area at top symbolizes critical fact that 
glass devitrifies (crystallizes and becomes brittle) at temperatures higher than 700 degrees C. 
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to be buried in salt, the corresponding temperature increments would be considerably reduced, 
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one first plots the gamma-ray energy 
emitted per second (in watts) by the 
wastes resulting from one full year of 
a U.S. energy budget based on all-nu­
clear generation of electric power [see 
bottom illustration on opposite page). 
From such a graph one can see that for 
the period between eight and 400 years 
after reprocessing the dominant contri­
bution to the total gamma-ray emission 
is made by cesium 137 and its imme­
diate decay product barium 137. Dur­
ing this four-century period the total 
gamma-ray hazard falls by more than 
four orders of magnitude. 

One way to grasp the potential hazard 
presented by this amount of gamma ra­
diation is to consider what would hap­
pen if the source of radiation were to be 
distributed over the entire land surface 
of the U.S. The number of fatal cancers 
per year induced in that case could be as 
high as many millions. Clearly the mate­
rial that gives rise to the radiation must 
be confined and handled with great care. 
On the other hand, gamma rays are at­
tenuated by about a factor of 10 per foot 
in passing through rock or soil, so that 
there would be no danger of this type 
from wastes that remain buried deep un­
derground. 

A measure of the care that must be 
taken in handling the waste canisters is 
indicated by the fact that a dose of 500 
rem (which has a 50 percent chance of 
being fatal) would be received in 10 
minutes by a human being standing 10 
meters away from an unshielded new 
waste canister. There is no great tech­
nical difficulty, however, in providing 
shielding adequate for safe and effective 
remote handling of the waste canisters. 

If any of the radioactive wastes were 
to enter the human body, their biologi­
cal effects would be enhanced. since the 
radiation they would emit would strike 
human tissue in all directions and since 
the exposure would continue for some 
time. Accordingly one must consider 
the two major possible entry routes: in­
gestion and inhalation. The ingestion 
hazard can be eval uated in terms of the 
number of cancer-causing doses in the 
wastes produced by one year of all-nu­
clear electric power in the U.S. [see illus­
tration on page 28). In this graph the val­
ue of 106 at 104 years, for example, 
means that if all the wastes, after aging 
for 10,000 years, were to be converted 
into digestible form and fed to people. 
one could expect a million fatal cancers 
to ensue. This "worst case" scenario as­
sumes, of course, that many millions of 
people are involved, but in view of the 
linear relation between dose and effect 
generally assumed for calculating such 
radiation risks it does not matter how 
many millions there are. The derivation 
of such a graph is rather complex, in­
volving for each radioactive species the 
probability of transfer.across the intesti­
nal wall into the bloodstream; the prob­
ability of transfer from the blood into 
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each body organ; the time the radioac­
tive substance spends in each organ; the 
energy of the radiation emitted by the 
substance and the fraction of the energy 
absorbed by the organ; the mass of the 
organ; the relative biological effects of 
the different kinds of radiation emitted. 
and finally the cancer risk per unit of 
radiation absorbed (in rem). 

Feeding all this radioactive material to 
people is hardly a realistic scenario, 

however, so that one might consider in­
stead the consequences if the wastes 
were to be dumped in soluble form at 
random into rivers throughout the U.S. 
For this scenario, which comes close to 
assuming the most careless credible 
handling of the disposal problem, the 
graph shows that a million fatalities 
could result. It is unlikely anyone would 
suggest such dumping, but in any event 
it is clearly not an acceptable method of 
disposal. 

In evaluating the inhalation hazard by 
far the most important effect that must 
be taken into account is the induction of 
lung cancers [see illustration on page 29]. 
Here again the graph shows the conse­
quences of a situation approximating 
the most careless credible handling of 
the wastes: spreading them as a fine 
powder randomly over the ground 
throughout the 

'
U.S. and allowing them 

to be blown about by the wind. 
Much attention is given in public 

statements to the potential hazards rep­
resented by the scales in such graphs 
that show the number of cancers expect­
ed if all the radioactive materials in­
volved were to be ingested or inhaled by 
people. One often hears, for example, 
that there is enough radioactivity in nu­
clear wastes to kill billions of people. To 
put such statements in perspective it is 
helpful to compare the known hazards 
of nuclear wastes with those of other 
poisonous substances used in large 
quantities in the U.S. [see illustration 
on page 30]. Such a comparison shows 
that there is nothing uniquely dangerous 
about nuclear wastes. Nevertheless, it 
is often emphasized that radioactive 
wastes remain hazardous for a long time. 
Nonradioactive barium and arsenic, on 
the other hand, remain poisonous for­
ever. It might also be argued that the 
other hazardous substances are already 
in existence, whereas nuclear wastes are 
a newly created hazard. Roughly half 
of the U.S. supply of barium and arse­
nic, however, is currently imported, and 
hence these hazards are also being intro­
duced "artificially" into our national en­
vironment. One other important differ­
ence often goes unnoted, and that is 
that the chemical poisons are not care­
fully buried deep underground as is the 
plan for the nuclear wastes; indeed, 
much of the arsenic is used as a herbi­
cide and hence is routinely scattered 
around on the ground in regions where 
food is grown. 

COOLER REGION 

SALT PRECIPITATES 
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IN SALT tbe beat from tbe waste canister would cause tbe migration of tiny pockets of water 
in tbe direction of tbe bigber temperature, since tbe salt wonld tend to go into solution on 
tbe botter side of tbe pocket (right) and to precipitate out of solution on tbe cooler side (le/t). 

Actually such quantitative represen­
tations of potential hazards are virtu­
ally meaningless unless one also takes 
into account the possible pathways the 
hazardous agents can take to reach man. 
Therefore I shall now turn to that sub­
ject. It is generally agreed the most im­
portant health hazard presented by nu­
clear wastes arises from the possibility 
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that ground water will come in contact 
with the buried wastes, leach them into 
solution, carry them through the overly­
ing rock and soil and ultimately into 
food and water supplies. Human expo­
sure would then be through ingestion. 
From the analysis of the ingestion route 
outlined above one can deduce that the 
hazard from ingested radioactive mate-
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MOST DIRECT HEALTH HAZARD presented by radioactive wastes arises from tbe gam­
ma radiation emitted by tbe decaying nuclei. Tbe biological damage done by a gamma ray is in 
most situations rougbly proportional to its energy; bence in tbis grapb tbe gamma-ray energies 
emitted per second by various radioactive isotopes in tbe wastes resulting from one full year of 
an all-nuclear U.S. electric-power system (again assuming 400 1,000-megawatt plants) are 
plotted according to tbe scale at left. Tbe black curve sbows tbat between eight and 400 years 
after reprocessing tbe total gamma-ray hazard falls by more tban four orders of magnitude. 
Scale at rigbt indicates tbe total number of fatal cancers expected per year if tbe source of tbis 
amount of gamma radiation were to be spread at random over eritire land surface of tbe U.S. 
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rial is high at first but much less after a 
few hundred years. In fact. one can cal­
culate that after 600 years a person 
would have to ingest approximately half 
a pound of the buried waste to incur a 50 
percent chance-of suffering a lethal can­
cer. It is reasonable to conclude that it is 
very important the wastes be isolated 
from human contact for the initial few 
hundred years. I shall first take up that 
problem but shall return to the longer­
term one. 

When people first learn that nuclear 
wastes must be isolated for hundreds of 
years. their immediate response is often 
to say this is virtually impossible: man's 
social institutions and political systems 
and the structures he builds rarely last 
that long. This response. however. is 
based on experience in the environment 
encountered on the surface of the earth. 
What one is actually dealing with are 
rock formations 600 meters below the 
surface. In this quite different environ­
ment the characteristic time intervals re-
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quired for any substantial change are on 
the order of millions of years. 

In addition to the general security of 
the deep underground environment a 
great deal of extra protection is provid­
ed for the critical first few hundred years 
by the various time delays intrinsic to 
any conceivable release process. The 
most important of these additional safe­
guards has to do with the selection of a 
storage site. which is determined by geo­
logical study to be not only free of circu­
lating ground water now but also likely 
to remain free of it for a very long time 
to come. In geological terms a few hun­
dred years is a short time. so that predic­
tions of this kind can be highly reliable. 
Since the' patterns in which ground­
water flows can be changed by earth­
quakes. only tectonically stable areas 
would be chosen. Salt formations offer 
additional security in this regard. be­
cause when salt is subjected to pressure. 
it flows plastically. Thus it is capable of 
sealing cracks that develop from tecton-
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YEARS AFTER REPROCESSING 

IF ALL WASTES WERE TO BE INGESTED, the biological effects on the human popula­
tion of the U.S. would be considerable. As this graph shows, the number of cancer-causing 
doses in the wastes produced by one year of all-nuclear electric power in the U.S. is such that if 
all the wastes, after aging for 10,000 years, were to be converted into digestible form and fed to 
people, one would expect a million fatal cancers to ensue (scale at left). If instead the wastes 
were to be converted into soluble form and immediately after reprocessing dumped at random 
into rivers throughout the U.S., the result could again be a million fatalities (scale at right). 
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ic activity. This property of salt also re­
moves the scars of the burial operations. 
leaving the canisters sealed deep inside a 
gigantic crystalline mass. 

Suppose. however. water does some­
how manage to get into cracks in the 
rock formation in which the waste is 
buried. What happens then? The rock 
would of course be chosen to be imper­
vious to water. so that there would be a 
second delay while the rock was being 
leached away before the waste glass was 
exposed to water. It would seem that 
there would not be much delay in salt 
because it is so soluble in water. but in 
fact the quantities of water deep under­
ground are not large and the mass of salt 
is huge. For example. if all the ground 
water now flowing in the region of the 
proposed Federal waste-repository site 
in New Mexico were somehow diverted 
to flow through the salt. it would take 
50.000 years for the salt enclosing one 
year's deposit of nuclear wastes to be 
dissolved away. 

A third delay arises from the time it 
would take to leach away the waste glass 
itself. There is some uncertainty on this 
point. and the matter is complicated by 
the fact that leaching rates increase rap­
idly with temperature. but it seems fair­
ly certain that the low rate at which the 
glass can be leached away will offer con­
siderable protection for at least a few 
hundred years. If new leaching-rate 
studies indicate otherwise. it would not 
be too difficult or expensive to switch to 
ceramics or other more resistant materi­
als for incorporating the wastes. 

A fourth delay arises from the length 
of time it ordinarily takes water to reach 
the surface. Typical flow rates are less 
than 30 centimeters per day. and typical 
distances that must be covered are tens 
or hundreds of kilometers. For anything 
to travel 100 kilometers at 30 centime­
ters per day takes about 1.000 years. 

The radioactive wastes would not. 
however. move with the velocity of the 
ground water even if they went into so­
lution. They would tend to be filtered 
out by ion-exchange processes. For ex­
ample. an ion of radioactive strontium 
in the wastes would often exchange with 
an ion of calcium in the rock. with the 
result that the strontium ion would re­
main fixed while the calcium ion would 
move on with the water. The strontium 
ion would eventually get back into so­
lution. but because of continual hold­
ups of this type the radioactive stronti­
um would move 100 times slower than 
the water. thus taking perhaps 100.000 
years to reach the surface. For the other 
important waste components the holdup 
is even longer. 

As a result of all these delays there is an 
Il.. extremely high assurance that very 
little of the wastes will escape through 
the ground-water route during the first 
few hundred years when they are most 
dangerous. Indeed. the time delays offer 
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substantial protection for hundreds of 
thousands of years. I shall give no credit 
for this factor, however, in the following 
discussion of the potential longer-term 
hazard. 

As we have seen, the "50 percent le­
thal" dose of nuclear wastes ingested af­
ter 600 years would be half a pound. 
This is hardly a potent poison, and its 
dangers seem particularly remote when 
one considers that the material is care­
fully buried in low-leachability form 
isolated from ground water a third of a 
mile below the earth's surface. Many 
more potent poisons are routinely kept 
in the home. It is true, however, that 
nuclear wastes remain poisonous for a 
very long time, so that they could con­
ceivably present a hazard. 

To evaluate this long-term risk one 
must develop an estimate of the proba­
bility that the wastes will escape into the 
environment. How can this be done? 
One way is to make a comparison be­
tween an atom of nuclear waste buried 
at a depth of 600 meters and a typical 
atom of radium somewhere in the rock 
or soil above the waste canister, assum­
ing that the waste atom is no more likely 
than the radium atom to escape and find 
its way into a human being. This would 
seem to be a conservative assumption, 
since "the rock or soil above the waste 
canister" includes the material near the 
surface, where the erosive forces of 
wind, surface runoff, freeze-thaw cy­
cles, vegetation and so on are active. 

It is difficult to calculate the escape 
probability for an atom of radium in a 
particular area, but the average escape 
probability over the entire continental 
U.S. can be estimated. To make such a 
comparison meaningful one can assume 
that the wastes are buried in a uniform 
distribution over the entire country, but 
for calculating averages it is equivalent 
to assume that they are buried at ran­
dom locations across the country and 
always at the same depth. When the as­
sumption is stated this way, it is clearly 
conservative; one would think that by 
making use of all the information avail­
able from geology, hydrology and li­
thology one could choose a burial site 
that would be much securer than a ran­
domly chosen one. 

Having made these two basic assump­
tions-random burial and an equal es­
cape probability for atoms of waste and 
radium-one need only estimate the av­
erage probability that an atom of radi­
um in the top 600 meters of the U.S. will 
escape. One approach has two steps: cal­
culating the probability that a radium 

atom will escape from the soil into riv­
ers and mUltiplying this number by the 
probability that a given sample of water 
will be ingested by a human being. The 
average concentration of radium in riv­
ers (two grams per 10 trillion liters) and 
the total annual water flow in U.S. rivers 
(1.5 quadrillion liters) are known quan­
tities; the annual transfer of radium 
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IF ALL WASTES WERE TO BE INHALED, the most important health hazard would be the 
induction of lung cancers, In this graph again the scale at left shows the total number of cancer­
causing doses in the wastes produced by one year of all-nuclear electric power in the U.S. The 
scale at right shows the number of deaths expected by the inhalation route if all these wastes 
were to be spread as a fine powder randomly over the ground throughout the U.S. In both 
this graph and the one on the opposite page the short colored line at the lower right indicates 
the corresponding long-term health hazard represented by the natural radioactivity in the 
uranium ore that would be consumed by such an all-nuclear electric-power system in the U.S. 

from the soil into rivers is the product of 
these two numbers. or 300 grams. Since 
radium is a product of the radioactive 
decay of uranium. from the average 
concentration of uranium in rock (2.7 
parts per million) one can readily esti­
mate the amount of radium in the top 
600 meters of the U.S. as being 12 bil­
lion grams. The annual transfer proba­
bility is the ratio of the annual transfer 
to the total quantity. or .000000025 per 
year. The inverse of this number. 40 mil­
lion years, is then the average lifetime of 
rock in the top .600 meters of the U.S. 
Therefore the assumption is that each 
atom of buried nuclear waste has less 
than one chance in 40 million of escap­
ing each year. About one part in 10.000 
of river flow in the U.S. is ingested by 
human beings. but owing to various pu­
rification processes the fraction of the 
radium in river flow that is ingested is 
closer to 1.5 part in 100.000. MUltiply­
ing this number by the annual probabili­
ty for escape into rivers (.000000025), 
one finally obtains the total annual 
transfer probability of a radium atom 
from the rock into a human being. It is 
roughly four chances in 10 trillion. 

There are at least two flaws in this 
calculation. It ignores transfer through 
food. a factor that reduces the transfer 

probability, and it assumes that all the 
radium ingested is taken up by the body. 
a factor that increases the transfer prob­
ability. These problems can be avoided 
and the calculation can be simplified by 
estimating the number of human can­
cers induced annually by ingested radi­
um (12) and dividing that number by the 
number of cancer-causing doses of radi­
um in the top 600 meters of the U.S. (30 
trillion). The first quantity is obtained 
from actual measurements of the 
amount of radium in cadavers com­
bined with generally accepted estimates 
of the risk of a person's getting cancer 
from the radium. The result for the an­
nual transfer probability obtained by 
this method is in close agreement with 
the figure derived by the preceding 
method. It therefore is reasonable to 
multiply the dosage scale in the inges­
tion graph on the opposite page by 
.0000000000004 (four chances in 10 
trillion) to obtain the number of fatali­
ties expected annually from the nuclear 
wastes produced annually by an all-nu­
clear U.S. electric-power system. 

What all of this means is that after the 
first few hundred years of storage, dur­
ing which we would be protected by the 
time delays discussed above. one could 
expect about .000001 fatality per year 
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or less attributable to the buried waste. 
When this toll is added up, it comes to .4 
fatality for the first million years plus an 
additional four fatalities over the next 
100 million years. 

If one is to consider the public-health 
effects of radioactivity over such 

long periods, one should also take into 
account the fact that nuclear power 
burns up uranium, the principal source 
of radiation exposure for human beings 
today. For example, the uranium in the 
ground under the U.S. is the source of 
the radium that causes 12 fatal cancers 
in the U.S. per year. If it is assumed that 
the original uranium was buried as se­
curely as the waste would presumably 
be, its eventual health effects would be 
greater than those of the buried wastes. 
In other words, after a million years or 
so more lives would be saved by urani­
um consumption per year than would be 
lost to radioactive waste per year. 

The fact is, however, that the uranium 
now being mined comes not from an av­
erage depth of 600 meters but from 
quite near the surface. There it is a 
source of radon, a highly radioactive 
gaseous product of the decay of radium 
that can escape into the atmosphere. Ra­
don gas is the most serious source of 
radiation in the environment, claiming 
thousands of lives in the U.S. per year 
according to the methods of calculation 
used here. When this additional factor is 
taken into account, burning up uranium 
in reactors turns out to save about 50 
lives per million years for each year of 
all-nuclear electric power in the U.S., 
more than 100 times more than the .4 
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life that might be lost to buried radioac­
tive wastes. 

Thus on any long time scale nuclear 
power must be viewed as a means of 
cleansing the earth of radioactivity. This 
fact becomes intuitively clear when one 
considers that every atom of uranium is 
destined eventually to decay with the 
emission of eight alpha particles (heli­
um nuclei), four of them rapidly follow­
ing the formation of radon gas. Through 
the breathing process nature has provid­
ed an easy pathway for radon to gain 
entry into the human body. In nuclear 
reactors the uranium atom is converted 
into two fission-product atoms, which 
decay only by the emission of a beta ray 
(an electron) and in some cases a gamma 
ray. Roughly 87 percent of these emis­
sion processes take place before the ma­
terial even leaves the reactor; moreover, 
beta rays and gamma rays are typically 
100 times less damaging than alpha-par­
ticle emissions, because their energies 
are lower (typically by a factor of 10) 
and they deposit their energy in tissue in 
less concentrated form, making their 
biological effectiveness 10 times lower. 
The long-term effect of burning urani­
um in reactors is hence a reduction in 
the health hazards attributable to radio­
activity. 

In this connection it is interesting to 
note that coal contains an average of 
about 1.5 parts per million of uranium, 
which is released into the environment 
when the coal is burned. The radon gas 
from the uranium released by one year 
of an all-coal-powered U.S. electric­
generating system would cause about 
1,000 fatalities per million years, a rate 

three orders of magnit ude greater than 
the result obtained above for the wastes 
from an all-nuclear-powered system. 

If the risk of ingesting radioactive 
waste materials with food or water is so 
low, what about the risk of inhaling 
them as airborne particulate matter? 
The potential hazards from inhaling 
such materials are much greater and 
longer-lasting than the hazards from in­
gesting them. It is difficult, however, to 
imagine how buried nuclear wastes 
could be released as airborne particu­
lates. The largest nuclear bombs yet 
considered would not disturb material 
at a depth of 600 meters. Meteorites of 
sufficient size to do so are extremely 
rare, so that their average expected ef­
fect would be a million times lower than 
that from ingestion. Volcanic eruptions 
in tectonically quiet regions are also ex­
tremely rare; moreover, they disturb 
comparatively small areas, so that their 
effects would be still smaller. 

Release through ground water could 
lead to a small fraction of the radioac­
tivity being dispersed at the surface in 
suspendable form, but calculation indi­
cates that for this pathway to be as haz­
ardous as ingestion all the wastes would 
have to be dispersed through it. Wastes 
dispersed at the surface would also 
constitute an external-radiation hazard 
through their emission of gamma rays, 
but another calculation demonstrates 
that this hazard too is less than that of 
ingestion. 

None of the estimates I have given so 
far takes into account the possible re­
lease of nuclear wastes through human 
intrusion. Let us therefore consider that 

106 107 108 109 
LETHAL DOSES 

COMPARISON OF HEALTH HAZARDS presented by high-level 
radioactive wastes from nuclear reactors with those of other poison­
ous substances routinely used in large quantities in the U.S. demon­
strates that there is nothing uniquely dangerous about the nuclear 

wastes. Moreover, the author notes, "chemical poisons are not care­
fully buried deep underground as is the plan for the nuclear wastes; 
indeed, much of the arsenic is used as a herbicide and hence is rou­
tinely scattered around on the ground in regions where food is grown." 
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possibility. Buried waste would not be 
an attractive target for saboteurs be­
cause of the great amount of time, ef­
fort, equipment and personal danger 
that would be needed to remove it. Only 
release through inadvertent human in­
trusion, such as drilling or mining, needs 
to be considered. The current plan is to 
retain Government ownership of reposi­
tory sites and to maintain surveillance 
and long-lasting warning signs, so that 
this problem would exist only if there 
were a total collapse of civilization. One 
of the criteria for the choice of a reposi­
tory site is that there be a lack of valu­
able minerals and the prospect of dis­
covering them. (Indeed, the principal 
factor delaying the development of the 
proposed New Mexico site is the possi­
bility that it may hold potash deposits.) 
Nevertheless, if there were random ex­
ploratory drilling in the area at the rate 
of the current average "wildcat" drilling 
for oil in the U.S., the effects would still 
be much less than those of release in 
ground water. If there were mining in 
the area (presumably for minerals not 
now regarded as valuable), the opera­
tions would have to be on a scale ap­
proaching that of the entire current U.S. 
coal-mining enterprise before their ef­
fects would equal those of ground-water 
release. 

Wastes buried in salt might seem to be 
a poor risk against the possibility of 
intrusion by mining, since salt is wide­
ly mined. The quantity of salt under­
ground, however, is so huge that on a 
random basis any given area would not 
be mined for tens of millions of years. 
Again the probability of release through 
this pathway is comparable to that 
through ground water, except that here 
the wastes are in insoluble form and, if 
ingested, much less likely to be taken up 
by the body. A pathway would seem to 
exist through the use of salt in food, but 
only 1 percent of the salt mined in the 
U.S. is so used, and it is purified by al­
lowing insoluble components to settle 
out. Thus exposure through this path­
way would be reduced roughly to that 
through the use of salt in industrial 
processes. All in all, then, the proba­
bility of the release of stored nuclear 
wastes through human intrusion is less 
than that of their release through 
ground water. 

It is often said that by producing radio­
active wastes our generation places an 

unjustifiable burden on future genera­
tions in requiring them to guard against 
their release. Here it should first be rec­
ognized that the estimate of the health 
effects of nuclear wastes I have given­
an eventual .4 fatality for each year of 
all-nuclear power-was based on no 
guarding at all. The estimate was de­
rived from a comparison with radium, 
and no one is watching this country's 
radium deposits to prevent them from 
getting into rivers through various earth-
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DANGER FROM INGESTED WASTES can be shown to be very great at first but much less 
after a few hundred years. As this graph shows, after 600 years a person would have to ingest 
approximately half a pound of the bnried wastes to incur a SO percent chance of contracting 
a fatal cancer. Such a calcUlation suggests that although it is obviously very important to iso­
late such wastes from human contact for a few hundred years, it is less imperative thereafter, 

moving operations. Therefore guarding 
buried nuclear wastes would only serve 
to reduce that already small toll. 

Even if guarding should be consid­
ered advisable, it would not be very ex­
pensive or difficult. Once the repository 
is sealed the guarding would consist 
only in making periodic inspections of 
the surface area-about 10 miles square 
for the wastes from 1.000 years of all­
nuclear power-to make sure that the 
warning signs are in good order and to 
see that no one has unexpectedly under­
taken mining or deep drilling. In addi­
tion occasional water samples might be 
drawn from nearby rivers and wells 
to check for increased radioactivity. 
Hence keeping watch on the wastes ac­
cumulated over 1,000 years of all-nucle­
ar electric power in the U.S. would pro­
vide a job for only one person at a time. 

Perhaps the best way to put into per­
spective the burden we are placing on 
our descendants by storing nuclear 
wastes is to compare that burden with 
others we are placing on them. Probably 
the worst will be the burden resulting 
from our consumption of the earth's 
high-grade mineral resources. Within a 
few generations we shall have used up 
all the world's economically recover­
able copper, tin, zinc, mercury, lead and 
dozens of other elements, leaving fewer 

options for our descendants to exploit 
for materials. Moreover, we are burning 
hydrocarbons-coal, oil and gas-at the 
rate of millions of tons each per day, 
depriving our descendants not only of 
fuels·but also of feedstocks for making 
plastics, organic chemicals, pharmaceu­
ticals and other useful products. These 
burdens are surely far heavier than any 
conceivable burden resulting from the 
appropriate burial of nuclear wastes. 

What makes this comparison particu­
larly pertinent is that the only way we 
can compensate our descendants for the 
materials we are denying them is to 
leave them with a technology that will 
enable them to live in reasonable com­
fort without these materials. The key to 
such a technology must be cheap and 
abundant energy. With cheap and abun­
dant energy and a reasonable degree of 
inventiveness man can find substitutes 
for nearly anything: virtually unlimited 
quantities of iron and aluminum for 
metals, hydrogen for fuels and so on. 
Without cheap and abundant energy the 
options are much narrower and must 
surely lead back to a quite primitive ex­
istence. It seems clear that we who are 
alive today owe our descendants a 
source of cheap and abundant energy. 
The only such source we can now guar­
antee is nuclear fission. 
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The Uses of Synchrotron Radiation 

Electrons traveling in a circular orbit at nearly the speed of light 

emit intense radiation at ultraviolet and X-ray wavelengths. Such 

radiation provides unmatched illumination for the study of matter 

by Ednor M. Rowe and John H. Weaver 

When Newt?n conduct.ed his f�­
mous prism experiment In 
1 666. the entire known spec­

trum consisted of the narrow band of 
wavelengths perceived as visible light. 
Today the known electromagnetic spec­
trum is many orders of magnitude 
wider. extending from low-frequency 
radio waves to extremely energetic gam­
ma rays. What is more. the experiment­
er is no longer dependent. as Newton 
was. on natural sources of radiation. Al­
most any wavelength can be generated 
at will in the laboratory. For visible 
wavelengths and for nearby regions in 
the infrared and the ultraviolet there are 
incandescent sources .  such as the ordi­
nary light bulb. gas-discharge tubes and 
the laser. Radio-frequency waves are 
generated with great facility and flexi­
bility by electronic devices.  Gamma 
rays are created by the collisions that 
take place in particle accelerators and 
are also emitted in the radioactive de­
cays of some atomic nuclei. 

There remains one region of the elec­
tromagnetic spectrum where the con­
ventional laboratory sources are inade­
quate. It extends from frequencies j ust 
above those of visible light through the 
ultraviolet and X-ray portions of the 
spectrum to the frequencies of low-ener­
gy gamma rays. Wavelengths within this 
broad range have the same dimensions 
as characteristic structures in atoms. 
molecules and solids. As a result the in­
teraction of the electromagnetic radia­
tion and matter is exceptionally strong. 
Radiation in this range. if it were conve­
niently available . would serve as an ex­
cellent probe of the structure of matter . 

In the past 10 years or so a new source 
of electromagnetic radiation has be­
come available that fills the gap almost 
ideally. It is the radiation emitted by 
electrons when they are made to follow 
a circular path at a speed near the speed 
of light. The phenomenon has been giv­
en the name synchrotron radiation be­
cause it was first observed at visual 
wavelengths in particle accelerators of 
the synchrotron type. So far most exper­
iments employing synchrotron radia-
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tion have been conducted with machines 
designed mainly for experiments in nu­
clear physics and the physics of elemen­
tary particles.  There are now several 
proposals to build machines dedicated 
to the production of synchrotron radia­
tion: they would be particle accelerators 
operated as light bulbs. 

In the visible part of the spectrum elec­
tromagnetic radiation is generated 

mainly by incandescent solids and by 
excited electrons in hot gases. The light 
emitted by gases consists of discrete 
bright lines.  each with a particular 
wavelength that cannot readily be ad­
justed. The light is emitted when an elec­
tron falls from an excited state to a state 
of lower energy: the energy of the emit­
ted radiation is equal to the difference in 
energy between the two states.  Energy. 
of course. is inversely related to wave­
length: the greater the energy of a pho­
ton. or quantum of light. the shorter the 
wavelength of the associated wave. The 
energy is customarily measured in elec­
tron volts: an electron volt is defined as 
the energy acquired by an electron when 
it is accelerated through a potential dif­
ference of one volt. 

Visible light is ordinarily emitted by 
transitions involving the valence. or out­
ermost. electrons of atoms. Those elec­
trons are strongly influenced by their 
immediate environment. and their ener­
gy levels are much disturbed when a 
rarefied gas condenses to form a solid. 
In principle the valence electrons still 
have discrete. quantized energy levels. 
but the levels are smeared out into 
broad bands by the proximity of many 
atoms. In a solid it is not possible to 
distinguish individual energy levels or 
the sharp line spectrum associated with 
transitions between them. Instead the 
emitted spectrum is a continuum: it has 
a peak intensity at some wavelength. but 
energy is also radiated at all other near­
by wavelengths. For an ideal radiating 
solid the distribution of wavelengths has 
the characteristic shape called a black­
body spectrum. 

For the experimenter a continuous 

spectrum has some rather obvious ad­
vantages. Observations are no longer 
confined to those wavelengths that hap­
pen to correspond to an available emis­
sion line but can be made at any desired 
wavelength. 

The wavelength of peak emission in 
the black-body spectrum is determined 
primarily by temperature . Increasing 
the temperature shifts the peak to short­
er wavelengths. As a practical matter . 
however. the peak intensity cannot be 
pushed to wavelengths much shorter 
than those of red or yellow light because 
the required temperature exceeds the 
boiling points of all solids. For example. 
a tungsten lamp filament operating at a 
temperature of 3.000 degrees Kelvin ra­
diates most intensely at a wavelength 
of about 9.000 angstroms. The visible 
spectrum extends from roughly 4.000 
angstroms (violet) to 7.000 angstroms 
(red). so that 9.000 angstroms lies in the 
infrared region. The peak in the black­
body spectrum could be shifted to 3.000 
angstroms. in the near ultraviolet. by 
heating the filament to 10.000 degrees 
K. Metallic tungsten melts. however . at 
3.4 10 degrees K. .  and it boils at 5.927 
degrees K. 

Because of temperature limitations 
on the black-body spectrum. radiation 
sources in the ultraviolet have tradition­
ally been gas-discharge lamps.  The ma­
jor part of the radiation from these 
sources is emitted in discrete spectral 
lines.  At X-ray wavelengths it is possible 
to return to solid-state sources. but these 
sources also provide mostly line emis­
sion. with only a weak continuum. The 
X rays are generated by exciting not the 
valence electrons but electrons in inner 
shells. These core electrons are tightly 
bound and emit sharp lines as if they 
were isolated. like the outer-shell elec­
trons in the atoms of a gas. 

Electromagnetic radiation arises ulti­
mately from the acceleration of 

electric charges. That is the meaning of 
the field equations describing electro­
magnetism that were formulated in the 
19th century by James Clerk Maxwell. 
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In almost all instances the charges accel­
erated are electrons, since they are by 
far the lightest charged particles and 
therefore the most easily accelerated .  

An example of an accelerated charge 
is a single electron oscillating in a 
straight line with sinusoidally varying 
speed, somewhat like the bob of a long 
pendulum or a weight suspended from a 
spring. In each full cycle the electron is 
accelerated and decelerated twice, and 
as a result it radiates an electromagnetic 
wave that is propagated away from the 
particle . The radiation has a characteris­
tic frequency, equal to the electron's fre­
quency of oscillation. Harmonics, or 
multiples, of this fundamental frequen­
cy can also be detected.  The radiation 
also has a characteristic spatial pattern: 
it is most intense in the plane perpen-
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dicular to the axis along which the elec­
tron oscillates, and it falls to zero along 
that axis.  In a klystron tube, a generator 
of microwave radiation, electrons de­
scribe just such sinusoidal motions. 

Transitions between the energy states 
of electrons in atoms also involve the 
acceleration of charges, although it is 
not usual to regard them in that way. 
The acceleration can readily be imag­
ined in a simplistic, planetary model of 
the atom, since an electron moving from 
one orbit to another must change its or­
bital velocity. Such a model is a useful 
descriptive device, but for a quantitative 
treatment of atomic spectra a more so­
phisticated, quantum-mechanical mod­
el would be needed. Indeed, quantum 
mechanics is required even to explain 
why the electron shells of atoms are sta-

INJECTOR ....... 

ble and why the electrons do not radiate 
away all their energy . 

The connection between acceleration 
and radiation is more obvious in the 
spectrum emitted by some X-ray tubes. 
Such tubes operate by accelerating elec­
trons to high energy and then allow­
ing them to strike a metallic electrode. 
Within the electrode the motions of the 
electrons are influenced by the strong 
fields of the atomic nuclei. and the elec­
trons are slowed or even stopped within 
small distances .  In other words, the elec­
trons are violently decelerated .  The re­
sulting radiation has been given the 
name bremsstrahlung, meaning (in Ger­
man) "braking radiation." 

The bremsstrahlung spectrum is a 
continuum within its range of wave­
lengths, but significant intensity can be 

STORED 
ELECTRON BEAM 

SYNCHROTRON­
RADIATION PORT 

RADIO-FREQUENCY CAVITY 

�VACUUM 
CHAMBER 

ELECTRON STORAGE RING called Tantalus I is operated as a 
source of synchrotron radiation. The radiation is generated when 
electrons moving at a speed near the speed of light are made to fol­
Iowa circular path; in Tantalus that happens in each of the bending 
magnets, where the electron orbits describe arcs of a circle. The elec­
trons are introduced into the storage ring through the injector at the 

top; once they have been accelerated to the operating energy of the 
ring they can be stored in an essentially constant orbit for many 
hours, Energy lost through racliation is restored to the electrons in 
the radio-frequency cavity. The synchrotron radiation is emitted in a 
narrow beam tangent to the electron orbit, and the ports for experi. 
ments employing the radiation are therefore tangent to tbe main ring. 
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achieved only at energies greater than 
about 10,000 electron volts (or, equiva­
lently, at wavelengths less than one ang­
strom). Thus bremsstrahlung does not 
provide a continuum source for the ul­
traviolet or for the lower-energy X rays. 
Moreover, electrons striking an elec­
trode at such high energies commonly 
excite the innermost core electrons of 
the metal atoms, which then return to 
the ground state by emitting an X-ray 
line spectrum in the same wavelength 
range as that of the bremsstrahlung. As 
a result the radiation is contaminated 
with discrete lines many times brighter 
than the continuum. 

An electron moving in a circular orbit 
n with constant velocity has a partic­
ularly simple accelerated motion. This 
is the configuration of an electron emit­
ting synchrotron radiation. The radia­
tion was actually first detected not in 
particle accelerators but in astronomi­
cal observations. Electrons moving in 
the intense magnetic fields found in su­
pernova remnants follow circular (or 
helical) paths and therefore radiate by 
the synchrotron mechanism. The terres­
trial generation of the radiation, in a cir­
cular electron accelerator, was first in­
vestigated in the 1940's. 

It should be emphasized that an accel­
eration is any change in velocity, and 
that velocity defines not only speed but 
also direction of motion. Therefore a 
particle in a circular orbit is subject to a 
continuous centripetal acceleration. If 
the dimensions of the orbit are stable 
and the orbital velocity is constant, then 
the acceleration is also constant. The 
electron radiates continuously. 

The radiation pattern for such a circu­
lating charge was first deduced by the 
British mathematician and physicist Sir 
Joseph Larmor. He showed that for an 
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observer who is moving in the orbiting 
electron's frame of reference (and hence 
who is orbiting with it) the radiation is 
most intense in the plane tangent to the 
electron orbit. The intensity falls to zero 
in those directions parallel to radii of the 
electron orbit. Thus the radiation pat­
tern has the shape of a rather fat tire 
rolling around the electron orbit on an 
axle that corresponds to a radius of the 
orbit. 

For an observer who is not moving 
with the electron but who sees it from 
the laboratory frame of reference, the 
radiation pattern changes little as long 
as the orbital speed is modest. At low 
electron speeds relativistic effects cause 
only a modest foreshortening, diminish­
ing the intensity of radiation emitted in 
the rearward direction and increasing 
the forward radiation. 

The Larmor pattern is transformed 
altogether, however, as the speed of 
the circulating electron approaches the 
speed of light. For an observer in the 
laboratory frame of reference, radiation 
to the rear and to the sides of the elec­
tron falls away completely, and all the 
radiation is concentrated in a forward­
facing cone. As the electron's speed ap­
proaches the speed of light that cone be­
comes very narrow. The half angle 
(formed by the axis tangent to the elec­
tron orbit and the side of the cone) is 
given very nearly by the expression 
v' 1 - y2/ c2, where y is the speed of the 

electron and c is the speed of light. If y 
could equal c, the opening angle of the 
cone would be zero and all the radiation 
would be emitted on the tangent. Attain­
able values of the angle can be quite 
small. For electrons with an energy of 
240 MeV (million electron volts), a 
quite plausible energy for a synchro­
tron, y is .9999975 the speed of light. 
Substituting this value in the expression 
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above, we find that the cone of radiation 
diverges by only about . 1  degree. It fol­
lows from these calculations that an 
electron in a circular orbit sheds radia­
tion tangentially in much the same way 
that mud is slung off a spinning tire. The 
radiation is emitted throughout the cir­
cumference of the orbit, but only within 
a narrow vertical angle centered on the 
orbital plane. As viewed by an observer 
looking at the electron beam within this 
plane, the radiation is a bright spot, of 
approximately the same cross-section as 
the electron beam, where his line of 
sight is tangent to the orbit and where 
the electrons are momentarily moving 
directly toward him. 

J ust as the spatial pattern of synchro­
tron radiation changes as the orbit­
ing electron becomes relativistic, so 

too the spectral distribution of the radia­
tion is altered. At low speeds the elec­
tron radiates mainly at its orbital fre­
quency, in the same way that a sinusoi­
dally oscillating electron radiates at its 
frequency of oscillation. In an orbit of 
fixed circumference the frequency itself 
increases as the electron moves faster, 
but at the electron energies of interest 
the fundamental frequency is essentially 
constant. What does change significant­
ly as the energy increases is the appor­
tionment of the radiated energy between 
the fundamental frequency and the vari­
ous harmonics of that freq uency. At low 
speed almost all the energy is radiated at 
the fundamental frequency (the fre­
quency of revolution). As the electron 
speed approaches c more and more en­
ergy goes into higher harmonics. The 
order of magnitude of the highest har­
monic frequency radiating significant 
energy is given by ( 1/ v' 1 - y2/C2)3. 
This parameter becomes very large as 
y approaches c. For electrons with an 
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ELECTROMAGNETIC SPECTRUM describes radiation accord­
ing to its wavelength or, in an alternative representation, according 
to the energy of photons, the quanta of electromagnetic radiation. 
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Wavelength and photon energy are inversely related. No single source 
of radiation covers the entire spectrum; most sources are effective 
only over a narrow range. Synchrotron radiation is available at signif-
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EMISSION OF RADIATION invariably results from the acceler­
ation of an electric charge; the charge is almost always an electron, 
the lightest and most easily accelerated charged particle. An exam­
ple is an electron in sinusoidal oscillatory motion along a straight line, 

as in the graph at the left. Such an electron radiates in a characteris­
tic pattern with peak intensity in the plane perpendicular to the axis 
of oscillation and with no emission along that axis. The fundamental 
frequency of the radiation is equal to the frequency of oscillation. 

energy of 240 MeV and a velocity of 
.9999975c it is roughly 1 08.  A relativ­
istic electron in a circular orbit with a 
circumference of 10 meters would have 
a fundamental frequency of revolution· 
of about 1 07 hertz, in the radio region 
of the electromagnetic spectrum. The 
I 08th harmonic of that frequency is 1 015 
hertz, which corresponds to a wave­
length in the ultraviolet. 

In a formal sense the synchrotron-ra­
diation spectrum of a single electron 
consists of a great many discrete fre­
quencies: the harmonic series based on 
the fundamental frequency of revolu­
tion. Actually it is a true continuum. 
The higher harmonics of any frequency 
are very closely spaced.  Since no spec­
tral line can be infinitely sharp and nar­
row, the lines blur together . As the speed 
of the electron approaches that of light 
the synchrotron spectrum becomes a 

broad, continuous band with its peak in­
tensity at a frequency far above the fun­
damental frequency of rotation. The 
harmonic content of the radiation be­
comes strong first in the visible, then in 
the ultraviolet and finally in the X -ray 
region of the electromagnetic spectrum. 

For an electron moving in a circular 
orbit the total energy lost to synchrotron 
radiation is proportional to the expres­
sion ( 1 1  v' 1 - y2/ c2)4, which implies 
that the radiation losses increase as the 
fourth power of the electron energy. 
Raising the energy of the electrons by a 
factor of 10 increases the energy radiat­
ed roughly 10,000 times. The loss is a 
handicap for the physicist interested in 
maintaining electrons in a circular par­
ticle accelerator. That loss, however, 
also represents an unmatched source of 
high-intensity, tunable radiation. 

Two kinds of machine make suitable 

10 7 10 8 

icant intensity from wavelengths longer than those of visible light through the ultraviolet and 
X-ray regions of the spectrum. Over much of this range it is the only sonrce of radiation that 
provides a continuous spectum (rather than discrete wavelengths with dark bands in between). 

sources of synchrotron radiation: elec­
tron synchrotrons and electron storage 
rings. Both devices consist of a toroidal 
vacuum chamber surrounded by vari­
ous bending and focusing magnets and 
including cavities for the injection of ra­
dio-frequency energy. The circular elec­
tron orbit is maintained by the magnets; 
at any point the orbit's radius of curva­
ture is inversely proportional to the 
strength of the magnetic field. 

In the synchrotron a "bunch," or pulse, 
of electrons is injected into the vac­

uum chamber and then accelerated over 
the course of many revolutions to some 
maximum energy. The acceleration is 
effected by radio-frequency energy sup­
plied through a resonant cavity or 
through several cavities that make up 
part of the vacuum chamber. As the 
speed of the electrons increases, the 
magnetic field must also be increased 
smoothly, in synchrony with the accel­
eration; hence the name synchrotron. 
Finally, when the electrons have at­
tained their terminal energy, they are ex­
tracted from the machine. 

An electron storage ring is similar in 
both construction and operation. Elec­
trons are injected into the toroidal vac­
uum chamber and confined to a circular 
orbit by bending magnets. The main dif­
ference is that the electrons are not ex­
tracted after a cycle of acceleration; in­
stead they are made to circulate at a 
constant energy, often for many hours. 
An energy source in the form of a radio­
freq uency cavity is still required, but 
only to make up for the energy lost as 
synchrotron radiation. Some storage 
rings receive electrons at high energy 
from an external accelerator. In others 
the electrons are injected at low energy 
and the ring is operated briefly as a syn­
chrotron in order to accelerate them. In 
either case once the beam is established 
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the electrons can occupy a stable orbit 
almost indefinitely. Their velocity is 
maintained by small increments of elec­
tromagnetic energy supplied with each 
revolution. The orbit is defined by the 
bending magnets and the beam is pre­
vented from dispersing by focusing 
magnets. The electrons circle the ring in 
bunches a few centimeters long; the ring 
may be operated with a single bunch of 
electrons or with several bunches. 

For generating synchrotron radiation. 
storage rings have a number of advan­
tages over synchrotrons. In the synchro­
tron the spectrum of the radiation 
changes with each revolution as a bunch 
of electrons gains energy . The position 
of the bunch within the beam tube-

and hence the position of the radiating 
spot-can also vary during the accelera­
tion cycle. In a storage ring. on the other 
hand, both the spectrum and the posi­
tion of the beam are constant (although 
they can be adj usted if need be). For a 
storage ring the spectral distribution and 
the intensity of the synchrotron radia­
tion can be calculated directly if three 
factors are known: the number of elec­
trons stored.  their energy and the radius 
of curvature of the orbit. The beam in a 
storage ring is stable enough and its 
characteristics are sufficiently well un­
derstood for synchrotron radiation to be 
employed as a standard for calibrating 
other sources of radiation and detectors 
of it. 

ELECTRON 
ORBIT 

RADIATION 
PATTERN 

ELECTRON IN A CIRCULAR ORBIT has a continuous centripetal acceleration, and it 
therefore radiates continuously. At a comparatively low orbital speed (substantially lower 
than the speed of light) the radiation pattern resembles a torus centered on the electron with 
the plane of maximum intensity tangent to the electron orbit (top). As the orbital speed in­
creases, the radiation pattern becomes progressively more distorted. As the speed of the elec­
tron approaches the speed of light all the radiation is confined to a narrow cone tangent to the 
orbit (bottom). The frequency of the radiation changes along with the pattern. At low speed it 
is equal to the rotation frequency; at relativistic speed the radiant energy is distributed among 
many higher harmonics of the rotation frequency and the spectrum is essentially a continuum. 
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Whether it is generated by a synchro­
tron or by a storage ring. synchrotron 
radiation has several properties that 
make it particularly desirable as a 
source of illumination. The principal 
advantage,. of course. is the high intensi­
ty of the emitted radiation over a broad 
range of wavelengths. A useful flux is 
available from the near infrared to 
"hard" X rays: those with wavelengths 
of less than an angstrom or so. 

In many measurements where electro­
magnetic radiation is the probe it is 

desirable to polarize the radiation. so 
that all the waves in a beam have their 
electric fields oriented in the same direc­
tion. Uniform polarization eliminates 
ambiguity in the interpretation of some 
measurements and makes possible a 
greater variety of measurements. Syn­
chrotron radiation is naturally polar­
ized.  with the electric field parallel to the 
plane of the electron orbit. The degree 
of polarization varies with wavelength 
and is a function of angle above or be­
low the orbital plane. At the wavelength 
of peak intensity and in the orbital plane 
the radiation is virtually 100 percent po­
larized. 

The fact that electrons in a storage 
ring circulate not as a continuous cur­
rent but in small bunches also has an 
effect on synchrotron radiation, an ef­
fect that is often helpful to the experi­
menter. When it is viewed from any 
fixed point on the perimeter of the ring, 
the synchrotron radiation is not continu­
ous but appears as a series of brief pul­
ses. Each time the bunch of electrons 
passes. a burst of radiation is emitted; 
when the bunch is elsewhere in its orbit. 
no radiation is observed .  For many ex­
periments this pulsation is a conve­
nience. In particular, excited states of 
atoms that decay in the brief dark period 
between bunches can be examined.  

Another incidental convenience of 
employing an electron storage ring as a 
light source is ready access to an excel­
lent vacuum. Successful operation of a 
storage ring requires an ultrahigh vac­
uum of 10-10 to 10-11 torr ; any more gas 
present in the ring would scatter the 
stored electrons and thereby reduce the 
period during which a beam could be 
stored.  The beam tubes carrying the syn­
chrotron radiation to the experimental 
stations communicate with the ring and 
therefore must be maintained at the 
same vacuum. Since a good vacuum is 
required for many of the observations 
that can be made with synchrotron radi­
ation. the specimen to be illuminated is 
often placed in an experimental cham­
ber communicating with the vacuum 
system of the storage ring. 

Synchrotron radiation has been 
known for only 30 years, and it has been 
employed extensively in research for 
only the past 10 years. The first success­
ful application was made in 1963 by 
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Robert P. Madden and Keith Codling of 
the National Bureau of Standards. With 
the radiation from a 180- MeV electron 
synchrotron they were able to make un­
precedented measurements of the ab­
sorption of low-energy X rays by gases. 

More intense sources of synchrotron 
radiation have since become available. 
One of the earliest was at the German 
Electron Synchrotron in Hamburg, ab­
breviated as DESY. A storage ring at 
DESY is operated primarily for re­
search in high-energy particle physics, 
and synchrotron radiation is available 
as a "free" by-product. 

A similar arrangement exists at the 
Stanford Linear Accelerator Center, 
where synchrotron radiation is generat­
ed in the storage ring called SPEAR. 
The DESY and SPEAR rings actually 
store counterrotating beams of elec­
trons and their antiparticles (positrons), 
but only the radiation from the electron 
beam is being utilized. 

Until recently only one accelerator 
has been devoted exclusively to the gen­
eration of synchrotron radiation. It is 
Tantalus I, operated at the University 
of Wisconsin for the National Science 
Foundation. Tantalus I was designed for 
research on the technology of particle 
accelerators, but in 1966 it was pro­
posed that the machine might better 
serve as a source of radiation for the 
spectroscopic study of solids and gases. 
The proposal was accepted, and the first 
synchrotron-radiation beam was pro­
duced in 1968. 

Tantalus I is an electron storage ring 
with an operating energy of 240 MeV. 
Electrons are injected into the ring by a 
small accelerator, called a microtron, 
that gives them an initial energy of 40 
MeV. The storage ring is then briefly 
operated as a synchrotron until the elec­
trons reach their final energy. 

Tantalus I has nine ports where the 
synchrotron radiation is collected, and 
several of these radiation beam lines are 
split so that they can simultaneously 
serve more than one experiment. Each 
year about 40 groups of experimenters 
can be accommodated .  

In a typical experiment synchrotron ra­
diation emerges from an accelerator 

or storage ring through an evacuated 
pipe that joins the ring tangentially. 
Looking up this beam pipe while the ac­
celerator is operating, one would see a 
bright spot, typically one or two milli­
meters in diameter, centered in the tube. 
That spot is an image of the electron 
beam at the point in its orbit where the 
tangentially emitted radiation happens 
to be swept across the port. 

Synchrotron radiation is emitted in a 
rather narrow pencil, but in most experi­
ments it is further collimated, and gen­
erally a narrow band of wavelengths is 
selected from the spectrum by a mono­
chromator mounted at the end of the 
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WAVELENGTH AND ANGULAR DISTRIBUTION of synchrotron radiation change rap­
idly as the energy of the emitting electrons increases and as their speed approaches the speed 
of light. Speed is expressed here on a logarithmic scale as a fraction of the speed of light. The 
wavelengths indicated are the shortest wavelengths at which significant power is radiated for 
a given electron energy. The angular distribution of the radiation becomes narrower as the 
energy increases, and ultimately the radiation is a coUimateel pencil of almost parallel rays. 
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/I 
NATIONAL SYNCHROTRON 
LIGHT SOURCE 
(PROPOSED) 

10-9 
WAVELENGTH (METERS) 

SOURCES of synchrotron radiation provide a continuous spectrum with maximum intensity 
at a wavelength determined by the energy of the accelerated electrons and the radius of curva­
ture of the electron orbit. The highest electron energies and shortest wavelengths are available 
with the German Electron Synchrotron (DESY) and at the Stanford Linear Accelerator Cen­
ter (SLAC). Tantalus I, which is most luminous in the ultraviolet part of the spectrum, is op­
erated exclusively for the production of synchrotron radiation. The National Synchrotron 
Light Source and Aladdin would also be dedicated to the production of synchrotron radiation. 
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ELECTRON BEAM 

SYNCHROTRON RADIATION ELLIPTICAL MIRROR MONOCHROMATOR GRATING 

EXTRACTED BEAM of syncbrotron radiation is most commonly 
employed in some form of spectroscopy, in wbicb tbe interaction of 
tbe radiation witb matter is measured as a function of wavelengtb. 
Tbe synchrotron radiation is naturally well collimated, but it is con­
verted by an elliptical or parabolic mirror into a convergent beam. 
The mirror must be arranged so tbat tbe radiation strikes it at grazing 

incidence; otberwise a substantial portion of tbe sbort-wavelengtb 
rays would be absorbed ratber tban reflected. Tbe beam tben enters 
a monochromator, wbere a diffraction grating disperses it into a spec­
trum just as a prism disperses visible Iigbt. At ultraviolet wavelengtbs 
tbe monochromator grating is generally a ruled plate of glass; at X­
ray wavelengtbs tbe orderly rows of atoms in a crystal serve tbe func-

beam line. At the wavelengths of great­
est interest these functions cannot be 
performed by conventional optical ele­
ments such as lenses and prisms, since 
glass and all other materials absorb ul­
traviolet and X-ray wavelengths. In­
stead the beam must be manipulated 
with reflecting devices, and for the 
shorter wavelengths even these must be 
operated at grazing incidence. 

The mirrors are of highly polished 
metal or glass, and in order to provide 
focusing they are ground as shallow el­
lipses, hyperbolas or parabolas. For 
short-wavelength ultraviolet radiation 
and for X rays even a carefully polished 
surface would be a poor reflector for a 
beam striking it near the perpendicu­
lar, but reasonable reflectance can be 
achieved if the beam is almost parallel 
to the surface. (In a similar way the com­
paratively rough surface of a blacktop 
road becomes a specular reflector when 
viewed at a sufficiently shallow angle .) 

The mirrors focus the beam on the 
entrance slit of a monochromator. For 
ultraviolet wavelengths the active ele­
ment of the monochromator is a diffrac­
tion grating: a slab of glass or metal with 
many closely spaced rulings or grooves 
(several thousand to the inch). At X-ray 
wavelengths the regularly spaced rows 
of atoms in a large single crystal, tradi­
tionally quartz but now more common­
ly silicon or germanium, serve the same 
function. After striking the diffraction 
grating or the crystal the narrow beam is 
dispersed into a spectrum, just as a beam 
of sunlight is dispersed into a spectrum 

38 

by a prism. The monochromator is then 
adjusted so that an exit slit selects the 
desired wavelength from the dispersed 
fan of radiation. 

It may seem paradoxical that we go to 
great lengths to find a light source with 
a continuous spectrum only to throw 
away all but one wavelength. Why not 
use a line source in the first place and 
dispense with the monochromator as 
well as the synchrotron? The answer is 
that the output of the monochromator 
represents the equivalent of a tunable 
line source, whereas a real line source 
always has a fixed wavelength. The 
commonest experimental paradigm in­
volves measuring some property that 
varies as a function of wavelength. With 
line sources a series of measurements 
must be made, each measurement with a 
separate source of radiation; the result is 
a sampling of the property at a number 
of discrete wavelengths. With a contin­
uum source the function can be moni­
tored at all wavelengths as the mono­
chromator is swept through its range. 

The earliest and in many respects the 
simplest measurements made with 

synchrotron radiation recorded the ab­
sorption of radiation by gases. In experi­
ments of this kind the radiation is simply 
passed through a sample of the gas and 
the intensity of the transmitted radiation 
is measured as the monochromator is 
scanned through its range of wave­
lengths. 

Electromagnetic radiation can be ab­
sorbed by an atom in a gas only when 

the incident photon can in some way al­
ter the state of an electron in the atom. 
The process is the inverse of photon 
emission by atoms. Transitions between 
the various possible orbital states of an 
electron give rise to discrete absorption 
lines. In atomic hydrogen, the simplest 
atomic system, the spectral lines are or­
ganized into well-defined series,  named 
for their discoverers: Lyman, Balmer, 
Paschen, Brackett, Pfund. If we suppose 
that the atom is initially in the ground 
state (which is the condition for the Ly­
man series), then there is a minimum 
energy below which no transitions are 
possible . A photon with an energy be­
low that threshold simply is not ab­
sorbed. Photons with an energy corre­
sponding to the energy difference be­
tween the ground state and the first 
excited state are very strongly absorbed, 
but those with a slightly greater energy 
are not, until the energy of the second 
excited state is reached.  The higher ex­
cited states, in which the electron is only 
weakly bound, are closely spaced,  and 
they converge to a limit: the ionization 
energy. When the atom is ionized,  the 
electron is no longer confined to a spec­
trum of discrete states, and so all pho­
tons with energies above the ionization 
limit can be absorbed. 

Although the basic rules of atomic 
spectroscopy were formulated more 
than 50 years ago, many aspects of the 
interaction of electromagnetic radiation 
and atoms are not well understood. For 
example, in all atoms larger than hydro­
gen it is possible to excite two electrons 
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tion of rulings. Finally, the monochromatic 
beam is directed to the specimen, which might 
be a solid or a gas. The amount of radiation 
absorbed, reflected and (in some cases) trans­
mitted by the specimen carries information 
about the electronic structure of the material. 

simultaneously; the resulting state is not 
simply the sum of the two component 
excitations, since the two electrons­
which in quantum mechanics can be re­
garded as waves-may interfere with 
each other . Such simultaneous excita­
tions are produced at a significant rate 
only with an intense flux of photons, so 
that these states are more easily studied 
with synchrotron radiation than with 
other sources. An excited electron can 
also interfere with the "hole" it leaves 
behind in its initial state . 

Gases made up of molecules rather 
than single atoms also have interesting 
spectra, typically far more complicated 
than atomic spectra. Molecules have ab­
sorption lines-mainly at infrared wave­
lengths-derived from vibrations and 
rotations of the molecule. At higher 
photon energies molecular absorption is 
continuous, and it leads to the fragmen­
tation of the molecule. The absorption 
of a high-energy photon may liberate a 
single electron (ionization), or it may 
break the molecule into separate atoms 
or groups of atoms (dissociation). Stud­
ies of the absorption spectrum and the 
fragments created: which are conve­
niently conducted with synchrotron ra­
diation, provide information on the 
chemistry of the molecules. They can 
reveal the energy of the interatomic 
bonds, the lifetime of excited states and 
the channels by which those states de­
cay. Rates of chemical reactions and the 
paths followed by those reactions can 
also be investigated .  

Absorption spectra are not the only 

properties of gases that can be deter­
mined with synchrotron radiation. An 
atom or a molecule that has absorbed a 
photon can in some cases dissipate its 
energy of excitation by emitting another 
photon of somewhat longer wavelength; 
this is the phenomenon called fluores­
cence. By studying the fluorescence 
spectrum of a gas it is possible to deduce 
the lifetime and mode of decay of the 
excited state . The periodic nature of 
synchrotron radiation suggests an obvi­
ous experimental technique: the sample 
is ill urn ina ted by the brief burst of radia­
tion emitted as the electron beam pass­
es, then the fluorescence is detected dur­
ing the subsequent dark period. If the 
fluorescence lifetime is much longer 
than the revolution period, the circulat­
ing electron beam can be diverted (with 
a small magnetic "bump") so that the 
specimen is illuminated only once in ev­
ery few revolutions. 

Another method of investigating the 
properties of gases is to analyze the en­
ergy and the angular distribution of 
electrons escaping from an illuminated 
gas .  From such measurements one can 
determine what the initial state of the 
emitted electron was.  In these experi­
ments the energy of the incident photons 
is held constant and the energy of the 
electrons knocked loose is surveyed .  By 
analyzing not only the energy of the 
emitted electrons but also their spatial 
distribution with respect to the incident, 
polarized beam, the symmetry of the 
initial atomic state can be determined. 
In this way the quantum-mechanical 
state of the atom can be completely 
characterized.  

The application of synchrotron radia­
tion that has so far been most eager­

ly pursued is the spectroscopy of solids. 
A solid is a great playground for elec­
trons, and the games played there are 
complex. Observing those games with 
only a few discrete wavelengths is like 
watching a football game in only a few 
isolated strips of the playing field. Little 
can be learned about the rules of the 
game from such scanty and discontinu­
ous d�ta. 

In a solid the atomic nuclei provide a 
lattice of point charges among which the 
electrons are dispersed.  Moreover, the 

ELECTRONIC STRUCTURES of a gas and 
of a solid differ mainly in that electrons in the 
virtually isolated atoms of a gas can occupy 
only discrete energy levels, whereas those in 
a solid can have any energy within a compar­
atively broad band. The gas can absorb only 
those photons whose energy corresponds to 
the difference in energy between two allowed 
states. The solid has a more nearly constant 
absorption spectrum. Photons with sufficient 
energy can eject an electron from a gas (ion­
ization) or a solid (photoelectron emission). 
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electrons are not always confined to the 
vicinity of the atom to which they nomi­
nally belong. The ionic chemical bonds 
of insulating materials represent an ef­
fective transfer of charge from one 
atom to another; in the covalent bonds 
of semiconductors the charge is shared 
by two atoms. In metals the charge dis­
tributions of atoms overlap and elec­
trons are free to wander through the 
bulk solid. Clearly the behavior of such 
itinerant electrons must differ from that 
of electrons in stable atomic orbitals. In 
crystalline solids the high degree of sym­
metry of the atomic lattice further alters 
the electronic properties.  Since the lat­
tice in a crystal is periodic the same 
charge distribution appears at equiva­
lent points in all the cells of the crystal. 
Because of this periodic structure an 
electronic state in a crystal is no longer 
completely defined by its energy. as it is 
in an isolated atom; now the momen­
tum. which defines a direction in space. 
must also be known. In an atom the en­
ergy levels are distinct; in an amorphous 
aggregate they are broadened into ener­
gy bands; in a crystalline solid the bands 
become well-defined functions of ener­
gy and momentum. 

Not all the electrons in a solid form 
energy bands. only those in the outer-
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most. valence orbital. The inner elec­
trons. being more tightly bound to the 
nucleus and screened from the environ­
ment by the valence electrons. are little 
affected by the presence of neighboring 
atoms. With synchrotron radiation both 
the band structure of the outer electrons 
and the once inaccessible. higher-energy 
spectrum of the core electrons can be 
explored.  

There are two main approaches to­
solid-state spectroscopy . They have in 
common the illumination of the speci­
men with a high-intensity beam of pho­
tons that is partly absorbed. partly re­
flected and. if the sample is thin enough 
or transparent enough. partly transmit­
ted. In one mode the reflected or the 
transmitted photons are detected. In the 
other mode electrons emitted by the ma­
terial following photon absorption are 
collected and analyzed. 

A typical experiment in photon spec­
troscopy measures reflectivity: the ratio 
of the incident radiation to the reflected 
radiation for a range of wavelengths. 
From the reflectivity data the probabili­
ty that an electron in the solid will ab­
sorb a photon and be excited to some 
more energetic final state can be deter­
mined. The difficulty comes in decipher­
ing the resulting calculated absorption 

. . 
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spectruni. since neither the initial state 
nor the final state is known. only the 
energy difference between them. 

Additional information on the elec­
tronic structure of solids comes from 
studies of the electrons ejected from the 
surface of an illuminated material. For 
most substances the threshold for pho­
toelectron emission (analogous to the 
ionization energy in atoms) is in the ul­
traviolet. and synchrotron radiation 
greatly facilitates the recording of a 
spectrum. In one type of experiment. in 
which a tunable source is indispensable. 
the energies of the incident photons and 
of the' detected electrons are scanned 
simultaneously. The resulting spectrum 
indicates the distribution of final states. 

An electron knocked loose from a sol­
id can convey information about its ini­
tial state only if it escapes from the solid 
without being deflected by other atoms. 
For this reason photoelectron spectros­
copy is particularly useful in studies of 
surfaces: it probes the outermost atomic 
layers. Surfaces are even more compli­
cated systems than bulk solids. since the 
periodicity of the lattice is disrupted. 
Surfaces contaminated with adsorbed 
atoms and molecules and clusters of 
molecules are still more difficult to de­
scribe. Measurements of photoelectron 
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ABSORPTION SPECTRUM of molecular nitrogen (N2) was mea­
sured with synchrotron radiation. The sharp peaks and troughs at 
the far left represent transitions between electronic energy levels 
within individual nitrogen atoms; the continuous absorption at high­
er energies results from ionization. The series of small bumps in tbe 

curve at about 23 electron volts is caused by rotational and vibra­
tional excitations of tbe diatomic molecules. Tbe dots are individual 
absorption measurements made witb line-emission sources of radia­
tion. Tbe detailed structure of tbe absorption spectrum is apparent 
only in continuous measurement made with synchrotron radiation. 
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emIssIon have revealed profound 
changes in optical properties as a clean 
surface is progressively covered with an 
atomic monolayer. 

Absorption spectra for solids can be 
I\. measured in the traditional way­
by determining the ratio of transmitted 
to incident radiation-just as they are 
for gases. The near-opacity of the solids 
complicates the measurements and re­
quires that the specimens be thin-a few 
hundred angstroms in thickness. 

At ultraviolet and X-ray wavelengths 
the absorption spectra of solids have 
characteristic "edges, " where a thresh­
old for the excitation of an inner-shell 
electron is crossed.  Some of these edges 
are very sharp,  that is, the absorption 
changes drastically for a small change in 
wavelength. When such an edge is ob­
served with a high-resolution instru­
ment, it is possible to detect the small 
changes in the state of the core electrons 
that result from changes in the configu­
ration of the surrounding atoms. These 
effects can be seen only with synchro­
tron radiation, since no other source of 
illumination provides a sufficiently in­
tense continuum. 

So far the capabilities of synchrotron 
radiation have been exploited mainly at 
ultraviolet and low-energy X-ray wave­
lengths. The storage rings at SPEAR 
and DESY give access to higher-energy 
X rays, and recently several investiga­
tors have devised techniques for em­
ploying them. Among these techniques 
is the investigation of X-ray-absorption 
fine structure, which recovers from the 
absorption spectrum information about 
the scattering of photoelectrons by at­
oms in the lattice surrounding the elec­
tron's site of emission [see "The Analy­
sis of Materials by X-Ray Absorption, " 
by Edward A. Stern; SCIENTIFIC AMERI­
CAN, April. 1 976] . 

Further afield, synchrotron radiation 
promises to transform the technology 
employed in making integrated circuits. 
These microelectronic devices are made 
by etching successive layers of circuitry 
into a wafer of silicon or another semi­
conductor material. The pattern of the 
circuitry is defined by illuminating a 
photoresist through a "mask," or stencil ; 
the exposed portions of the resist can 
then be washed away . 

Present barriers to further reductions 
in the size of integrated circuits arise not 
from the requirements of the circuit ele­
ments themselves nor from the limita­
tions of mask-making. The minimum 
size is set by diffraction effects that blur 
the pattern exposed through the mask. 
At visible wavelengths the resolution is 
inherently limited to somewhat more 
than 1 0,000 angstroms. By exposing the 
resist with synchrotron radiation at a 
wavelength of 20 angstroms, the resolu­
tion of the pattern can approach 100 
angstroms, an improvement by a factor 
of 1 00. 

X-RAY LITHOGRAPHY employing synchrotron radiation brings high resolution to the fab­
rication of microelectronic devices. The pattern of the circuitry for such a device is laid down 
by exposing a light-sensitive resist through a stencil. At visible wavelengths diffraction would 
blur any circuit element smaller than about 10,000 angstroms. In the device depicted here the 
thinnest lines are about 100 angstroms wide. The pattern shown is part of a memory device 
that manipulates regions of reversed magnetic polarity. The exposure was made at DESY by 
Eberhard A. Spiller and his colleagues of the International Business Machines Corporation. 

The same photoresist can also be em­
ployed in a novel system of X -ray mi­
crography . A specimen. perhaps of a 
biological structure, is placed on a uni­
form field of resist and exposed to short­
wavelength synchrotron radiation. The 
specimen is then removed and the resist 
is etched.  The relief pattern remaining is 
a three-dimensional graph of the X-ray 
absorption of the specimen. 

The most reliable indication of the sci­
entific community' S  interest in syn­

chrotron radiation is that the demand 
for the facilities has outrun the supply. 
Plans have been formulated for improv­
ing existing machines and for building at 
least two new storage rings that would 
be dedicated entirely to generating syn­
chrotron radiation. 

The electron-positron storage ring at 
SPEAR now has two synchrotron-radi­
ation ports, split so as to serve eight ex­
perimental stations. They are intended 
primarily for work at higher-energy X­
ray wavelengths. It is now planned to 
add seven beam lines serving 14 addi­
tional experimental positions. More­
over , a new electron-positron storage 

ring, called PEP,  is now under construc­
tion near the SPEAR ring. When PEP 
begins operating in 1980, a major share 
of the operating time at SPEAR is ex­
pected to be set aside for synchrotron­
radiation research. 

At the Synchrotron Radiation Center 
of the University of Wisconsin, where 
Tantalus I now operates, the building of 
a new storage ring to be called Aladdin 
has been proposed.  The machine would 
provide both higher energy (750 MeV) 
and higher intensity, and it wo uld have 
from 30 to 40 radiation ports. 

Finally, an entirely new synchrotron­
radiation facility , with two storage 
rings, has been proposed for the Brook­
haven National Laboratory. A compar­
atively small ring, operating at 700 
MeV, would generate synchrotron radi­
ation at wavelengths ranging from the 
ultraviolet through low-energy X rays. 
High-energy X rays would be produced 
in a larger storage ring with a maxim um 
energy of 2.5 billion electron volts. The 
Brookhaven installation, to be called the 
National Synchrotron Light Source, 
would have a total of almost 50 beam 
lines. 

4 1  

© 1977 SCIENTIFIC AMERICAN, INC



Microbial Life in the Deep Sea 
How is the metabolism of microbes influenced by the high pressures 

and low temperatures of the deep-sea environment? The question is 

investigated by experiments on the sea floor and in the laboratory 

by Holgee W.Jannasch and Carl O. Wiesen 

E
ver since the pioneering oceano­

graphic expedition of the Chal­
lenger in 1872 it has been known 

that life can be found down to the great­
est depths of the ocean. This means that 
the biosphere, the thin layer at the 
earth's surface where life exists, is 99 
percent seawater. The total plant pro­
duction and recycling of organic matter 
on land exceeds that in the sea, but the 
fact remains that every day large quanti­
ties of organic materials produced in 
surface waters sink to the ocean floor. 
The populations of animals and micro­
organisms in the deep water depend en­
tirely on these materials for their exis­
tence. The microorganisms, particularly 
bacteria, are ubiquitous in the deep sea. 
It seems likely that their important role 
in the conversion of plant and animal 
remains back into inorganic materials is 
similar to that on land. The fertility and 
biological prod uctivity of the oceans de­
pend on these processes, and so does 
man's involuntary or voluntary utiliza­
tion of the sea as a dumping ground for 
organic wastes. 

The environment of the deep sea is 
characterized by extremes. Virtually no 
light penetrates the ocean below 200 
meters. Thus no photosynthetic orga­
nisms can grow at greater depths. Ex­
cept for a few specific areas, the temper­
ature of all the oceans falls to within a 
few degrees above freezing within the 
first several hundred meters. With each 
10-meter increase in depth the pressure 
exerted by the surrounding water in­
creases by about one atmosphere (14.7 
pounds per square inch). 

To place the bacteria in perspective 
within the world of living cells it should 
be kept in mind that they have the basi­
cally simple organization of prokary­
otes. In the eukaryotic cells of higher 
organisms, which seem to have evolved 
only some 700 million years ago, the 
genetic material that will be passed on to 
the next generation is segregated in the 
cell nucleus. In prokaryotic cells, which 
are thought to be more ancient and 
primitive, there is no membrane-en­
closed cell nucleus and the genetic mate-

42 

rial is distributed throughout the cell. 
All bacteria and certain primitive plants 
(the blue-green algae, also known as 
cyanobacteria) are prokaryotes. These 
organisms are among the oldest-known 
forms of life on the earth. 

Bacteria are characteristically single­
celled organisms, which generally re­
produce by cell division. Some have 
dormant stages that are capable of "rest­
ing" in a state of suspended animation 
for long periods. Whether bacteria are 
active or resting they are able to survive 
great extremes of pressure and tempera­
ture. There are a great many physiologi­
cal types of bacteria, each making its 
living by different metabolic pathways 
in the oxidation and reduction of organ­
ic and inorganic materials. 

Bacterial life in the deep sea is not easy 
to study. When bottom sediments 

or deep-water samples are brought to 
the surface and small quantities of suit­
able nutrients are provided. profuse bac­
terial growth usually occurs. In the labo­
ratory. of course, these bacteria are nor­
mally cultured free of the constraints of 
low temperature and high pressure that 
were present in their original environ­
ment. The first laboratory experiments 
designed to subject such deep-sea orga­
nisms to the same pressures that are 
found at various ocean depths were con­
ducted in the late 1940's by Frank H. H. 
Johnson of Princeton University and 
Claude E. ZoBell of the Scripps Institu­
tion of Oceanography. Culturing their 
bacteria inside pressure vessels, they 
found that increased pressures adverse­
ly affected both the metabolism of the 
bacteria and the activity of isolated bac­
terial enzymes. They also found, howev­
er, that the bacteria were not all affected 
equally: the degree of barotolerance, or 
pressure tolerance, varied greatly from 
one bacterial culture to another. 

These ..experiments and similar ones 
had an obvious drawback: in being 
brought up from the deep sea the bacte­
ria had to be decompressed before their 
normal environmental pressure could 
be restored. Today, with the develop-

ment of new approaches to high-pres­
sure technology and deep-sea reconnais­
sance, this problem can be faced square­
ly. Heretofore when deep-sea bacteria 
arrived in the laboratory, the samples 
had been decompressed by several hun­
dred atmospheres for various periods of 
time. This kind of decompression, nor­
mally fatal to any higher organism, did 
not seem to affect many of the bacteria 
adversely. At least some of them flour­
ished once they were provided with nu­
trients in the laboratory. 

The fact that these mixed bacterial 
populations had been decompressed 
nonetheless raised a number of ques­
tions. Were the bacteria that thrived in 
the laboratory equally active in the deep 
sea? Were there some kinds of bacteria 
that had failed to survive decompres­
sion? Such bacteria might be specifically 
adapted to life in the deep sea. Bacterial 
adaptations of this type are familiar 
with respect to extremes of temperature. 

Bacteria that can grow well at low 
temperatures are called psychrophilic, 
or cold-loving. They do not, however, 
grow faster at low temperatures than 
other nonpsychrophilic bacteria do at 
higher temperatures. They are simply 
able to tolerate low temperatures at 
which other bacteria do not grow. They 
may not survive room temperature, and 
when they are being isolated and cul­
tured from cold seawater, the tempera­
ture must be kept below 18 degrees Cel­
sius at all times. 

Barotolerant bacteria might behave 
similarly, that is, decompression might 
prove fatal to them. This might apply 
particularly to those bacteria that have 
been described as barophilic, or pres­
sure-loving. These organisms would 
grow faster at high pressure than at nor­
mal atmospheric pressure. To search for 
evidence of such an adaptation seemed 
a worthy endeavor. 

To mount the search at first appeared 
to require such a large investment in 
complex apparatus as to be unattainable 
in the foreseeable future. Such at least 
was our conclusion until an incident in 
1968 suggested a fresh approach. In that 
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RESEARCH SUBMERSIBLE Alvin placed and retrieved most of 
the experiments described in this article. Seen here at the start of a 

TWO DEGRADATION EXPERIMENTS are shown in progress at 
a depth of 1,830 meters. The four compartments of the Plexiglas box 
(front) are baited with organic materials. Screens with mesh of dif-

dive, the vessel can descend as far as 3,700 meters. The experimental 
equipment is carried in the basket that is attached to the vessel's bow. 

ferent sizes restrict deep-sea animals' access to the bait. The cylindri­
cal rack (rear) contains 20 bottles filled with nutrient. When the bot­
tles are on the bottom, they fill with seawater containing microbes. 
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year the Alvin, a deep-sea research sub­
mersible that was entering its third year 
with the Woods Hole Oceanographic In­
stitution, was being readie'd for a de­
scent about 100 miles south of Nantuck­
et Island when it accidentally sank in 
1,540 meters of water. The pilot and two 
scientists escaped, but they had left their 
box lunch aboard for an unintended ex­
periment. 

Outlined in a grant application, the 
experiment might have been titled "A 
Study of the Biodegradation of Selected 
Organic Materials in the Deep-Sea En­
vironment." The applicant could have 
described the apparatus as a plastic con­
tainer designed to exclude all organisms 
but microscopic ones and could have 
listed the test samples as including car­
bohydrates, proteins in both solid and 
liquid form, fats and a sample of intact 
plant material. In translation this means 
that the box lunch consisted of bouillon, 
a bologna sandwich with mayonnaise 
and a dessert of apples. When the Alvin 
was brought to the surface 11 months 
after sinking, the box lunch was in a 
remarkably good state of preservation. 
It was refrigerated at once and held at 
the equivalent of deep-sea temperature: 
three degrees C. Within a few weeks the 
food had spoiled. 

The unintended experiment led to ob­
servations that were intriguing but 

not yet conclusive. More important, it 
gave rise to a fresh thought: with little 
difficulty we could conduct similar ex­
periments under reproducible and rigor­
ously defined conditions. It would only 
be necessary to attach packages of sam­
ples to the mooring lines used in various 
ongoing experiments in physical ocean-

� 
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� 

ography. We could allow the contents of 
the packages to incubate for periods 
ranging from two to six months at 
depths as great as 5,300 meters. The 
bacterial growth and metabolic activity 
supported by the various organic nutri� 
ents in each package would take place 
not in the laboratory but under the nor­
mal deep-sea conditions of low tem­
perature and high pressure. When the 
mooring lines were retrieved, we could 
determine the growth and extent of 
metabolic activities of the incubated 
bacteria by measuring the quantity of 
nutrients consumed or converted during 
immersion. 

We pursued this experimental strate­
gy, submerging packages that contained 
various pure cultures or natural popula­
tions of bacteria in association with sol­
id or liquid nutrients of different kinds. 
For each submerged package we pre­
pared a duplicate control package that 
was incubated in the laboratory at tem­
peratures that matched the temperature 
of the water surrounding the submerged 
package: from two to 3.5 degrees C. The 
control packages were incubated at nor­
mal atmospheric pressure. 

One of the nutrients we used was fresh 
fish meat, a complex and highly degrad­
able material. The meat decomposed 
much more slowly at a depth of 5,300 
meters than the control samples did in 
the laboratory. Other materials in the 
packages included agar (the product of 
certain marine algae), chitin (the princi­
pal component of the external skeleton 
of many marine invertebrates), gelatin 
(a proteinaceous nutrient) and starch (a 
carbohydrate). By using radioactively 
labeled nutrients we were also able to 
make quantitative measurements. For 

example, labeling with radioactive car­
bon enabled us to accurately determine 
the bacterial cells' incorporation of car­
bon from carbohydrates. from amino 
acids and from fatty acids and also to 
measure the amount of carbon dioxide 
produced by respiration. The rate of 
metabolism of the bacteria incubated in 
deep water was in each instance far low­
er than the rate of the controls incubated 
in the laboratory; in many instances it 
was 100 times lower. 

The bacteria used in our initial experi­
ments were collected from surface 

waters. We expected to obtain data of 
even greater interest if our experiments 
involved only bacteria that lived under 
deep-sea conditions and were possibly 
adapted to them. To that end we de­
signed a somewhat more elaborate ap­
paratus. We used bottles that contained 
sterile nutrients and were sealed with a 
rubber stopper. Each stopper was perfo­
rated with a slit, which remained tightly 
closed after the bottle had filled on the 
deep-sea floor. 

The bottles were placed in a pressure­
proof aluminum housing (a cylinder 
with a removable lid. fitted with a valve 
that could be opened from the outside). 
One or more of the housings were then 
carried by the Alvin to two permanent 
deep-sea bottom stations, located in the 
Atlantic off Cape Cod at a depth respec­
tively of 1,830 and 3.640 meters. Once 
the Alvin was on station at the bottom 
the pilot used the submersible's mechan­
ical arm to open the valve on the hous­
ing. letting it fill either with seawater or 
with a slurry of water and bottom sedi­
ment. The pressure at these depths 
forced the water or the slurry through 
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DEEP SEA, water 1,000 meters or more deep, underlies 88 percent 
of the surface area of the world ocean and includes 75 percent of the 

total volume. The highly productive surface layer, 200 to 300 meters 
deep, and abyssal water below 6,000 meters add little to total volume. 
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the slits in the rubber stoppers. thereby 
inoculating the nutrients in the bottles. 
The equalization of pressure inside and 
outside the housing after it was filled 
made it possible for the Alvin's mechani­
cal arm to remove the housing lid. lift 
out a rack holding the bottles and depos­
it it on the ocean floor. On the next visit 
to the deep-sea station the bottles were 
retrieved for analysis on board ship. 

The results of these in situ experi­
ments. which made it possible to con­
duct growth studies in the absence of 
decompression. were surprising. After 
incubation periods ranging from two to 
15 months the deep-sea bacteria were 
found to have utilized the supplied nu­
trients at about the same low rate that 
bacteria from the surface had. No baro­
philic bacteria appeared to have been 
active. As for barotolerant bacteria. as 
distinct from barophilic ones. there 
seemed to be no more of them among 
populations of deep-sea origin than 
there were among the bacteria present in 
the surface waters. 

Reviewing our experimental design. 
we could still see two disadvantages that 
might be overcome. First. our system 
gave us only a single end-point measure­
ment of the organisms' metabolic ac­
tivity rather than day-by-day measure­
ments; thus it could not tell us whether 
the rate was constant throughout the pe­
riod of incubation. Second. the abrupt 
equalization of external and internal 
pressures when the valves of the alumi­
num housings were opened exposed 
some of the entering bacteria to pressure 
shock and high shear forces. It was clear 
that we should eliminate both disadvan­
tages in future experiments. We saw 
only one way to do so: to develop a ves­
sel that would gently collect deep-sea 
bacterial populations and keep them un­
der both in situ pressure and in situ 
temperature on their return to the labo­
ratory. where respiration and nutrient 
uptake could be measured day by day. 

The design of such a vessel appeared 
difficult at first. but Clifford L. Winget 
and Kenneth W. Doherty. Woods Hole 
engineers experienced in the develop­
ment of deep-sea apparatus. came to 
our aid. The first deep-sea sampler was 
completed and successfully used in 
1973. We now have two samplers in op­
eration; one can retain pressures of up 
to 200 atmospheres (a maximum sam­
pling depth of 2.000 meters) and the oth­
er pressures of up to 600 atmospheres 
(a maximum sampling depth of 6.000 
meters). 

To collect the bacteria we lower the 
sampler at the end of a cable; when it 

reaches the desired depth. a "messen­
ger" weight is released and travels down 
the cable. The weight strikes a lever that 
opens the filling valve. The cylindrical 
interior of the sampler is divided in two 
by a plate perforated by a fine orifice 

DEEP-SEA BACTERIA, collected at a depth of 4,400 meters with a sampler having a fine fil. 
ter membrane, appear as elongated ovoids and thin threads in this scanning electron micro. 
graph. The irregularly spaced holes are the pores of the filter. Granules that are interspersed 
among the hacteria are artifacts of fixing process. Bacteria are magnified some 20,000 times. 

45 

© 1977 SCIENTIFIC AMERICAN, INC



that acts as a flow-snubbing device. 
Above and below the dividing plate are 
two free-floating pistons. Before the fill­
ing valve is opened the upper piston 
rests against the top of the cylinder. sup­
ported by a column of sterile fresh wa­
ter; the lower piston rests against the di­
viding plate. supported by a cushion of 
pressurized nitrogen gas. 

When the filling valve is opened. the 

pressure differential and shear forces on 
the entering seawater are at once elimi­
nated by the incompressibility of the 
fresh water passing through the flow­
snubbing orifice. The rate of descent of 
the piston is predetermined by the set­
ting of the flow snubber in the dividing 
plate. which admits the water into the 
lower half of the cylinder. The entering 
water pushes the lower piston down. 

compressing the cushion of nitrogen 
gas. After about 20 minutes a liter of 
deep-sea water has entered the Teflon­
lined top of the sampler cylinder and the 
pressure of the gas cushion in the lower 
section of the sampler has equalized 
with the outside pressure. A check valve 
then closes and the sampler is hauled 
aboard and moved into a cold room 
where the deep-sea temperature is main-

DEEP-SEA MICROBIOLOGICAL SAMPLERS include two steel 
vessels (left and right) capable of retaining the pressure of samples of 
seawater taken respectively at depths of up to 2,000 and 6,000 me­
ters. The pressures at those deptbs are approximately 200 and 600 at­
mospberes. The two vessels also serve as incubators when nutrients 
are added by means of a transfer unit (top of vessel at left); tbe sea-

water sample enters the vessel througb a triggering intake mecha­
nism (top of vessel at right). A more elaborate sampler (center) has a 
filter that concentrates the water's microbial content. The transfer 
unit on top of the sampler is used to withdraw part or all of tbe con­
centrated sample while maintaining deep-sea pressures. Mecbanical 
details are sbown in the illustrations appearing on the next two pages. 
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tained. The function of the gas cushion 
is to prevent a loss of pressure due to the 
expansion of the vessel, the compression 
of O-rings and the attachment of pres­
sure gauges. 

At this point time-course experiments 
on nutrient uptake and respiration un­
der pressure are begun. The sampler is 
now used as an incubation chamber 
equipped with a magnetic stirrer. Sub­
samples of as much as 13 milliliters con­
taining radioactively labeled nutrients 
are added and withdrawn simultaneous­
ly by a simple transfer unit. Prior to be­
ing attached to the incubation chamber 
the transfer unit is entirely filled with 
liquid medium: a nutrient medium or 
sterile seawater. When the connecting 
valves are opened. the slight compressi­
bility of this medium is easily compen­
sated for by the nitrogen-gas cushion in 
the lower section of the incubation 
chamber. The single piston in the trans­
fer unit is then moved by a hand-operat­
ed crank from one side to the other. so 
that the liquid medium is introduced 
while an equal volume is withdrawn. 
After the connecting valves have been 
closed the subsample in the transfer unit 
is decompressed and used for analysis. 
This procedure is repeated hourly. daily 
or at longer intervals. A control popula­
tion is studied at normal pressure. 

With two such samplers we are able to 
obtain two samples of deep-sea bacteria 
during a cruise. but only two. To in­
crease our sampling efficiency we devel­
oped a system for the in situ concentra­
tion of samples by filtration and for the 
subsequent storage of the concentrated 
samples in specially designed transfer 
units. In this new filter sampler three lit­
ers of water passes through a fine filter 
membrane. concentrating the contained 
microorganisms and particles 200 times 
to a volume of 15 milliliters. 

Because of technical difficulties in 
deep-sea studies single observations 
cannot easily be verified or substantiat­
ed by repeated observations. As a result 
they often receive more attention than 
their actual significance merits. To be of 
value the data must be reproducible and 
backed up by meaningful controls. The 
advantage of the filter-sampler system 
thus lies in its acceleration of the data­
gathering process. 

The results of our laboratory work 
with deep-sea samples over the past two 
years have in general supported the find­
ings of our earlier in situ incubation 
experiments. That is to say. the high­
pressure and low-temperature environ­
ment of the deep sea has the same effect 
on undecompressed deep-sea bacterial 
populations as it does on bacteria col­
lected at the surface. When the deep-sea 
populations were relieved of the high­
pressure constraint of their normal envi­
ronment. their metabolic activity gener­
ally increased. In other words. although 

MICROBIOLOGICAL SAMPLER is lowered by winch to collect samples of seawater at 
depths of up to 6,000 meters and pressures of up to 600 atmospheres. A central plate divides 
the sampler into two cylinders; an orifice in the plate (1) acts as a flow snubber. Before the 
intake of a sample the upper of two free-floating pistons (black) is at the top of the upper cyl. 
inder, supported by a column of fresh water; the lower piston is also at the top of its cylinder, 
supported by pressurized nitrogen gas. When the intake (not shown) is opened, admitting a 
sample of seawater, the upper piston slowly descends as the fresh water is forced into the lower 
cylinder (color). The lower piston descends reciprocally, compressing the nitrogen gas until its 
pressure is equal to the outside pressure. A check valve then closes, and the sampler is hauled 
back to the surface. The sampler is sufficiently insulated to maintain the temperature of the 
sample at a deep.sea value pending refrigeration of sample on board ship. Transfer unit (2) al· 
lows withdrawal of portions of the sample or introduction of nutrients without loss of pressure. 
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FILTER SAMPLER, also designed to hold samples at pressures of up to 600 atmospheres, con­
centrates ZOO-fold microorganisms and particulate matter present in a three-liter sample of 
seawater by passing the incoming sample through a fine membrane filter (1). A single-piston 
system with a flow-snubbing device resembling that in the non filtering sampler similarly pre­
vents pressure shock and eliminates high shear forces during the acquisition of the sample on 
opening the intake (not shown). A special transfer unit (2) is equipped with small gas cushions 
(a, b) that prevent loss of pressure during prolonged storage. Some or all of the concentrated 
sample is withdrawn into one or more pressurized transfer units and is stored at deep-sea tem­
perature on board ship. On return to port the samples are transferred to pressurized incubation 
chambers. The system allows sterilization and reuse of filter sampler many times on a cruise, 
since as many samples may be taken as there are pressurized transfer units to retain them. 
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the degree of baroto1erance among the 
bacteria varies, no genuinely barophilic 
responses have been recorded in these 
studies. 

Does this mean that no such bacteria 
exist? Not necessarily. for two reasons. 
First. it is likely that a barophilic re­
sponse would depend on the kind of 
nutrient supplied. For example. one of 
our labeled nutrients is acetate. and our 
most recent data show metabolic activi­
ties with this nutrient that are quite dif­
ferent from those with two other nutri­
ents: glutamate and a mixture of amino 
acids. This observation needs to be fol­
lowed up. Second. all the samples tested 
so far have been mixed natural popula­
tions of bacteria. When one considers 
how many of these bacteria might be 
surface forms that have reached the 
deep sea by sedimentation. it is conceiv­
able that in spite of their low metabolic 
activity their large numbers conceal the 
activities of a smaller pressure-adapted 
population in residence. The final word 
on whether or not truly barophilic bac­
teria exist can only be said after we are 
able to study pure cultures of isolated. 
undecompressed deep-sea strains. 

The fishes and invertebrates (such as 
crustaceans and starfish) that inhabit the 
deep sea feed on the fragmented car­
casses of other marine animals. Some of 
the more resistant fragments. such as 
chitin. can only be digested. however. 
with the aid of bacterial enzymes. This 
led us to speculate that the gut of deep­
sea animals may constitute an ecologi­
cal niche peculiarly suited to barotoler­
ant or barophilic bacteria. J. A. Allen 
and Howard L. Sanders of Woods Hole 
found that the gut of mollusks from 
deep-sea habitats is considerably larger 
than that of their shallow-water coun­
terparts. This observation lent weight to 
our notion of the gut as a special bacteri­
al niche. Therefore over the years we 
have tested the microorganisms from 
the gut contents of various deep-sea ani­
mals. both mixed populations of bacte­
ria and pure cultures from single isolat­
ed bacteria. to see if any might be baro­
philic. The responses of these bacteria. 
however. amounted only to various de­
grees of barotolerance. They were simi­
lar to the responses of bacteria obtained 
in samples of deep-sea water and bot­
tom sediments. 

This result is not necessarily surpris­
ing. because much of the microscopic 
life in deep-sea sediments may well stem 
from the gut bacteria in the feces of 
browsing deep-sea animals. These stud­
ies do not conclusively rule out the exis­
tence of barophilic bacteria. The final 
answer must await studies with pure cul­
tures of undecompressed bacteria. 

That animals as well as bacteria con­
tribute substantially to the decom­

position of organic debris in the deep sea 
was a fact well known to us but one we 
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SEA WATER MICROBES, collected from natural populations found 
in surface waters, were tested for carbon uptake (black) and respira­
tion (color) under varying conditions of pressure and temperature. 

Both high pressure and low temperature affected activity. Pressure 
affected carbon uptake more than it did respiration. Temperature in­
duced a pronounced lag in metabolism and a lower metabolic rate. 

did not specifically study. The incuba­
tion devices used in our experiments ex­
cluded any organism larger than 100 mi­
crometers in diameter. We therefore 
thought it would be useful to compare 
the contribution to the total decomposi­
tion made by both bacteria and larger 
decomposers. One apparatus for this 
purpose consisted of an array of vertical 
plastic tubes. Each tube was divided 
into four compartments, each of which 
was accessible from the outside by way 
of a circular hole. We filled the compart­
ments with a variety of nutrients such as 
agar, starch and gelatin, placed the 
tubes in racks and deposited the racks on 
the sea floor. With the aid of a baffle the 
rack was positioned so that the lower 
two compartments of the tubes were 
buried in the bottom sediment but the 
upper two were not. 

After an incubation period of 12 to 15 
months at our bottom stations the tube 
racks were retrieved. The exposed nutri­
ent surfaces had been colonized by bac-

teria but showed very little bacterial de­
composition. This was particularly true 
of the nutrients incubated in the tube 
compartments that had been below the 
surface of the bottom sediment. Where 
the access hole of a compartment was 
flush with the sediment surface or en­
tirely exposed to seawater above the 
sediment, however, the nutrient surface 
bore extensive marks of animal feeding. 
Several compartments had actually 
been invaded by small mollusks (specifi­
cally bivalves) and by marine worms 
(polychaetes). Although such evidence 
was only semiquantitative, it clearly in­
dicated that the feeding activity of deep­
sea animals proceeded quickly. 

This fact has also been demonstrated 
by workers at the Scripps Institution of 
Oceanography. John D. Isaacs has dem­
onstrated by means of time-lapse pho­
tography that fishes appear soon after a 
bait has been placed on the deep-sea 
floor and that they consume the bait 
within days if not hours. Robert R. 

Hessler has observed the same quick 
response among crustaceans in deep­
sea trenches. where fishes appeared to be 
absent. 

To compare animal feeding with nu­
trient conversion in bacteria, however. 
is to confuse behavior with metabolism. 
Studies with bacteria enable us to mea­
sure directly the effect of deep-sea con­
ditions on metabolic processes. Unlike 
even the simplest invertebrates, bacteria 
have neither a nervous system nor any 
complex patterns of behavior. Further­
more, they exhibit virtually no individu­
al variations within a population. These 
attributes make bacteria unique among 
all organisms as a subject of quantita­
tive, rep rod ucible physiological experi­
ments. 

Studies of animal metabolism, as dis­
tinct from animal behavior, are more 
difficult to conduct and to interpret. 
Some preliminary results suggest that 
these advanced organisms are not en­
tirely immune to the effects of high pres-
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sure. By catching a deep-sea fish in a 
Plexiglas trap on the ocean floor Ken­
neth L. Smith of the Scripps Institution 
was able to determine that the rate of its 
oxygen uptake in deep water was lower 
by two orders of magnitude than the 
rate of a shallow-water fish of compara­
ble size. There is the possibility that the 
response of the fishes to being confined 
in a trap may have affected their meta­
bolic rate. 

Sanders and J. Frederick Grassle of 
Woods Hole have studied the fauna of 
the deep sea for many years and have 
concluded from various criteria. such as 
the low number of eggs produced and 
the apparent longevity of individual ani­
mals. that life processes in the deep sea 
must be slower than those in shallow 
water. This coincides with an observa­
tion made by Karl K. Turekian of Yale 
University. who has calculated from the 
ratios of isotopes in the shell of a small 
deep-sea bivalve that it was about 100 
years old. Close relatives of this clam in 
shallow water are rarely older than two 
or three years and are never older than 
10 years. It can be generally concluded 
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that the life processes of animals as well 
as bacteria may be slower in the deep 
sea than they are in shallow water. 

An interesting exception to this gener­
al picture is the observation made by 
Ruth D. Turner of Harvard University 
on wood-boring bivalves. which depend 
entirely on wood as a nonmarine food 
source. The rates of growth of such bi­
valves in the deep sea are similar to 
those of bivalves in shallow waters. 
Rather than following a survival strate­
gy of energy saving and longevity of the 
individual organism. these organisms 
appear to consume their food source 
rapidly for the maximum production of 
progeny in the form of enormous quan­
tities of eggs. In order to ensure the sur­
vival of the species a maximum produc­
tion of progeny is a better strategy than 
the conservation of a rare resource. Dis­
persing eggs in enormous quantities im­
proves the chance that at least some of 
the individuals in later generations will 
encounter another piece of wood and 
live to reproduce in their turn. 

By analogy barophilic metabolism of 
bacteria may be considered an unfavor-
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METABOLIC ACTIVITY of an undecompressed natural population of microbes collected at 
a depth of about 3,000 meters (color) was measured in the laboratory at the corresponding pres­
sure of about 300 atmospheres. A control population (black) was measured at normal atmo­
spheric pressure. Both populations of microbes were maintained at the deep-sea temperature 
of 3.5 degrees Celsius, and both were given a nutrient labeled with radioactive carbon. Respira­
tion (broken line) and carbon uptake (solid line) are expressed as percentages of the nutrient 
utilized. Population that was kept under deep-sea pressure was 64 times slower in carbon up­
take and 11 times slower in respiration than population that was kept under normal pressure. 
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able evolutionary adaptation under con­
ditions of low food supply. This argu­
ment does not hold. however. in cases 
where the survival of a species is based 
not on the growth efficiency and longev­
ity of the individual cell but on the rapid 
production of large numbers of proge­
ny. Compared with the elaborate food­
finding and food-gathering capabilities 
developed in highly evolved organisms. 
the bacteria's only way to adapt to the 
environmental conditions of the deep 
sea appears to be the acquisition of bar­
otolerance and psychrotolerance. 

There is little information on what 
and how much material produced in 
surface waters reaches the deep sea. 
Small particles of organic matter sink so 
slowly we have good reason to assume 
that most of their readily degradable 
content has been removed before they 
arrive on the bottom. The least decom­
posed and therefore the most nutritious 
foods that reach the ocean floor must be 
large. fast-sinking objects such as fish 
carcasses. The principal scavengers of 
such material are not bacteria but ani­
mals. because of the animals' ability to 
locate food sources with their highly de­
veloped sense of smell. They are then 
able to move quickly to the scene and to 
ingest the food. Their feces. however. 
serve to spread the remnants of the or­
ganic matter across the sea floor. mak­
ing the nutrients available both to the 
smaller. immobile animals and to the 
microorganisms that live in the bottom 
sediments. 

There is also a continuous rain of fe­
cal pellets produced by the zoo­

plankton. These pellets are enveloped in 
a film of slime covered by bacteria that 
can grow on materials that cannot be 
digested by the zooplankton. On their 
long voyage to the deep sea the pellets 
may be eaten several times. and each 
time the bacteria. as producers of digest­
ible food materials. are stripped off. 
How much organic matter is actually 
reaching the deep sea in this way is cur­
rently being studied with the aid of sedi­
ment traps. A particularly important 
function of bacteria in the food chain is 
their conversion of dissolved organic 
matter into bacterial cells. that is. into 
small food particles that can be con­
sumed by filter-feeding animals. 

In all these instances the primary pro­
ducers. as the first link in the food chain . 
are plants. A variation on this theme. so 
far unique. was discovered early this 
year during a dive by the Alvin off the 
Galapagos Islands in the southeastern 
Pacific. The submersible was exploring 
certain submarine springs at a depth of 
about 2.700 meters along the Galapa­
gos Rift. In the immediate area of the 
springs the crew observed an unusually 
dense population of large clams and 
other filter-feeding animals. The water 
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DEEP-SEA INCUBATION of nutrient-filled bottles, inoculated 
with seawater and deposited on tbe ocean floor for between two 
months and a year, produced this record of microbial activity. Seven 
separate nutrieuts, four labeled with radioactive carbon, were treated 
in one or more of the following ways: inoculation at 200 meters fol­
lowed by incubation at 5,300 meters (colored bar), inoculation at 200 
meters followed by incubation at 1,830 meters (black) and inocula­
tion at 1,830 meters followed by incubation at the same depth (gray). 

As experimental controls duplicate samples of seawater were added 
to the same nutrients in the laboratory and were incubated under nor­
mal pressure at a temperature of three degrees C. The metabolic ac­
tivity of the natural populations of microbes incubated on the sea 
floor is expressed as a percentage of nutrients utilized based on un­
pressurized control populations over same period. The populations' 
responses varied greatly, but on the average deep-sea populations' 
activity was only 2.8 percent of that of the unpressurized controls. 

near the springs had a milky appear­
ance. and the water samples the Alvin 
carried back to the surface for analysis 
showed varying concentrations of dis­
solved oxygen and hydrogen sulfide. 

The observations suggest that a phe­
nomenon well known in shallow-water 
environments is taking place here in the 
deep sea: bacteria are getting the energy 
they need for their life processes from 
the metabolism not of organic sub­
stances but of inorganic ones. Given the 
presence of oxygen, the bacteria are able 
to oxidize the hydrogen sulfide in the 
spring water, a reaction that releases en­
ergy. The resulting abundant growth of 
bacteria, cast now in the role of primary 
producers. leads to the profuse growth 
of filter-feeding animals and other ani­
mals up the food chain. Hence this un­
usual oasis of abundant life in a deep­
sea habitat finds its explanation in the 
fact that the primary product does not 
have to pass down from the surface to 
the sediment but is produced right on 
the spot for local consumption. 

Although this phenomenon is most 
peculiar and intriguing. the deep-sea 
floor in most other parts of the world 
ocean resembles a desert as far as the 
abundance of food is concerned. It still 
needs to be confirmed that the scarce life 
at the bottom is supported by the limited 
supply of large chunks of rapidly sink­
ing food materials. 

For years we have wanted to pursue 
this point by using a large bait. such as 
one of the whales that are occasionally 
stranded and die on the New England 
coast. If the beached carcass is large, the 
Coast Guard usually tows it out to sea 
for disposal, and we hope to arrange for 
the sinking of such a bait near one of our 
deep-sea stations. Meanwhile we have 
experimented on a smaller scale. Re­
cently we sank a sizable fish sample. 
consisting of two tunas and one large 
shark, near Bottom Station No. 2, about 
200 miles south of Nantucket. The At­
lantic here is 3,640 meters deep. A re­
coverable camera. designed by Harold 
E. Edgerton of the Massachusetts Insti-

tute of Technology. was attached to a 
cable above the bait: it made pictures at 
30-minute intervals for the next 16 days. 

Nine days after the bait was planted 
we visited the site aboard the Alvin. Both 
tunas had been half-consumed but the 
shark remained unchanged. In the vicin­
ity we observed a fair number of the 
kind of deep-sea fishes known as grena­
diers. but they were not actively feeding. 
We saw only a few small crustaceans on 
the bottom: the fishes may have been 
keeping their number low. A later look 
at the photographs made it clear that 
our visit to the bait had disturbed the 
feeding animals. The abundance of the 
scavenger population attracted to the 
bait, their diversity and even some as­
pects of their behavior have now been 
photographically recorded [see illustra­
tion on next page]. Two of our colleagues 
at Woods Hole, Richard L. Haedrich 
and Gilbert T. Rowe. are engaged in an­
alyzing this record. 

Near the bait we deposited a trap 
containing radioactively labeled fish 
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meat to capture some of the crustaceans 
that had been attracted by the big bait. If 
the crustaceans are trapped and con­
sume the labeled meat. we should be 
able to learn something about their 
metabolic rate. On the same dive we be­
gan an experiment to study decomposi­
tion processes involving organisms of 
intermediate size. The apparatus is sim­
ple: a pair of Plexiglas boxes. each with 
four compartments [see bottom illustra­
tion on page 43]. Each compartment con­
tains the same variety of solid food ma­
terials. The compartments are closed 
with nylon screen of mesh sizes from .03 
millimeter to 12 millimeters. a range 
that admits a large variety of feeding 
organisms. On this particular ll-hour 
dive we handled procedures for nine dif­
ferent experiments. 

Our experiments studying the micro­
bial activity in the deep sea began with 
the original observation on the Alvin 
box lunch and proceeded from the in 
situ incubations on deep-sea moorings 
to in situ inoculations with the aid of the 
Alvin and finally to the development of 
pressure and temperature equipment 
for more sophisticated laboratory stud­
ies. All the data obtained with natural 
populations indicated a reduction of 
metabolic activities under deep-sea con­
ditions. Compared with the elaborate 
food-finding and gathering capabilities 
developed in highly evolved organisms. 
the bacteria's only way of adapting to 
the environmental conditions of the 
deep sea appears to be their acquisition 
of psychrotolerance and barotolerance. 
The logical next step is to obtain pure 

cultures of undecompressed bacteria 
from the deep sea. since there is still the 
possibility that truly barophilic bacteria 
escape detection in our present experi­
ments. Pure cultures will also enable us 
to study the degree and nature of baro­
tolerance. Work on the molecular basis 
of pressure effects in microorganisms is 
being done in the laboratory of Joseph 
V. Landau and Daniel H. Pope at the 
Rensselaer Polytechnic Institute. Simi­
lar work with undecompressed cultures 
of deep-sea bacteria will be of much in­
terest. 

In retrospect it appears that if the Al­
vin sandwich had not been properly kept 
in a lunch box. fishes and crustaceans 
would have eaten it and microorganisms 
would not have had a chance. Nor. for 
that matter. would microbiologists. 

DEEP-SEA DEGRADATION STUDIES are seen in progress at the 
Woods Hole Bottom Station No. 2, which is at a depth of 3,640 me­
ters some 200 miles south of Nantucket Island. An automatic cam­
era makes photographs at 30-minute intervals over a 17-day period 
following the depositing on the bottom of a bait consisting of two 
tunas and a shark. This photograph was made on the 15th day; little 
is left of the tunas but the shark has not yet been touched by the scav" 
engers. Most of the fishes around the bait are grenadiers (Coryphae-
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noides armatus). The larger fish at the bottom is a brotulid (Para bas­
sogigas crassus). The round object at the upper right is the top of a 
baited trap that was set in position by the authors when they visited 
the site aboard the Alvin. It is baited with radioactively labeled fish 
meat and will admit small animals such as the scavenging crusta­
ceans known as amphipods. The retrieval of traps like this one after 
they have been on the sea floor for various periods of time will allow 
metabolic studies both of the amphipods and of their gut bacteria. 
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Direct photography by infrared alone, 1932 

But for sources cooler than 2500 C, something 
besides the right film is needed even in 1977 

If the night is completely dark and your 
roof can be directly photographed on 
infrared film, call the fire department. 

Year in and year out we get inquiries 
for thermal photography film. Sorry, but 
at wavelengths beyond 1.3 �m the 
photons continue to lack the poop to 
create a latent image. Even if we punched 
our way out of that limitation, the means 
tbat would be required to keep every­
thing else sufficiently colder than the 
subject would probably be more elabo­
rate than currently available indirect 
methods of thermal photography. 

But if your subject is not much below 
250°C (incandescence begins around 
500°C), you have good prospects for 
tonal rendition of temperature differ­
ences if you photograph in complete 
visual darkness. You'll need a sturdy tri­
pod for exposures that are as apt to run 
to hours as seconds, even if you are using 
KODAK High Speed Infrared Film 2481 

(EsTAR Base) at 1/1.9. For thermometry 
by such photography, you expose on the 
same roll of film a series of shots of a hot 
object held successively at known tem­
peratures. Then you calibrate by plotting 
density against temperature for a given 
exposure. If temperature over the subject 
ranges over more than 120°C, it is well 
to make a long exposure for the cooler 

parts and a shorter one for the hotter 
areas. With a range of 60°C or less, dif­
ferences of 15 ° C are distinguishable. 

Below 250°C, to see temperature dif­
ferences from a distance, you will need 
some kind of electronic device to put an 
image on a CRT, from which you record 
photographically. Without spending that 
kind of money, another line of our prod­
ucts can be useful in thermography right 
down to room temperature, provided the 
subject is one on which you can coat 
some washable black paint followed by a 
cholesteric liquid-crystal mixture formu­
lated to go through a series of sharp color 
changes over a given temperature range 
that can be as short as 5°C. A meaning­
ful record on color film can be obtained 
by use of a polarizing filter over the light 
source and care not to vary the camera 
and light angles between shots. 

See your regular photo supplier lor the 
film and filters. Ask Kodak, Dept. 55W, 
Rochester, N. Y. 14650 lor Kodak Publi­
cation lJ-14, "EASTMAN Liquid 
Crystal Products," if interested in that 
subject. 

Anyway, more people want to 
photograph wedding parties 
than hot chimneys 

Just now bei ng in trod uced is 
KODACOLOR 400 Film. With that 
behind a lens at 1/2 and a shutter 
operating at 1/30 sec, you can 
probably forget flash at the illu­
mination level typical of the 
American evening at home when 
not watching TV -around 5 foot­
candles. To record festivity in the 
June sunshine, use KODACOLOR II 
Film if you plan on big enlarge­
ments. You may prefer the way it 
now renders fabric colors, and 
speed has been boosted to 100 to 
make underexposure a little less 
likely while risk of overexposure 
remains generally negligible. Also 
broader now in both films is the 
tolerance for differences in spec­
tral quality of illuminants, as be­
tween daylight, fluorescents, and 
tungsten. Another improvement 
will not be noticed for a long 
time: dye stability in negatives 
kept under proper dark storage. 
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SCIENCE AND THE CITIZEN 
Deep Six Hundred 

T
he redefinition of the future role 
of the U.S. nuclear power pro­
gram implicit in President Car­

ter's national energy policy has been 
widely interpreted as a major step away 
from projections that had placed the fis­
sion process at the center of the long­
term U.S. energy budget. In keeping 
with his campaign pledge to consider 
nuclear power only as the energy source 
of "last resort" the President has evi­
dently decided to indefinitely defer 
plans for the commercial reprocessing 
and recycling of spent nuclear fuel, to 
de-emphasize the U.S. fast-breeder-re­
actor program and to redirect research 
efforts toward the investigation of inher­
ently less resource-efficient (but more 
"proliferation-resistant") alternative nu­
clear-fuel cycles and reactor designs. 

On the other hand, there are indica- . 
tions that the Carter approach to nucle­
ar power involves affirmative steps as 
well. For example, the new program 
calls explicitly for the use of "increasing 
amounts of nuclear energy," the im­
provement of the Federal program for 
evaluating national uranium (and now 
thorium) resources, the expansion of 
this country's uranium-enrichment ca­
pacity (with particular emphasis on the 
development of centrifuge technology), 
the establishment of "reasonable, objec­
tive criteria" for the licensing of nuclear 
power p

'
Iants that are based on standard­

ized light-water-reactor designs and the 
enforcement of more effective safety 
standards. Moreover, for the "tail end" 
of the nuclear-fuel cycle the Adminis­
tration's policy stresses the need for 
"more adequate storage for spent fuel 
supplies." 

On this last score the prospects for 
early success appear quite favorable. As 
Bernard L. Cohen of the University of 
Pittsburgh explains elsewhere in this is­
sue (see "The Disposal of Radioactive 
Wastes from Fission Reactors," page 
21), a satisfactory solution to the nucle­
ar-waste-disposal problem is at hand: 
there appears to be wide agreement 
among U.S. nuclear-power experts that 
no great technical or economic obstacle 
stands in the way of the long-discussed 
plan for storing the solidified radioac­
tive wastes from nuclear-power reactors 
in secure repositories some 600 meters 
underground in geologically stable rock 
formations. 

In spite of the fact that the idea of 
burying such high-level wastes in deep 
underground repositories has been sub­
jected to detailed analysis for more than 
20 years, Cohen says, "the development 
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of suitable burial sites has not gone 
smoothly." In the 1960's workers from 
the Oak Ridge National Laboratory, or­
ganized in Project Salt Vault, conducted 
a series of experiments on radiation and 
heating effects in a salt mine near Lyons, 
Kan. For a time the mine was a prime 
candidate for the site of the first Feder­
ally operated deep underground waste 
repository. Earlier oil prospecting in the 
area, however. had left many drill holes 
through the formation. and in the course 
of nearby salt-mining operations based 
on dissolving the salt in water it was 
found that a considerable amount of the 
water could not be accounted for, leav­
ing open the possibility that there might 
be cracks in the salt formation through 
which water might reach the buried 
wastes. As a result of these findings (and 
a good deal of adverse publicity accom­
panying them) the Kansas site was final­
ly abandoned and a new search was be­
gun for suitable formations. 

The most promising burial site found 
so far is in southeastern New Mexico. 
where at least three exploratory holes 
have already been drilled to study the 
characteristics of the salt beds. Last year 
a new Office of Waste Isolation. with 
headquarters at Oak Ridge, was estab­
lished by the Energy Research and De­
velopment Administration (ERDA) to 
direct the deep-burial project. Assuming 
that everything goes according to plan. 
the site is expected to be ready to receive 
its first shipments of high-level nuclear 
wastes by 1985. 

A complicating aspect of the nuclear­
waste-disposal problem is represented 
by the large quantities of radioactive 
wastes generated by the U.S. nuclear­
weapons program. High-level wastes 
resulting from the production of plutoni­
um and from various other weapons op­
erations are currently stored in compar­
atively shallow underground tanks adja­
cent to Federally operated fuel-reproc­
essing plants at Hanford. Wash .. Idaho 
Falls. Idaho. and Aiken. S.c. Because of 
the less efficient chemical-reprocessing 
techniques employed in former years. 
and because of the shorter fuel "burn­
up" time required for producing weap­
ons-grade plutonium. the military 
wastes are more than an order of magni­
tude less concentrated than the high-lev­
el wastes that would result from the op­
eration of commercial nuclear power 
plants. Moreover. the acidity of the mil­
itary wastes has been neutralized. in­
creasing their bulk and complicating the 
task of incorporating them into more 
easily disposable solid-glass cylinders. 

Since military programs are not sub­
ject to the stringent environment�l re-

views and other constraints of civilian 
programs. Cohen remarks, "the care 
taken of the military wastes has been 
something less than exemplary." For ex­
ample. in recent years there has been 
much publicity about leaks in the stor­
age tanks for liquid radioactive wastes 
at the Hanfor� site. In the 151 tanks 
there a total of 16 leaks have been dis­
covered, the largest involving the re­
lease of 115.000 gallons of waste solu­
tion, including 40.000 curies of cesium 
13 7. 14.000 curies of strontium 90 and 
four curies of plutonium. all of which 
are considered particularly dangerous 
isotopes. 

An investigation of the largest leak at 
the Hanford site has indicated that some 
of the radioactivity has gone as far as 47 
feet below the tank. leaving it still about 
120 feet above the water table in this 
arid area. The potentially troublesome 
isotopes of cesium. strontium and pluto­
nium, however. have penetrated only a 
few feet below the tank. Hydrologists 
estimate that the flow of ground water in 
the area is such that it would take water 
from directly under the burial site some 
800 years to reach the Columbia River. 
10 miles away. Owing to the phenome­
non of ion-exchange holdup. however. 
the more dangerous radioactive materi­
als would move much more slowly than 
the ground water, with the result that the 
radioactive cesium, strontium and plu­
tonium isotopes would decay to such an 
extent that even if they reached the wa­
ter table and entered the river. they 
would not be a threat to human health. 

In Cohen's view "it is difficult to de­
vise scenarios in which the leaks that 
have occurred could affect human 
health. For example. if four curies of 
plutonium 239 were to be dissolved di­
rectly into the river. one would expect 
only about .00006 curie to be ingested 
by humans. and this amount would have 
only about one chance in 6.000 of caus­
ing a single cancer. Even if the plutoni­
um were somehow to be distributed uni­
formly through the top 40 feet of soil 
(the bottom of the storage tank is 40 feet 
below ground level). and the soil were to 
be used continuously for growing food. 
there would still be only about one 
chance in 20 that a single cancer would 
ever result." 

Cohen points out that several mea­
sures have already been taken to elimi­
nate the problem of the leaking storage 
tanks. Most important. in his opinion. is 
the use of double walls. "so that if leaks 
appear in the inner wall. they can be 
promptly detected and the liquid. which 
is still contained. can be pumped out 
into standby tanks that are always avail-
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able." All the storage tanks for high-lev­
el wastes in the U.S. except the older 
ones at Hanford are double-walled. The 
military wastes are now in the process of 
being converted into a wet solid inside 
the tanks, a stratagem that will eliminate 
leakage through cracks and small holes 
such as those that caused the previous 
leaks. This solidification program is now 
more than half completed, and present 
indications are that it will be finished by 
1980. A study is currently under way to 
develop alternatives for the final dispo­
sition of the solidified material, and a 
report on the matter is due later this 
year. There is some sentiment among 
the members of the study group, Cohen 
reports, that in solidified form the 
wastes are "not sufficiently dangerous to 
warrant management equivalent to that 
planned for commercial high-level 
wastes." 

At the moment the only commercial 
high-level wastes in the U.S. are stored 
in double-walled underground tanks at 
the site of a shut-down commercial re­
processing plant in West Valley, N.Y. 

LEVY/BLACK 

•• 

CHESS 4.5/WHITE 
POSITION AFTER 26. P-QR4?? 

1. P-K4 P-QB4 23. R-QN1 N-N3 
2. N-KB3 P-Q3 24. R/B3-B1 R/B-QN1 
3. P-Q4 PxP 25. R/N-Q1 P-B3! 
4. NxP N-KB3 26. P-QR4?? P-QR4! 
5. N-QB3 P·KN3 27. P-N5 PxP/N4 
6. P-B3 B-N2 28. PxP/N5 R-QB1 
7. B-K3 0-0 29. R-03 R-B4 
8. 0-02 N-B3 30. R-N3 R/R-OB1 
9. B-OB4 P-OR3 31. R/1-B3 P-R5 

10. NxN? PxN 32. P-R4 P-R6 
11. 0·0 N-02 33. PxP PxP 
12. P-B4 N·N3 34. R·K3 B-K3 
13. B·K2 B-K3 35. P-R5 P-N4 
14. P-ON3 N-B1 36. N-05 P"R7 
15. P-OR3! 0·R4 37. R-OR3 BxN 
16. P-ON4 0·B2 38. PxB RxP/B7 
17. P-B5! B-02 39. B-Q1 R-07 
18. B-R6 0·N3 chi 40. K-R2 R-B8 
19. K-R1 0-05 41. B-N3 P-R8=0 
20. OxQ BxQ 42. RxQ RxR 
21. R-B3 B-N2 43. Resigns 
22. Bx B KxB 

Chess 4.5 (While) v. David Levy (Black) 
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The wastes there total 570,000 gallons 
in the form of a neutralized solution, 
plus 30,000 gallons of highly radioac­
tive sludge, which has settled to the bot­
tom of the tanks. In addition 12,000 gal­
lons of a different kind of waste from an 
experimental reactor is stored in a sepa­
rate tank. Periodic inspections have in­
dicated that there has been no apprecia­
ble corrosion of the .walls of the tanks, 
and a spare tank is available in case the 
inner walls of the present storage tanks 
develop leaks; Cohen concurs in the 
view that under these circumstances the 
final disposal of these wastes is not an 
urgent proble,IiU ' Nevertheless, a study 
of various alternatives for disposing of 
the West Valley wastes was published in 
1976, and a decision among these alter­
natives is pending. The costs of the vari­
ous approaches are estimated to range 
up to several hundred million 1975 dol­
lars and the delay times before perma­
nent disposal to vary between seven and 
20 years. "By then," Cohen observes, 
"the program for permanent burial of 
wastes in deep subterranean repositories 
should be in routine operation." 

Good Try 

I
n August, 1968, David Levy, then the 

chess champion of Scotland and sub­
sequently an international chess master, 
made a bet of 1.250 pounds (about 
$2,100) with four computer scientists 
that no computer would be able to beat 
him in a chess match of an even number 
of games within the next 10 years. The 
first official game was played this spring 
in Pittsburgh, when Levy sat down 
across the board from Chess 4.5, holder 
of the U.S. computer-chess title and 
generally considered to be the best chess 
program yet devised. Chess 4.5 was pro­
grammed to run on the world's most 
powerful commercial computer; the 
Cyber 176 built by the Control Data 
Corporation. After three and a half 
hours of close play and Levy's 42nd 
move the machine "resigned." The actu­
al decision to resign was made by the 
program's developers, Lawrence R. At­
kin and David J. Slate of the Computa­
tion Center at Northwestern Universi­
ty, who took turns transmitting Levy's 
moves to the Minneapolis-based com­
puter through a terminal at Carnegie­
Mellon University, where the game was 
played. 

Chess 4.5 is the latest version of a pro­
gram Atkin and Slate began developing 
in their spare time in 1969 (with early 
help from Keith Gorlen). Last summer 
the Chess 4.5-Cyber 176 combination 
won the Paul Masson Class B Champi­
onship, the first victory of a computer in 
a human tournament. In March, 1977, 
Chess 4.5 won the Minnesota Open 
Championship, in which the computer's 

opponents were ranked either Class A 
or "expert." On the official ranking scale 
a Class A player has a numerical rating 
between 1.800 and 1.999; an expert has 
a rating between 2,000 and 2, 199. The 
rating of Anatoly Karpov, the current 
world chess champion, is 2,690. Levy's 
rating is 2.325. 

The Atkin-Slate team thought the 
time had come for Chess 4.5 to chal­
lenge Levy, even though the odds of its 
winning a two-game match were reck­
oned to be no better than one in 100. The 
following account is based on an analy­
sis made by Hans Berliner, a computer 
scientist at Carnegie-Mellon and a for­
mer holder of the world correspon­
dence-chess championship. Berliner de­
scribed the moves on a demonstration 
board during the game. The players 
were required to make 40 moves in two 
hours, which are the usual conditions 
for match play. 

Levy won the toss of the coin and 
elected to play Black. Atkin informed 
the computer it was playing White and 
asked it to make the first move. The 
move was pawn to king 4 (P-K4); Levy 
responded with a variation of the famil­
iar Dragon variation, which normally 
leads to a good battle (see illustration on 
this page). In selecting its early moves 
the computer chooses from a "book" of 
standard openings stored in its memory. 
Move No. 9, bishop to queen's bishop 4 
(B-QB4), was added to Chess 4.5's book 
just before the match because a more 
familiar move (castling on the queen 
side) had occasionally given the com­
puter trouble. 

Chess 4.5's capture of Levy's knight 
on move No. 10 (NxN) was a serious 
error because it strengthened Black's 
center. Move 15 (P-QR3) was awarded 
an exclamation point by Berliner be­
cause it correctly anticipated and blunt­
ed the effect of Levy's threat in moving 
his queen to rook 4 ( . . .  Q-R4). By the 
17th move Chess 4.5 had gained a slight 
upper hand. With move No. 18, bishop 
to rook 6 (B-R6), however, Chess 4.5 
misjudged the situation and allowed the 
exchange of queens two moves later, 
considerably relieving Levy's position. 
At this point the game was even. Chess 
4.5 could have retained its advantage at 
No. 18 by moving its rook to bishop 3 
(R-B3), thereby preparing the way for a 
strong attack by moving its bishop to 
rook 6 (B-R6). 

On the 26th move Chess 4.5 made a 
grievous error (P-QR4 ??), which ruined 
its pawn structure on the queen side. 
After that the outcome was no longer 
in doubt. With 17 more moves Levy 
forced the resignation. 

At the conclusion of the regular game 
Levy and Chess 4.5 played a "blitz" 
game in which each side was allowed 
only five seconds per move. In this con-
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PO WER. 

IMSAI Introduces the Megabyte Micro: 
The Megabyte Memory 
Until today, the largest memory you could 
fit and address in a single microcomputer 
CPU was 65K. 

Now, IMSAI presents an incredible 
memory system for micros 16 times more 
powerful than yesterday's best. 

Imagine, a full megabyte of power from 
sixteen 65K RAM boards. 

And, to control all this, the IMSAI 
Intelligent Memory Manager (IMM), the 
super control board. 

You can write protect blocks through­
out the full megabyte. Or, map in 16K blocks. 

Plus, preset 16 mapping configurations 
with protect for high speed transfer or rapid 
change. 

All interrupts are fully vectored, and 
there's an interrupt if an attempt is made to 
write into protected memory. 

There's even a real "time of day" clock. 

65K, 32K and 16K RAM 
Boards 
Until today, the most memory you could 
plug into a single slot was 16K. 

Now, IMSAI presents memory boards 
in astonishing multiples of sixteen: 65K, 
32K and 16K low power, dynamic RAM 
Boards. They can be used in any S-IOO bus 
computer individually or in combination 
to form conventional systems up to 65K 
bytes. 

Every board is fast. With "hidden 
refresh" and no "wait state." 

The Complete Megabyte 
Microcomputer System 
The IMSAI Megabyte Micro™ is only part 
of the story. The full system can include 
dual floppy disks, terminals, plotters, 
printers and tape cassettes. 

1M SAl also offers the finest high level 
and peripheral software available. Paper 
tape and Tape Cassette I/O and super Disk 
Operating Systems. Plus, BASIC and Disk 
BASIC with more high level languages 
coming. 

Until today, the microcomputer's 
potential was just something you talked 
about. 

Now, you can put it to work. Powerfully. 

GENTLEMEN: SA6 
I'm power hungry! 
o Send 65K RAM Board Ki, $2599 0 Assembled $3899 
o Send 32K RAM Board Ki, $749 0 Assembled $1099 
o Send 16K RAM Board Ki, $449 0 Assembled $679 
o Send IMM ROM Conlrol Ki, $299 0 Assembled $399 
o Send IMM EROM Conlrol Ki, $499 0 Assembled $699 
o Send full catalog $1.00 

Check/MO enclosed. Amt. $ _______ _ 
Charge my: 0 BAC 0 M IC 

# __________ Exp. Da,e: __ _ 

Sig. ______________ _ 

D Send name of my nearesllMSAJ dealer 

Name _____________ __ 

Company __________ Title __ 

Address _____________ _ 

Ci'y ____________ _ 

Sla,e/Zip ____________ _ 

IMSAI Manufacturing Corporation 
14860 Wicks Blvd. 
San Leandro, CA 94577 
(415) 483-2093 TWX 910-366-7287 
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Getting 
off the 
Ground 

Man is 
taking to 

the sky 
in order to 

co m m u n icate Harris Satellite Communications Terminal 

more quickly, economically and 

reliably over long distances. 
Harris satellite communications systems 

are helping - getting the word, 

the sound and the picture to people 
all over the world. Via outer space. 
Write: Harris Corporation, ' 

55 Public Square, Cleveland, Ohio 44113. 

COMMUNICATIONS AND 
INFOR MATION HANDLING 
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test Chess 4.5 quickly gained the advan­
tage. and Levy resigned on his 38th 
move. Berliner estimates that in blitz 
chess the computer improves its rating 
by 200 or 400 points over a human op­
ponent. With the loss to Levy in the reg­
ulation-time game Chess 4.5·s first chal­
lenge was ended. Its developers now 
have somewhat more than a year to 
make further improvements in the pro­
gram and to decide whether or not to 
issue a new challenge. In the meantime 
there may be challenges from other pro­
grams. 

Unequal Time 

An Indiana judge has ruled that the use 
fl. in public schools of a biology text­
book espousing the biblical doctrine of 
special creation and denigrating evolu­
tion violates state law. the Indiana con­
stitution and the first amendment of the 
U.S. Constitution. He based his decision 
primarily on a finding that the text seeks 
to promote "fundamentalist Christian 
doctrine in the public schools" by pre­
senting creationism "as the only accept­
ed scientific theory." The book. Biology.' A 
Search for Order in Complexity, had been 
approved in 1975 by the Indiana text­
book commission and had been adopt­
ed by seven school districts. in two of 
which it was the only ninth-grade biolo­
gy textbook. The Indiana Civil Liberties 
Union. acting on behalf of a student and 
parents in one of the sole-adoption dis­
tricts. got a court order requiring a re­
hearing by the commission. which reaf­
firmed its approval of the textbook; the 
ICLU thereupon went to court to appeal 
the commission's decision. 

Judge Michael T. Dugan reviewed the 
hearing record and examined the text 
and its teacher's guide. In his decision 
Dugan quoted the book's preface to the 
effect that "it is explicit throughout the 
text that the most reasonable expla­
nation for the actual facts of biology 
as they are known scientifically is that 
of biblical creationism." The text con­
forms to that description, he found; for 
example. two chapters "are devoted to 
lengthy discussions of the fallacies and 
weaknesses of the evolution viewpoint." 
whereas "there are no chapters or pas­
sages in the text which deal critically" 
with creationism. Any idea of fairness. 
he held. "is dispelled by the demand for 
'correct' Christian answers" in the 
teacher's guide. Citing constitutional 
barriers and also an Indiana law forbid­
ding the approval of "a textbook which 
contains anything of a partisan or sec­
tarian character," Dugan reversed the 
commission's findings in approving the 
book. By not limiting his decision to the 
sole-adoption districts. Dugan appar­
ently said that no sectarian book could 
be adopted as a textbook. even if it is 

read in conjunction with another text; 
the decision presumably does not limit 
the choice of books for a school library 
or as supplementary reading in class. 

Biology: A Search for Order in Com­
plexity was published in 1974 by the 
Zondervan Publishing House of Grand 
Rapids, Mich., and has sold about 
50.000 copies. most of them in privately 
supported schools that teach fundamen­
talist Christian principles. It waS written 
and edited by members of the Creation 
Research Society and has been promot­
ed in the public schools by the loosely 
related Creation Life Publishers. The 
text has been approved by state commis­
sions in Alabama. Georgia. Oklahoma 
and Oregon; it has been adopted as an 
alternative text in Dallas. even though 
it has not been approved in Texas. 

Earlier Americans 

Tong-term archaeological studies at 
L sites in Illinois. Pennsylvania and 
California are helping to assemble vari­
ous bits and pieces of North American 
prehistory into a more coherent chrono­
logical whole. Working backward from 
the first millennium B.C .• Stuart Struever 
of Northwestern University and his co­
workers have been probing the Koster 
site in southern Illinois since 1969. Their 
excavations at this remarkably deep 
stratified site have continued to produce 
a wealth of information about residents 
of the valley of the lower Illinois River 
during some 4.000 years of the Archaic 
period. They have exposed or sampled 
more than seven successive Archaic liv­
ing floors; the earliest was apparently 
occupied in about 7000 B.C. Two even 
deeper levels have been identified. al­
though not yet dated. and the workers at 
the site have yet to reach levels that 
show no trace of human occupation. 

The people of the Archaic period. to 
judge from the remains at other New 
World Archaic sites. were hunters and 
gatherers. It has therefore been general­
ly assumed that they moved their en­
campments with the seasons. The evi­
dence at Koster, however. suggests a 
more sedentary way of life. For exam­
ple. a living floor occupied in about 
6500 B.C. contains postholes. evidence 
of the presence of timber uprights. al­
though no structural pattern is apparent. 
Levels occupied from 5000 B.C. onward. 
however. show posthole patterns clearly 
indicative of dwellings. and the remains 
of foodstuffs show the utilization of 
nonseasonal resources such as mussels 
and fish. Many of the fish were only an 
inch long; their size suggests that the res­
idents worked in groups to harvest the 
fish in local ponds. The domesticated 
dog was present at Koster. and evidently 
not just for eating. At the level occupied 
in about 6500 B.C. the excavators found 

the remains of three dogs. each of which 
had been buried in an individual grave. 

The Archaic period came to a close 
some 3.000 years ago. When did it be­
gin? The question will remain open at 
least until Struever and his co-workers 
reach the bottom at Koster. 

The culture of those who lived in 
America before the start of the Archaic 
period is known as Paleo-Indian. Its ex­
istence was not known until the second 
quarter of this century. when distinctive 
pressure-flaked projectile points were 
discovered in association first with the 
remains of an extinct bison (at Folsom. 
N.Mex .. in 1925) and then with those of 
a mammoth (at Clovis. N.Mex .. in 
1932). Since then a number of similar 
Paleo-Indian kill and butchering sites 
have been recognized. most of them 
west of the Mississippi. Only recently. 
however. has investigation revealed a 
Paleo-Indian site that was occupied suc­
cessively rather than on a single occa­
sion. 

This is the Meadowcroft site. a rock­
shelter near Avella. Pa .. where James 
Adovasio of the University of Pitts­
burgh and his associates began digging 
in 1973. Whereas the Folsom find is be­
lieved to date back to about 8000 B.C. 
and the Clovis find to about 10.000 B.C .• 
the Meadowcroft shelter was occupied 
as early as 14.000 B.C. Moreover. Ado­
vasio considers that an initial occupa­
tion date of about 20.000 B.C. is not im­
probable. 

Like similar rock-shelters in the Old 
World. the Meadowcroft site was not 
occupied continuously but evidently 
served as a seasonal way station for Pa­
leo-Indians on the move. People used 
the shelter during the Archaic period; 
their camp was occupied in about 3500 
B.C. The last Paleo-Indian visits seem to 
have been in about 9000 or 8000 B.C. 
The visitors killed game; the largest 
identified remains are those of the elk. 
They also seem to have been hardwork­
ing seed collectors: carbonized and un­
carbonized seeds representing 40 differ­
ent edible varieties have been identified. 

The oldest stone artifact yet un­
earthed at Meadowcroft is a relatively 
crude "knife" made by removing flakes 
from only one side of a chert cobble. 
Similar unifacial knives are known from 
later Paleo-Indian sites. Like many of 
the other stone tools from Meadow­
croft. the knife was made out of a kind 
of chert that is not locally available. 

What about still earlier Americans? 
One of the eight Santa Barbara Islands 
off the coast of southern California. 
Santa Rosa. has long been known for the 
remains of pygmy mammoths found 
there. Because some of the mammoth 
skulls show signs of damage. it has been 
suggested that residents of the area in 
the days when the Santa Barbara Islands 
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LET THEM GROW WITH A QUESTAR 
A child's wonder at the world about him can hold a promise, for many 
a scientist can remember that his present preoccupation with the uni­
verse began with an intense curiosity early in life. 

Such a child will learn to master many tools, and the telescope, that 
prime tool of science, should be the first. A flawless tool is an exten­
sion of the mind and hand, and a fine telescope should combine such 
mechanical and optical perfection that it can serve for a lifetime and 
never become a frustration whatever the critical job at hand. Questar, 
the very finest, is such a tool and its lovely versatility adds an extra 
dimension to many fields: astronomy, of course, but also to disciplines 
that are terrestrial in nature. Whether it will be used for research, or 
simply for the pure enjoyment of natural phenomenon, even indoors, 
perhaps, where its high powers can focus on the web-spinning of a 
house spider at a distance of ten feet, it is a gift for ever. And its easy 
portability can take it wherever one travels. 

What other tool could you buy a child that not only would enchant 
and amuse him in his early awakening, but would continue to serve 
him all his life? 

The Standard Questar with its beautiful star 
chart is shown above; at right is the Duplex 
in the leather carrying case which complements 
both models. 

QUEST�R, THE WORLD'S FINEST. MOST VERSATILE 

TELESCOPE IS PRICED FROM $925. SEND FOR OUR 
NEW BOOKLET IN FULL COlOR WITH PHOTOGRAPHS 
BY QUESTAR OWNERS. $1 COVERS MAILING ON THIS 

CONTINENT; BY AIR, TO SOUTH AMERICA, $3.00; 
EUROPE AND NORTH AFRICA, $3.50, ELSEWHERE, $4. 

Box 20G. New Hope. PA 18938 

© Questar Corporation 1976 

were part of the mainland preyed on 
these long extinct animals. What has re­
mained an open question is exactly 
when such hunts might have taken 
place. 

Recently what appeared to be a cook­
ing site on Santa Rosa was found by 
John Woolley. one of the owners of the 
island. Rainer Berger of the University 
of California at Los Angeles began to 
excavate the site in 1976 and has now 
announced the results of carbon-14 
analyses of four charcoal samples from 
a hearth that contained the leg bone 
of a pigmy mammoth. No detectable 
traces of carbon 14 were found in the 
charcoal. This suggests that the fire was 
kindled at least 40.000 years ago, the 
span of time needed for the radioactive 
carbon to have decayed to nearly the 
vanishing point. 

Berger found what are by Paleolithic 
standards rather advanced stone tools 
in the hearth area; they suggest that the 
site was used for both butchering and 
cooking. Noting that Santa Rosa repre­
sents the first association of a hearth. 
mammoth remains and human arti­
facts. Berger says he will try to apply re­
fined techniques capable of detecting 
50.000-year-old traces of carbon 14 to 
other samples from the hearth. 

The Free-Electron Laser 

Alaser reduced to its essential form is 
an electron oscillator; it works by 

inducing identical motions in a great 
many electrons. In a real laser that un­
derlying simplicity is often obscured be­
cause the electrons employed by the os­
cillator are those bound up in the intri­
cate structure of atoms or molecules. 
Now a laser has been built and operated 
in which those complications are elimi­
nated. It employs as a laser medium a 
beam of electrons in a vacuum. 

The medium of a conventional laser is 
a population of atoms or molecules that 
can be "pumped" by an external source 
of energy to an excited state. Laser ac­
tion begins when a few of the atoms or 
molecules fall to a state of lower energy 
by emitting a photon. or quantum of 
electromagnetic radiation. Some of the 
emitted photons are trapped in an opti­
cal "cavity" formed by a pair of mirrors. 
and as the photons bounce back and 
forth through the laser medium they 
stimulate other excited atoms or mole­
cules to emit radiation of the same fre­
quency and phase. Partial transmission 
by one of the mirrors allows some of the 
radiation to escape as a coherent beam . 

. When an atom absorbs or emits radia­
tion. it does so by changing the state of 
motion of a bound electron. One of the 
basic premises of quantum mechanics is 
that the electrons in an atom can have 
only certain discrete modes of motion 
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TelePhOne�_ .. 

Let a new remote control anSWerin

J1

9�C�O�m�'P�u�te=r�-;T,�he�n�e�;;::':� 
free you from your next telePhone

'1
ball. Ford Code-A-Phone 

It's a telephone answering computer. The 
Ford Code-A-Phone 1400 has the first large­
scale integration of solid-state componentry 
-a major change in telephone answering 
systems since the first mass consumer models 
appeared five years ago. This means more 
features, lower cost and greater dependability. 
Here are some of its exciting features: 

Forget about tapes There are no tapes to 
buy. The Ford unit has a special polymer­
based magnetic tape that will record over 
25,000 phone calls without replacement. 
That's over five solid years of use. There are 

.no cassette tapes to buy, wear out or replace. 
Forget about microphones When you want 

to change or record your message, just press a 
red button, record your message and let go. 
The message (any length up to 20 seconds) 
will record and be immediately ready to play­
back since the message tape does not have to 
recycle. There are no separate microphones or 
level controls since the built-in microphone 
automatically adjusts to your voice. 

Forget about touching it You can adjust 
your unit to answer on either one or four 
rings. When the unit is set on four rings and 
you reach the phone before the 1400 answers, 
you wi II not activate the unit. But let us say 
you're outside or indisposed. No problem. 
Code-A-Phone will automatically answer after 
four rings. This means that your unit can 
always be "alive" in the four-ring position so 
you never have to remember to set it when­
ever you leave your home or office. 

Forget about going home Just bring you r 
optional remote control pager with you. If 
you want your messages while you're on 
vacation or away, call your number and the 
coded pager will remotely signal your unit to 
play back all your messages. 

Forget about service If you've owned a 
telephone answering device for more than a 
year, there's a good chance that it's been in 
for service at least once. The Code-A-Phone, 
however, is solid state and built with the same 
heavy duty components used in commercial 
units. It should dependably stand up to years 
of heavy usage. (Ford I ndustries is the world's 
largest supplier of telephone answering 
equipment for the Bell system.) If service is 
ever required, there are over 200 authorized 
service centers plus a service-by-mail center. 
There's also a toll-free "Help-Line" number to 
call 24 hours a day for advice or suggestions, 
and your unit has a limited ninety day parts 
and labor warranty. ____ ........... ___ ---. 

The entire printed circuit-board with its 
integrated circuits is easily replaceable and 
contains the "Brains" required to control the 
audio amplifier and tape transport system. 

1400 answering computer_ 

PLENTY MORE FEA TURES 

Code-A-Phone has a monitor feature-you 
can listen to the caller leave his message and 
pick up the phone to intercept the call. If you 
want to skip over a message on the tape, just 
tap a button and it fast-advances to the start 
of the next call. It has a selectable erase 
feature that lets you erase a specific message 
or the entire tape if you wish. 

KNOW HOW MANY CALLS 

With other answering machines, you never 
know how many calls you receive until you 
play them back. With Code-A-Phone you have 
a call counter-a device that displays the exact 
number of calls you've received when you 
arrive home. If you now own another answer­
ing machine, you can really appreciate this 
convenient and exclusive feature. 

Hold the small pocket-sized remote-control 
pager up to any telephone in the world and 
you can playback all your messages. 

Code-A-Phone is the first really versatile 
answerer that works equally well at home or 
in the office. It's perfect for the busy or 
working housewife who spends little time at 
home. And, if she's home and just plain busy 
when the phone rings, she can always call 
back later without offending the caller. 

The executive can now leave his office, call 
from the field and get all his messages. An 
inefficient operator at a telephone answering 
service may offend your customers by putting 
them on hold. Code-A-Phone, however, takes 
your message quickly-without delay. 

There are very few people who haven't left 
a message on a telephone answering machine, 
and callers really appreciate the convenience. 

NO PHONE COMPANY TARIFFS 

Code-A-Phone is equipped with an FCC­
registered interconnect device so your unit is 
actually welcome on your phone line. The 
1400 comes with a four-pronged plug so you 
just plug it into your phone jack. If you 
don't have a phone jack, just call your phone 
company and tell them you are purchasing an 
approved Code-A-Phone and that you want a 
four-pronged jack for your phone. They'll 
know exactly what you want and charge you 
around $12 for the installation, depending on 
where you live. If you have a multi-line 
phone, they can install a jack to tie into any 
or all of the lines you wish. There are no 
additional monthly charges. 

STANDING BEHIND A PRODUCT 

JS&A lets you use the 1400 in your home 
or office for one full month. Use it to screen 
your calls, take messages while you're gone or 
as a back up system when you're busy. Use 
the remote pager and retrieve calls while 
you're out. See how easy it is to change the 
message in seconds, and see how much it 
uncomplicates your life. Use it under your 
everyday conditions at home or at your office 
and then decide after one month whether or 
not you want to keep it. If you decide to 
keep it, you'll own the best. If not, return 
your unit for a full and prompt refund. There 
is no risk. Even if you already own a phone 
answerer, it would pay for you to see how 
much better the Code-A-Phone performs. 

JS&A is America's largest single source of 
space-age products and a substantial company 
-assurance that your purchase is protected. 

The Code-A-Phone comes in two models: 
the Remote Control unit for $259.95 called 
the 1400 and the same unit without the pager 
but with all the other features for $179.95 
called the 1200. Simply select the unit you 
want and send your check for the correct 
amount to the address shown below. Credit 
card buyers may phone in their orders by 
calling our toll-free number below. (Illinois 
residents add 5% sales tax.) There are no 
postage and handling charges. 

By return mail, you'll receive a Code-A­
Phone complete with all connections and 
instructions (extra pagers are available for 
remote unit) plus your ninety day limited 
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and therefore the atom can have only 
discrete energy levels; intermediate 
states are forbidden. The atom can ab­
sorb or emit only those photons whose 
energies correspond to the difference in 
energy between two allowed states. 

Because of the constraints on the mo­
tion of electrons in atoms, most lasers 
have a single characteristic wavelength 
that cannot readily be altered. The most 
important exceptions are lasers whose 
operating medium is an organic dye, a 
molecule with a series of absorption and 
emission lines so closely spaced they 
amount to a continuum. Dye lasers can 
be tuned to any wavelength within the 
continuum. For any single dye, howev­
er, that is a comparatively narrow range. 
Moreover, dye lasers cannot radiate 
very large amounts of power. 

An unbound electron is not under the 
same constraints as an electron in an 
atom; a free electron can have practical­
ly any state of motion and any energy. 
Since an electron emits radiation when­
ever it changes its state of motion (that 
is, whenever it is accelerated), a free 
electron can radiate at any wavelength. 
That capacity for infinitely adjustable 
emission is exploited in many of the 
electron oscillators employed to gener­
ate radio waves and microwaves. The 
free-electron laser could provide the 
same ability to tune with the turn of a 
knob at optical wavelengths. 

The prototype free-electron laser was 
recently constructed by John M. 1. Ma­
dey of Stanford University and a group 
of his colleagues that includes David A. 
G. Deacon, Luis R. Elias, Gerald J. Ra­
mian, H. Alan Schwettman and Todd I. 
Smith. They report their results in Physi­
cal Review Letters. 

The heart of the laser is a supercon­
ducting magnet about five meters long 
wound in the form of a double helix 
with one turn about every three centi­
meters. The field produced by the mag­
net has the form of a corkscrew. Elec­
trons supplied by the superconducting 
linear electron accelerator at Stanford 
are directed through a vacuum chamber 
inside the magnet winding. Radiation is 
emitted when the electrons encounter 
the magnetic field, which forces them to 
follow helical trajectories. What is first 
emitted is spontaneous radiation rather 
than the stimulated radiation character­
istic of laser operation. The stimulated 
radiation appears when some of the 
spontaneously emitted photons are re­
flected and interact again with the mov­
ing electrons. 

Electrons are supplied by the acceler­
ator in "bunches" about a millimeter 
long, and the laser operates only during 
the brief intervals when a bunch of elec­
trons is within the magnetic field. Thus 
the laser emission consists of a train of 
brief pulses of light, each about a milli-
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meter long. The wavelength emitted is 
determined by the strength and geome­
try of the magnetic field and by the ener­
gy of the electrons; both of those quanti­
ties are potentially under the control of 
the experimenter. 

Laser operation was demonstrated in 
the Stanford machine with a magnetic 
field of 2.4 kilogauss and with electrons 
that had an energy of 43.5 million elec­
tron volts. The resulting laser radiation 
was at a wavelength of 34, 170 ang­
stroms, in the infrared region of the elec­
tromagnetic spectrum. The average 
power of the external radiation was .36 
watt, but that low power mainly reflects 
the fact that the laser was off most of the 
time (between bunches). The peak radi­
ation field within the laser cavity was 
about 500 kilowatts. 

The main reason for interest in the 
free-electron laser, beyond its elegant 
demonstration of physical principles, is 
the convenience with which it can be 
tuned over a broad band of wave­
lengths. Operation at short wavelengths 
is limited by a req uirement for ever dens­
er bunches of electrons, but wave­
lengths as short as 1,200 angstroms 
could probably be attained in a machine 
that could be built today. Such 'a ma­
chine would be a source of intense, 
monochromatic radiation that could be 
tuned at will to virtually any wavelength 
in the infrared, in the visible spectrum or 
in the ultraviolet. 

Burning Question 

Adurable legend has it that in 2 12 B.C., 
during the siege of Syracuse by the 

Roman consul Marcus Claudius Mar­
cellus in the Second Punic War, the de­
fenders set fire to a Roman fleet by fo­
cusing the sun's rays on the wooden 
ships by means of a burning mirror that 
had been designed by Archimedes. 
Since the 17th century, when the proper­
ties of burning mirrors became better 
known, scholars in nearly every genera­
tion have been moved to prove or dis­
prove the legend. In a recent issue of the 
journal Technology and Culture D. L. 
Simms has reexamined the available 
historical and technical facts to try to 
determine whether or not the legend 
could be true. 

According to Simms, the earliest 
known unequivocal statement that Ar­
chimedes set fire to the Roman ships by 
focusing the sun's rays on them is a sin­
gle sentence written by Anthemius of 
Tralles 700 years after the event. An­
themius refers only to the "unanimous 
tradition that Archimedes used burning 
mirrors to burn the enemy fleet a bow­
shot off." Neither the historian Polybius 
(who wrote when some of the combat­
ants at Syracuse were still alive) nor 
Livy and Plutarch (who wrote in great 

detail about Archimedes' role in the 
siege of Syracuse) mention any form of 
fire employed as a weapon in the battle, 
let alone fire started by a burning mir­
ror. "The historical evidence for Archi­
medes' burning mirrors is feeble, con­
tradictory in itself," writes Simms. 
"Very late authorities for the story are 
unreliable, while the standard and con­
temporary [authorities are] silent." 

Simms also questioned whether or not 
Archimedes had enough information 
available to him to design a burning mir­
ror that would work. Assuming that the 
mirror would have been large enough to 
gather enough solar energy for the pur­
pose, it would have to have had a para­
bolic form and a focal length of some 
100 or 150 feet in order to focus a hot 
spot on a ship a bowshot away. More­
over, the focal length would probably 
have had to have been variable, or else 
the hot spot could not have been focused 
on a ship long enough to set it afire un­
less the ship accidentally happened to be 
precisely in range and standing still. The 
only known way of building a large mir­
ror with a variable focus is to have an 
array of small flat mirrors, the position 
of which can be adjusted to in effect cre­
ate a surface with any desired curvature. 
Even if Archimedes had been able to 
construct such a mirror, he would have 
had no way to calculate the radiant flux 
at a given distance from the mirror; the 
concepts necessary for such a calcu­
lation did not exist. The fact remains 
that smaller burning mirrors were well 
known at the time. At best, however, 
evidence that Archimedes had enough 
information to make the weapon work is 
inconclusive. 

Simms next investigated how effective 
a properly designed large burning mir­
ror would have been in battle by exam­
ining the conditions under which con­
centrated sunlight will ignite wood and 
start a continuing fire. (The sails of the 
ships would not have been a target be­
cause they were furled when the ships 
were attacking or at anchor.) Under the 
most favorable conditions a stationary 
block of wood at the exact focus of a 
long-focal-length mirror takes at least 
30 seconds to ignite. In other words, it is 
difficult to see how a burning mirror 
could have been kept focused on the 
damp material of a ship long enough to 
set it afire. A much more efficient proce­
dure would have been to hurl pots of 
flammable material onto the deck. 

"Thus there are ample historical. sci­
entific and military grounds for con­
cluding that Archimedes did not use a 
burning mirror as a weapon of war," 
Simms writes. "As a weapon of war the 
burning mirror was of little value, and 
the probability of being able to use it 
was far too low for any mathematician 
to risk. " 
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BOK GLOBULE known as Barnard 335 forms an apparent hole in 
the sky in this photograph made by Bart J. Bok with the 90-inch re­
flecting telescope of the Steward Observatory of the University of 
Arizona. Such objects, first recognized as a class by Bok, are isolated, 
compact, geometrically regular interstellar clouds of dust and gas. 
"Barnard" refers to Edward Emerson Barnard, who made extensive 
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photographic surveys of dark interstellar clouds in the early part of 
the century. Bok globules are not uniformly opaque. They usually 
thin out away from a dense core, so that stars can shine through their 
outer regions. Barnard 335 is some 1,200 light-years away from the 
solar system and is about two light-years in diameter. The mass of 
gas in it is estimated to be more than 25 times the mass of the sun. 
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Bok Globules 
They are spherical clouds of interstellar dust and gas that show 

up against a background of stars or of luminous gas. The evidence 

suggests that they are collapsing and may be stars in the making 

T
he expression "interstellar space" 
evokes a vast emptiness. Indeed, 
the stars of our galaxy are separat­

ed by distances almost impossible to 
comprehend on the level of everyday 
experience. For example, in the vicinity 
of the sun the mean distance between 
neighboring stars is some three light­
years, or about 17 trillion miles. More­
over, the space between the stars is a 
vacuum exceeding any achieved on the 
earth. It is, however, a lumpy kind of 
vacuum. Scattered among the stars of 
our galaxy are huge, mostly nonlumi­
nous clouds of thin, dusty gas. Although 
such clouds make up less than 10 per­
cent of the total mass of the galaxy, they 
are a dynamic and important compo­
nent of it, not least because they are the 
raw material out of which new stars are 
made. By studying the interplay of phys­
ical processes observed in interstellar 
clouds astronomers hope to better un­
derstand the sequence of events that 
ultimately gives rise to stars. More 
broadly, they hope to clarify the basic 
physical mechanisms that govern the 
behavior, composition and evolution 
of the interstellar medium. 

This discussion will focus on a class of 
interstellar clouds known as Bok glob­
ules. Such objects can be defined as in­
terstellar dust clouds that are compact, 
fairly opaque, isolated and regular in 
form. They are named after Bart J. Bok, 
the Dutch-American astronomer who 
more than 30 years ago drew attention 
to them as a distinct class of interstellar 
clouds and who suggested their possible 
status as the precursors of stars. Al­
though the present evidence tends to 
confirm the correctness of Bok's original 
and in some ways daring conjecture, it 
has become clear over the past few years 
that the most conspicuous sites of star 
formation are not globules but the mas­
sive molecular clouds associated with 
the bright clouds of diffuse ionized gas 
known as H II regions. Thus astronomi­
cal interest in Bok globules as sites of 
star birth has somewhat declined. The 
globules are increasingly recognized, 
however, as an important source of in-

by Robert L. Dickman 

formation about the more highly con­
densed states of the interstellar medium. 

Bok globules are the smallest and 
most regular structures known in the in­
terstellar medium. Their apparent lack 
of a strong internal energy source, such 
as a recently formed cluster of hot 
young stars, greatly limits the range of 
physical processes the astrophysicist 
needs to consider in trying to understand 
them. Lacking an internal energy 
source, Bok globules are among the 
coldest objects in interstellar space: 
most are only about 10 degrees Kelvin 
(10 degrees Celsius above absolute 
zero). Hence they are nearly ideal sub­
jects for comparison with theoretical 
cloud models, the highly simplified rep­
resentations of essential cloud physics 
that astrophysicists construct to test 
their understanding of interstellar proc­
esses. 

Let me begin by placing the Bok glob­
ules against the large-scale backdrop of 
our galaxy, the aggregation of some 100 
billion stars that includes the sun as a 
minor member. The forces of self-gravi­
tation and rotation have confined the 
bulk of the stars in the galaxy to a flat­
tened spiral disk roughly 100,000 light­
years across. Except for a bulge at the 
center the disk is only 600 to 1,200 light­
years thick. The solar system lies in the 
galactic disk about two-thirds of the 
way out from the center, so that we per­
ceive the disk from the inside as the 
Milky Way, the luminous band in the 
night sky produced by the light of mil­
lions of stars too faint to resolve with the 
unaided eye. 

Since the interstellar medium has 
mass, it is subject to the same forces of 
gravity and rotation that have shaped 
the galaxy. It is therefore hardly surpris­
ing that the interstellar clouds are also 
largely confined to the galactic disk. The 
clouds consist mainly of hydrogen, but 
they also contain a small admixture of 
tiny solid particles: the interstellar dust. 
This comparatively insignificant trace 
of dust, which represents less than 1 per­
cent of the total mass of the interstellar 
clouds, dims and reddens starlight pass-

ing through the clouds in much the same 
way that dust in the earth's atmosphere 
dims and reddens the light of the setting 
sun. If  a cloud is dense enough, it will 
totally block the passage of starlight and 
create what seems to be a hole in an 
otherwise rich field of stars. 

The Detection of Dark Clouds 

For a dark interstellar cloud to be de­
tected by optical methods three condi­
tions must normally be satisfied. First, 
the cloud must contain enough dust 
along the line of sight to noticeably di­
minish the number of stars seen through 
it. Second, since the reduction in the 
number of stars seen through the cloud 
can be judged only in relation to the 
background density of stars in regions 
immediately adjacent to it, the cloud 
must be in a part of the sky where the 
number of stars per unit area is large. In 
general the smaller and less absorptive 
the cloud one hopes to detect is, the rich­
er the stellar background must be in or­
der for one to be confident that the dimi­
nution in star numbers is caused by dust 
absorption and not merely by a statisti­
cal fluctuation in the stellar background. 
Third, the cloud must be fairly close to 
the solar system (for practical purposes 
within about 3,000 light-years); other­
wise there may be too many stars lying 
in front of the cloud for its detection to 
be certain. 

The optical detection and study of 
small interstellar dark clouds therefore 
calls for long-exposure photography 
with large telescopes. Only such an ap­
proach is capable of bringing out the 
large number of faint stars that are a 
prerequisite for detection. This restric­
tion applies to most interstellar dark 
clouds but not to all. A few complexes 
of interstellar gas and dust are so large 
and so opaque that they can easily be 
seen with the unaided eye. Indeed, they 
were surely apparent to ancient astrono­
mers, although their true nature could 
hardly have been appreciated. The most 
prominent opaque complex for those 
who live in the Northern Hemisphere is 
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DIFFICULTY OF IDENTIFYING DARK INTERSTELLAR CLOUDS is demonstrated 
in tbis pbotograpb, reproduced from a negative print, of a region in tbe constellation Ursa 
Major. Since tbe region is remote from tbe central plane of our galaxy, tbe density of stars is 
low. Beverly T. Lynds of tbe Kitt Peak National Observatory bas called attention to tbe star­
poor region witbin tbe wbite rectangle and bas raised tbe question of wbetber tbe region repre­
sents a dust cloud or merely a statistical fluctuation in tbe stellar background. Sbe bas conclud­
ed tbat tbe presence of a cloud is bigbly unlikely. Tbe conclusion is supported by tbe absence of 
detectable radio emission from carbon monoxide molecules, wbicb are invariably associated 
witb clouds of dust and gas. Pbotograpb, wbicb was made witb 48-incb Scbmidt telescope on 
Palomar Mountain, is copyrigbted by National Geograpbic-Palomar Observatory Sky Survey. 

the Great Rift in Cygnus. a chainlike 
complex of dark clouds that more or 
less continuously obscures a narrow 
band of the Milky Way as it runs 
through the constellations Cygnus and 
Aquila. 

Even though these densest and dark· 
est states of interstellar matter were 
probably the first known manifestations 
of the, interstellar medium. they have 
been slow to receive detailed scientific 
examination, Even with the rapid ad­
vances in photographic astronomy be­
ing made in the late 19th and early 20th 
centuries there was for many years a 
vigorous debate over the nature of the 
"holes in the heavens" graphically re­
vealed by long-exposure photography. 
Although some astronomers readily ac· 
cepted the reality of obscuring clouds 
of interstellar matter. others steadfastly 
maintained that the "holes" were pre­
cisely that. empty spaces somehow torn 
in the stellar background, The intensity 
of the debate early in this century is vivo 
idly apparent in the writings of the 
American astronomer Edward Emer­
son Barnard. With his German con­
temporary Maxmilian Wolf. Barnard 
shares the principal honor of founding 
the photographic study of dark interstel­
lar clouds as a branch of observational 
astronomy. Although he was early con­
vinced of the reality of the structures he 
had carefully photographed and stud-
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ied. there is an undercurrent of caution 
in his many publications on the subject. 
He did not explicitly commit himself (in 
print) to the reality of his "dark mark­
ings" until 1919. 

The notion of actual holes torn in the 
stellar background by mysterious forces 
was gradually laid to rest early in this 
century as it became clear that the sharp 
boundaries of many dark clouds would 
be quickly obliterated by random stellar 
motions if they were truly empty spaces. 
Simultaneously the concept of a wide­
spread. largely nonluminous. dust-bear­
ing interstellar medium was rapidly 
gaining currency. The existence of ab­
sorptive interstellar matter had been 
suggested as far back as early in the 19th 
century by the Russian astronomer 
Friedrich G. W. Struve. The idea was 
decisively confirmed in the late 1920's 
by the work of the American astrono­
mer Robert J. Trumpler. The resulting 
picture of a ubiquitous and largely dif­
fuse distribution of obscuring matter in 
the galaxy explained much. including 
the progressive dimming and reddening 
of stars and star clusters with increasing 
distance from the earth and the appar­
ent concentration of other galaxies in 
regions of the sky away from the plane 
of the galaxy (since most of the dust lies 
close to the plane of the galactic disk). 
The character of dark clouds as unu­
sually dense and well-localized objects 

embedded in a more diffuse interstellar 
medium was also becoming clear. 

Cold interstellar gas has few observa­
tional "signatures" in the optical region 
of the spectrum. but early in this cen­
tury indirect evidence had gradually ac­
cumulated to suggest that significant 
amounts of gas are intermixed with the 
interstellar dust. Bright nebulas were 
known to be composed of gases such as 
hydrogen. helium. carbon. oxygen and 
nitrogen. In addition spectral absorption 
lines due to calcium and sodium atoms 
lying along the line of sight to certain 
distant stars had been discovered. Thus 
by the time Trumpler had established 
the presence of interstellar dust the exis­
tence of interstellar gas was already 
firmly accepted. although its precise re­
lation to the dust. particularly in dark 
clouds. was not well understood. The 
study of the gas component of the inter­
stellar medium expanded rapidly in the 
early 1950·s. when it became feasible to 
construct sensitive radio receivers capa­
ble of detecting the characteristic 21-
centimeter emission line of atomic hy­
drogen. 

This spectral line is produced when 
the spin axis of the hydrogen atom's sin­
gle electron flips 180 degrees with re­
spect to the spin axis of the atom's nucle­
us (a proton) and emits a photon with a 
wavelength of 21 centimeters. In 1945 
H. C. van de Hulst of the University 
of Leiden had predicted that since hy­
drogen is the most abundant element in 
the universe. widespread 21-centimeter 
emission might be observable with radio 
telescopes equipped with sensitive re­
ceivers. His hypothesis was strikingly 
confirmed six years later. when Harold 
I. Ewen and Edward M. Purcell of Har­
vard University first detected interstel­
lar emission from atomic hydrogen. 

The Molecular Approach 

With that profound discovery investi­
gations of the two components of the 
interstellar medium. the gas and dust. 
rapidly began to merge. In 1955 A. E. 
Lilley of Harvard produced a definitive 
study of the quantitative relation be­
tween the two components. By survey­
ing large and comparatively diffuse ar­
eas of dust obscuration (very dark 
clouds were generally excluded) he 
showed that along any given line of sight 
in the galaxy the ratio of the abundance 
of atomic hydrogen to that of dust 
was remarkably constant. Surprisingly. 
however. when efforts were made to ex­
ploit the 21-centimeter line as a probe of 
the darkest parts of the interstellar me­
dium. very little atomic hydrogen could 
be detected. 

Accurate estimates of the dust con­
tent of dark clouds could be made. part­
ly as a result of refinements in statistical 
star-counting techniques worked out by 
Bok in the 1930·s. If "Lilley's law" ap­
plied to dark clouds. radio receivers of 
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only modest sensitivity should have eas­
ily detected the accompanying hydro­
gen. Yet beginning with a study made by 
Bok and his co-workers at Harvard in 
1955 it was realized that in dark nebulas 
the abundance correlation between dust 
and atomic hydrogen either failed or 
was weakly negative. Hence the pros­
pect of having a direct probe of the inte­
rior of dark nebulas seemed to collapse. 

How was the failure of the correlation 
to be explained? The answer, which did 
not fully emerge until late in the 1960's, 
is that the hydrogen is there but in mo­
lecular rather than atomic form. The 
hydrogen molecule, H2, has no promi­
nent spectral signature analogous to the 
21-centimeter line that is capable of 
penetrating the earth's atmosphere, and 
so its presence or absence has been near­
ly impossible to establish. Moreover, it 
was soon realized that in any dark cloud 
of more than modest opacity the hydro­
gen atoms must rapidly coalesce into 
molecules. 

There are essentially two reasons 
why. One reason has to do with the fact 
that left unshielded in interstellar space 
a hydrogen molecule is quickly dissoci­
ated into two hydrogen atoms by the 
ultraviolet radiation that permeates the 
galaxy. The d ust within a dark cloud, 
however, tends to screen out the dis­
ruptive radiation. Even more impor­
tant, molecular hydrogen is itself quite 

opaque to ultraviolet radiation. There­
fore when a small amount of it forms in 
a dark cloud, the interior of the cloud is 
well shielded against ultraviolet pho­
tons. The other reason is that the forma­
tion of the hydrogen molecules is pro­
moted by the dust itself. Molecules of 
hydrogen are not simply formed by the 
collision of two hydrogen atoms. A 
third body, such as a grain of dust, is 
needed as a formation site. Hydrogen 
atoms occasionally stick to dust grains 
after collision and are able to move 
around on the grain surface. When two 
atoms on the grain surface come togeth­
er, they release energy that is taken up 
by the grain. The hydrogen molecule 
thus created can be ejected from the 
grain surface by thermal evaporation. 

If hydrogen in the darkest clouds is 
virtually all in molecular form, how can 
conditions in the interior of such clouds 
be investigated? Moreover, since only 
nearby dark clouds can be identified by 
optical techniques, how can the distribu­
tion of dark clouds in the galaxy as a 
whole be studied? There is a solution to 
such problems. Dark clouds contain 
traces of molecules other than H2 that 
have spectral lines detectable by mod­
ern radio-telescope receivers. The new 
specialty of molecular astrophysics has 
provided the key needed to unlock the 
interior of dark clouds and also to reveal 
their large-scale distribution. 

It is now apparent that the same con­
ditions giving rise to the conversion of 
hydrogen atoms into molecules also fa­
vor the production of other molecules: 
carbon monoxide (CO), formaldehyde 
(H2CO), carbon monosulfide (CS), hy­
drogen cyanide (HCN) and considera­
bly more complex molecular species. So 
far more than 30 different molecules 
have been detected in the denser parts of 
the interstellar medium. The majority of 
them are confined to clouds of exceed­
ingly high density and are not observed 
in Bok globules. Carbon monoxide, the 
commonest molecule after H2, is less 
abundant than H2 by a factor of about 
10,000. In spite of the great scarcity of 
carbon monoxide and the other less 
abundant molecules, they serve well as 
the radio probes needed for the system­
atic study of dark clouds. 

This, then, is the picture of the inter­
stellar medium as we now perceive it. A 
small fraction of the medium exists in 
the form of luminous, largely ionized 
and tenuous gas: the H II regions, pro­
duced by the proximity of the gas to hot 
young stars with a copious output of ul­
traviolet radiation. The rest of the inter­
stellar medium is about equally divided 
between clouds in which the gas is most­
ly un-ionized atomic hydrogen and dens­
er, more opaque clouds in which the 
gas is mostly molecular hydrogen. The 
more opaque clouds can be divided into 

DIFFUSE BOK GLOBULE Barnard 2SS lies within the white rec­
tangle in this negative print. Although the cloud contains less dust 
and gas than most Bok globules do, it stands out rather clearly be­
cause it is in a star-rich region. If Barnard 255 happened to lie in tbe 
region of the sky shown in the illustration on the opposite page, it 

would be nearly impossible to detect visually. It could be detected, 
however, by the weak radio emission from carbon monoxide, pro­
vided, of course, one knew where to look in the first place. This photo­
graph was also made with the 48-inch Schmidt telescope and is copy­
righted by National Geographic-Palomar Observatory Sky Survey. 
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two convenient but somewhat arbitrary 
types. confusingly termed molecular 
clouds and dark clouds. Both types of 
clouds are dense and dark. but molecu­
lar clouds are distinguished by their 
large size (some are tens of light-years 
across). high central density and large 
mass (some have a mass many thousand 
times greater than that of the sun). Mo­
lecular clouds are nearly always associ­
ated with H II regions. and they take 
their name from the rich array of molec­
ular species that can be detected in 
them. Dark clouds are generally small­
er. less dense. less massive and are usu-

ally not associated with bright emission 
nebulosity. In general dark clouds ex­
hibit a wide variety of shapes: chainlike. 
ribbonlike. crenelated and so on. It is 
within this diverse group of objects that 
the Bok globules find their niche. 

Defining a Globule 

What justifies singling out the Bok 
globules as a distinct class of dark 
clouds? When Bok and E. F. Reilly first 
called attention to the globules in 1947. 
they were seeking clouds that might be 
identified with the earliest stages of star 

COMPLEX OF DARK CLOUDS appears in this negative print of a region in Scorpius. AI. 
though the picture was made in the red part of the spectrum, which maximizes penetration of 
dust, cloud structures stand out clearly. The two globules within the rectangle appear to have 
been pinched off from the elongated dust cloud. This photograph was also made with 48·inch 
Schmidt and is copyrighted by the National Geographic-Palomar Observatory Sky Survey. 
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formation. Their search was guided by 
two principal criteria. First. they looked 
for regions of substantial optical opaci­
ty, produced by a concentration of dust 
and gas within a fairly small volume. 
Second. they looked for regions that 
were apparently round enough to sug­
gest that the forces of self-gravitation 
had begun to operate as a prelude to the 
collapse of the cloud and the ultimate 
formation of stars. 

Bok and Reilly identified two types of 
interstellar dark clouds that seemed to 
satisfy the two criteria. The first and 
more readily studied group consists of 
what are sometimes called larger Bok 
globules. They are highly opaque and 
roundish isolated dark clouds, many ex­
amples of which can be found in Bar­
nard's classic photographic atlas of 
"dark markings." The second group. 
about which little is yet known (in part 
because the clouds are too small to be 
studied effectively with present-day ra­
dio telescopes). consists of minuscule. 
extremely opaque condensations seen 
projected against certain H II regions. 
Their relation to their larger counter­
parts remains obscure, but it now seems 
clear that the two types of objects differ 
in more than size. 

Just because the small globules are 
seen projected against H II regions does 
not prove that the two are physically 
associated; all one can say for sure is 
that the globules lie somewhere between 
the H II regions and our telescopes. The 
assumption persists, however, that these 
small clouds of gas and dust, often only 
a few tenths of a light-year across. actu­
ally lie close to the ionized regions seen 
behind them. Recently George H. Her­
big of the University of California at 
Santa Cruz has pointed out that the 
small globules are actually not very 
spherical. High-resolution photographs 
disclose that the clouds often have a 
marked and systematic elongation. 
which strongly suggests they are being 
distorted and torn apart by the hot H II 
regions in which they are apparently 
embedded. 

As for the larger Bok globules. one 
cannot be dogmatic in describing them 
as a distinct class of dark clouds. Form 
is necessarily a fuzzy criterion when it is 
applied to the interstellar medium. and 
no interstellar cloud can be said to be 
perfectly round in appearance. More­
over. many structures that seem on ca­
sual inspection of a photographic plate 
to be highly symmetrical often reveal a 
substantial lack of circular symmetry 
when a detailed quantitative study of 
their dust distribution is made. Never­
theless. retaining the Bok globules as a 
distinct category of interstellar clouds 
remains highly useful if it is understood 
that the globules broadly encompass 
all isolated, compact interstellar dark 
clouds that exhibit a modicum of geo­
metric regularity. Such clouds can be 
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The legend continues ... 

The Mercedes-Benz 280SE Sedan: 
Heir to a Classic. 

This obvious heir to the legend� 
ary Mercede�Benz reputation 
for elegance has the look and 
size of the classic 450 Series 
Sedans - with the perfonnance 
of a most unusual fuel�injected 
6�cylinder engine. 

The 280SE ("SE" for Super Ein­
spritz, or injection) is powered by the 
only fuel-injected double-overhead 
camshaft, six-cylinder engine available 
in the United States. It uses a simpli­
fied Continuous Injection System for 
injecting fuel that offers distinct ad­
vantages over delicate electronic 
injection systems. 

The system automatically com­
pensates for weather conditions, engine 
load and altitude-and meters pre­
ci�ely the right amount of fuel to the 
engine at precisely the right instant. 

The engine to which the CIS fuel­
injection system is wedded is the 
famous 6-cy I inder Mercedes-Benz 
double-overhead camshaft power plant. 
The double-overhead camshaft con­
figuration provides smoother engine 
operation at all speeds and eliminates 
the need for push rods and lifters. 

Suspense�free suspension 
The advanced front suspension system 
of the 280SE derives from the famous 

Trunk-18.2 cubic feet of usable space. 

The 280SE: Subtle dimensions in a 6-cylinder sedan. 

C-111 high-speed research vehicle. It 280SE Sedan, the front disc brakes are 
has many advantages: Extremely pre- internally ventilated. 
cise steering control with instant The look of a leader 
:esponse, almost no tilting of the car As with all Mercedes-Benz cars, both 
In cornenng and braking, straight-line exterior and interior of the 280SE have 
control und�r.heavy braking and rough a distinctive elegance that bespeaks 
road condltlOns, and better . road- leadership. The elegance derives natu­
holding ability under all conditions. rally out of the car's engineering; it is 

Matched to the remarkable fully t' 0 ed 
· d d f 

. .  
r II no Imp s . 

In epen ent ront suspension IS a lU y 
E thO fu d I · . 
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. 
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. ./ r 
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. msm, e�sures t e . . s luxury sedan. dnver of exquIsite maneuverability 
and tautly controlled handling in any 0 road situation. ". 

Mercedes-Benz pioneered the use M�rced�s Benz 
of dual-circuit power disc brakes on all Engmeered hke no other car 
four wheels, starting in 1968. In the in the world. 
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Enlarged reproduction of an SX-70 print: Huli tribesman from the Southern Highlands of Papua, New Guinea. 

© 1977 Polaroid Corporation 
"Polaroid" and "SX-70 "iii 
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The i nstant image 
and man as art. 

Self-decoration. It is a process in which the artist becomes the work of art. For ten years, docu­
mentary photographer Malcolm Kirk has been studying that process and portraying the ways in 
which man uses his body as canvas. When Kirk flew to New Guinea to get more pictures for his 
forthcoming book, he took a Polaroid SX-70 Land camera with him. As he put it, "I wanted to make 
on-the-spot records of my subjects and jot notes on the hack of each print. But, if you take a good 

look at this enlargement, you might agree that my record -making pictures are more like record­
breaking pictures. In fact, I found their color quality so good that I'm using the SX-70 prints for my 

private collection." (Kirk will also find that, thanks to their metallized dyes, the brilliant colors 
in his collection are among the most stable ever developed in photography.) What the SX-70 did 
for Kirk, it will do for you: It will make 

I
·... n, 

ed S'v.: �Il S J-. long-lasting instant records. Beautifully. lIe r'OlarOl 'A.-'ll �Slem 
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There's at least one thing 
you can afford 

that's the very best on earth. 

American telephone service is 
the best in the world. Yet it's well 
within the reach of virtually every 
American. 

This didn't happen by accident. 
Both the quality and economy 

of your telephone service benefit 
greatly from technological innova· 
tions Bell Laboratories and Western 
Electric produce for the Bell System. 

Money Well Spent ... 

Genuine innovation doesn't 
come cheap. 

But the money Western Electric 
spends on research and develop­
ment at Bell Labs produces a lot of 
innovation. 

About 40% of what Western 
Electric makes today didn't exist 
in 1972. 

That's triple the amount of 
innovation of industry in general. 

Though such innovation costs 
a lot, it saves you money. 

... Saves You Money. 

Take long distance calling, for 
example. It's one of the few things 
that costs little more today than 
25 years ago. That's because tech­
nological improvements have helped 
hold costs down. 

For example, we have increased 
the capacity of coaxial cable systems 
from 600 simultaneous conversa­
tions in 1941 to 132,000 today. 

We've increased sevenfold 
the capacity of our major microwave 
transmission system. 

And our largest electronic 
switching system can handle four 
times the capacity of the pre­

ing and manufacturing questions at 
the forefront of technology. 

Without the intimate flow of 
information that exists between Bell 
Labs and Western Electric, many of 
our innovations would have been 
much longer in coming. 

Some might not have come at all. 

A Complex Future. 

Many future innovations will be 
even more complex, requiring even 
closer interaction. 

As part of the Bell System, 
Western Electric and Bell Labs will 
continue to put technology to work 
for you. 

So even if you can't afford the 
best of everything, you'll still 

be able to afford the 
vious system. 

Innovations like these 
involve answering engineer- @ 

best of something: 
The best telephone service 
on earth. 

Bell Laboratories/Western Electric 
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regarded as unit structures in the inter­
stellar medium. 

Gravitational Collapse 

How does one begin to assess Bok's 
conjecture that the globules are gravita­
tionally unstable objects that will ulti­
mately contract to form one or more 
stars? Given the present absence of firm 
observational evidence that stars are 
currently being born within globules 
one must proceed by evaluating the 
physical requirements for collapse. At 
first the requirements appear to be con-

ceptually simple. Suppose one knows 
the mass. radius and internal tempera­
ture of a globule. which as a first ap­
proximation can be assumed to be per­
fectly uniform and spherical. In this pic­
ture the self-gravitation of the cloud. 
which tends to compress it. depends 
only on the mass and radius of the 
cloud. The tendency toward collapse is 
resisted by the internal pressure of the 
gas in the cloud. which is produced by 
the nonzero internal temperature of the 
globule. 

Suppose now one imagines the mass 
and temperature of the cloud to be fixed 

and considers a succession of possible 
values for the radius of the cloud. Clear­
ly the larger the radius is. the weaker the 
gravitational attraction is that the con­
stituents of the cloud exert on one an­
other; the force of gravity between any 
two masses decreases as the inverse 
square of their separation. As the radius 
of the globule is made smaller. however. 
a critical value is reached below which 
gravitational attraction overpowers 
pressure. and the predominant internal 
motion of the cloud becomes collapse. 

To apply this simple picture to a real 
Bok globule therefore requires knowing 

MINUSCULE BOK GLOBULES resembling small black dots are 
sharply etched against the brilliant background of the Rosette N eb­
ula in this photograph made with the ZOO-inch telescope on Palomar 

Mountain. Because the tiny globules seem to be associated with the 
hot, ionized gas of the nebula, they may not be strictly corn parable 
to the larger Bok globules and may be in the process of disruption. 
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three characteristics of the cloud: its ra­
dius, its mass and its temperature. If 
they are known, one can readily com­
pute whether or not the radius of the 
globule is below the critical value re­
quired for collapse. One can determine 
the radius of a globule by measuring its 
apparent size on photographic plates 
and then computing the actual radius 
from estimates of the cloud's distance. 
Distance estimates for dark clouds, 
however, are usually uncertain by about 
a factor of two, which implies that there 
is a corresponding uncertainty in esti­
mates of radii. 

Mass too can be obtained from photo­
graphic plates, again with an attend­
ant margin of uncertainty. The typical 
method is to use the statistics of star 
counts to estimate the amount of dust 
obscuration produced by the cloud. 
This yields an estimate for the total 
mass of dust. One can then estimate the 
mass of hydrogen in the cloud by means 
of Lilley's hydrogen-to-dust ratio. As I 
have mentioned, the ratio appears to 
break down at the very high densities 
that exist within massive molecular 
clouds. For the gas and dust densities 
typical of Bok globules, however, Lil­
ley's ratio seems reasonably secure. In 
any case the mass derived in this way 

a 

Z 
b 

.-e� 
c 

will usually be a lower limit, since many 
globules have a totally opaque core 
whose dust content can be assigned only 
a minimum value. Thus within reason­
able limits one can obtain the radii and 
the minimum masses of globules. 

The next problem is to estimate the 
cloud's internal temperature. It  is here 
that the value of molecular-line radio 
astronomy becomes evident. Although 
there are several essentially independent 
methods of employing molecular obser­
vations to determine the gas tempera­
ture within a dark cloud, perhaps the 
most powerful procedure involves ob­
servations of the carbon monoxide mol­
ecule. 

As we have seen, carbon monoxide is 
the most widespread trace molecule in 
the interstellar medium. Its spectral line 
at a wavelength of 2.6 millimeters be­
comes readily observable under about 
the same conditions that favor the con­
version of atomic hydrogen iilto molec­
ular hydrogen. The processes that give 
rise to the carbon monoxide emission 
line are essentially simple and apply 
equally well to a number of other as­
trophysically important molecules. The 
carbon monoxide molecule can be visu­
alized as a dumbbell-shaped structure 
with a carbon atom at one end and an 

oxygen atom at the other. It is capable of 
rotating end over end around its center 
of mass. The rotation speeds of the mol­
ecule are not arbitrary, however. Quan­
tum-mechanical principles dictate that 
only certain discrete values of rotational 
angular momentum are allowed .  The 
larger the angular momentum of the 
molecule is, the larger is the energy of 
rotation. 

An isolated carbon monoxide mole­
cule in any rotational state except the 
ground state (the state of no rotation) 
will spontaneously and abruptly de­
crease its angular momentum by a suc­
cession of quanta, or discrete units, until 
it reaches the ground state. With each 
stepwise transition between adjacent en­
ergy levels the molecule emits a photon 
whose wavelength is inversely propor­
tional to its energy , thereby discharging 
the quantum of energy separating the 
two rotational states. For present-day 
radio astronomy the most important 
transition in carbon monoxide is the one 
connecting the first allowed rotation 
state with the ground state, which oc­
curs with the emission· of a photon 
whose wavelength is 2.6 millimeters. 

Molecules in all states except the 
ground state will rapidly emit photons 
and decay to the ground state. How. 

� I� � 
PHOTON 

, 

� 2 �� 

2� £��/� � t� Z 
MOLECULAR COLLISIONS AND EMISSIONS effect the exci­
tation of carbon monoxide in Bok globules and other dark clouds, 
Carbon monoxide molecules, represented by gray and white spheres, 
have angular momenta, or rotational energies (curved arrows), that 
vary in quantum steps, When the molecule drops from one rotational 
state to the next state, the energy difference appears in the form of a 
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photon. A carbon monoxide molecule can reacquire energy by colli­
sion with a hydrogen molecule (two black spheres), which loses trans­
lational energy (b). In some cases (c) the photon emitted by one car­
bon monoxide is reabsorbed by another carbon monoxide before the 
photon can escape from the cloud. The process, called radiative trap­
ping, can help to maintain distribution of excited states in gas clouds. 
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then. is it possible for interstellar clouds 
to emit 2.6-millimeter and other spec­
tral-line photons indefinitely? The main 
explanation is that thermal collisions 
between the abundant hydrogen mole­
cules and molecules of the trace chemi­
cal species continuously maintain a cer­
tain fraction of carbon monoxide and 
other molecules in elevated energy 
states. In addition before some of the 
photons emitted by carbon monoxide 
and the still scarcer molecules can es­
cape from the cloud they are often reab­
sorbed by molecules of the emitting spe­
cies that happen to lie in lower energy 
states. This process. known as radiative 
trapping. can help to maintain a signifi­
cant steady-state population of excited 
molecules. Ultimately a balance may be 
reached among all the processes of exci­
tation and radiative decay to maintain a 
steady-state distribution of the various 
molecular species at various energy lev­
els. If such a steady state is reached. the 
molecular excitation is said to be ther­
malized and accurately reflects the tem­
perature of the molecular hydrogen In 
the cloud. 

Probing a Globule 

Suppose. then. one observes a particu­
lar molecular transition. such as the 2.6-
millimeter line of carbon monoxide. 
which arises from two rotational levels 
whose steady-state populations are ther­
malized. One can then determine the 
peak gas temperature within the emit­
ting cloud directly from the intensity of 
the spectral line. provided that enough 
molecules along the line of sight are 
contributing to the observed emission. 
To meet this requirement the spectral 
line under observation must be "optical­
ly thick." It turns out that the 2.6-milli­
meter line of carbon monoxide in dark 
clouds does arise from two rotational 
levels of the molecule whose popula­
tions are usually thermalized. or very 
nearly so. partly because the compara­
tively large abundance of carbon mon­
oxide allows radiative trapping to con­
tribute strongly to the excitation of the 
molecule. Moreover. a simple test is 
available to determine whether or not a 
given carbon monoxide line is optically 
thick. 

The commonest isotopic combination 
of carbon monoxide in interstellar 
clouds is one in which the carbon nucle­
us consists of six protons and six neu­
trons (carbon 12) and the oxygen nucle­
us consists of eight protons and eight 
neutrons (oxygen 16). This form of the 
molecule is denoted 12C160. Also pres­
ent. although less abundant by a factor 
of at least 50. are molecules with a car­
bon-13 nucleus: 13C160. Because of the 
larger mass of laC160 the energies of 
its rotational states lie about 5 percent 
lower than the corresponding states 
of 12C160. Thus if a radio astronomer 
seeks to determine whether or not a giv-
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V�LOCITY (KILOMETERS PER SECOND) 

EMISSION FROM ISOTOPIC FORMS OF CARBON MONOXIDE provides clues to the 
density and motion of the gas in an interstellar cloud. The curves show the intensity of spectral 
lines from one location in the Bok globule Lynds 134. The intensity is expressed in degrees Cel­
sius above the absolute temperature of the cosmic background radiation, which is about three 
degrees Kelvin. The strongest emission is from the most abundant form of carbon monoxide, 
12C160, which consists of carbon of atomic weight 12 and oxygen of atomic weight 16. The 
next-strongest emission is from carbon monoxide containing carbon 13, 13C 160. The weak­
est emission is from the form containing oxygen 18, 12C 180. The spectra enable one to calcu­
late approximate number of molecules of each type along line of sight. Widtb of the spectral 
lines indicates tbe velocity distribution of molecules. Plus values mean gas is moving away from 
observer. Spectra were obtained by W. L. H. Shuter, W. H. McCutcbeon and M. J. Maboney 
of University of Britisb Columbia witb 4.6-meter radio telescope of Aerospace Corporation. 

en 12C160 spectral line is optically thick. 
he need only retune his receiver to a 
slightly lower frequency and attempt to 
detect a corresponding 13C160 line from 
the same location in the cloud. If strong 
emission from the rarer isotopic species 
is found. it is then certain that the 
12C 160 line is optically thick and is a 
valid index of the temperature of the 
cloud. 

I have recently employed such meth­
ods to investigate a sample of eight Bok 
globules. They range in mass from 
about 19 to more than 7 40 times the 
mass of the sun and in radius from about 
one light-year to 3.8 light-years. With 
the exception of Barnard 5, all have an 
internal temperature of about 10 de­
grees K.. which is typical of interstellar 
dark clouds. Can one draw any conclu­
sions about their gravitational stability? 
If one simply compares the observed ra­
dii of the globules with the calculated 
critical radii below which. for a given 
temperature and mass. they should col­
lapse. one finds that all eight have radii 
well below the critical value. Hence if 
radius. mass and temperature were the 
sole controlling parameters. one would 
have to conclude that these eight Bok 

globules are all in a vigorous state of 
collapse. 

One must. however. look into matters 
somewhat more deeply. We have im­
plicitly assumed that the only force ca­
pable of opposing self-gravitation in the 
clouds is thermal pressure. Thus we 
have ignored at least three additional re­
tarding agents: rotation. magnetic fields 
and hydrodynamic turbulence. Each 
alone. or two or more in combination. 
could prevent the collapse of a cloud 
even though its observed radius is much 
smaller than what we have been calling 
the critical value. 

Let us first consider the possible effect 
of rotation in preventing the collapse of 
a globule. Clearly if a cloud is spinning 
around its center of mass. centrifugal 
forces could retard or completely sup­
press its further coalescence. Among 
other things. however. the observed ge­
ometry of the globules suggests that 
substantial rotational velocities must be 
absent; otherwise the clouds would be­
come flattened and would therefore 
tend to appear more or less lens-shaped 
unless we happened to be viewing them 
along their axis of rotation. This essen­
tially qualitative argument is strongly 
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APPROXIMATE 

BOK GLOBULE 
APPROXIMATE APPROXIMATE APPROXIMATE APPROXIMATE CRITICAL 

NAME 
RADIUS MINIMUM MASS TEMPERATURE CRITICAL RADIUS ROTATION SPEED 

(LIGHT-YEARS) (SOLAR MASSES) (DEGREES KELVIN) (LIGHT-YEARS) (KILOMETERS 
PER SECOND) 

BARNARD 5 3.8 740 17 212 5.7 

BARNARD 92 1.0 24 9 13 2.0 

BARNARD 133 1.9 60 10 29 2.3 

BARNARD 134 1.6 19 9 10 1.4 

BARNARD 335 1.0 23 9 12 2.0 

BARNARD 362 1.3 33 11 15 2.1 

LYNDS 134 2.1 66 13 25 1.6 

LYNDS 1262 1.6 63 11 15 2.6 

SAMPLE OF EIGHT BOK GLOBULES investigated by the author 
shows a considerable variation in size and mass but only a narrow var­
iation in temperature. The critical radius is the radius below which a 
spherical globule of the indicated mass must collapse by self-gravita-

tion if the only countervailing force is the thermal motion of gas at 
the measured temperature. The last column shows the minimum crit­
ical speed of rotation that would have to be added to the thermal mo­
tion in order to prevent the gravitational collapse of each globule. 

supported by evidence from molecular 
radio astronomy. 

Let us assume we are observing a ro­
tating cloud whose axis of rotation is not 
perpendicular to the line of sight. Be­
cause of the Doppler effect photons 
emitted by molecules in the edge of the 
cloud coming toward us will be blue­
shifted, or increased in frequency, by an 
amount proportional to the rotation 
speed at that edge. Conversely, photons 
emitted by molecules in the opposite 
edge of the cloud. which is moving away 
from us, will be red-shifted, or de­
creased in freq uency, by the same 
amount. Therefore if we map the emis­
sion across the face of a rotating cloud, 
we will observe a systematic displace­
ment in the apparent frequency of the 
emitted lines; the total shift will be twice 
the shift at one edge of the cloud. 

Such rotation effects would be imme­
diately apparent if they were of the mag­
nitude required to prohibit the collapse 
of a cloud. For the eight Bok globules in 
my sample, however, the systematic ve­
locity shifts that might be attributed to 
rotation amount to less than about .7 
kilometer per second, or between half 
and an eighth the values needed to offset 
gravitational collapse. Therefore unless 
all the clouds in the sample happen to 
have their rotation axis tilted by more 
than about 70 degrees from the perpen­
dicular to the line of sight, which is ex­
tremely unlikely, rotation sufficient to 
prevent collapse does not seem to be 
present. 

Magnetic Fields 

It is less easy to rule out the other two 
potential retarding forces: magnetic 
fields and turbulence. The collapse-in­
hibiting effect of a magnetic field can 
be readily appreciated. If one tries to 
push like poles of two magnets together. 
their fields strongly resist compression. 

78 

The same effect could be at work in 
Bok globules, resisting the gravitational 
forces that would otherwise lead to col­
lapse. It is known that the general inter­
stellar medium is pervaded by a weak 
magnetic field. Where one can make a 
direct estimate of the strength of the 
field (generally only in diffuse clouds, 
which are far less dense than globules) 
one finds that it is typically about 
100,000 times weaker than the magnetic 
field of the earth. One would expect the 
magnetic field in a condensed gas cloud 
such as a Bok globule to be proportion­
ately greater simply because of the glob­
ule's greater density. One can show, 
however, that if globules have formed 
by gradual gravitational condensation 
out of the general interstellar medium, 
the concomitant increase in the strength 
of the magnetic field will be insufficient 
to prevent the continuing collapse of the 
globule. 

This simple picture of the initial con­
densation of Bok globules may not, 
however, be correct. One can perform a 
"thought experiment" in which the eight 
Bok globules in my sample maintain 
their mass and temperature but expand 
until their density equals that of the me­
dium out of which they presumably 
formed. Looking at it this way it is hard 
to see why they would have been gravi­
tationally unstable in the first place. 

It  is therefore quite possible that the 
globules were formed by some strong 
external compressive event, such as the 
explosion of a supernova or the passage 
of a galactic density wave. In such a 
process the weak magnetic field that un­
doubtedly threaded through the proto­
globules would have been amplified by 
the compression. If that is what hap­
pened, it is entirely possible that the in­
tensified magnetic fields, together with 
internal thermal pressure, are now dis­
persing the globules. Since there is no 
way to measure the strength of the mag-

netic field within the globules, how can 
this possibility be tested? 

Up to a point one can again invoke the 
geometry of the clouds. A strong, fairly 
regular magnetic field within the glob­
ules would tend to make them highly 
elongated objects, which they are not. A 
more quantitative argument is provided 
by recent theoretical work by T. Ch. 
Mouschovias of Princeton University 
and J. M. Scalo of the University of 
Texas. M-ouschovias has demonstrated 
that in general the amplification of a 
magnetic field in the course of the con­
traction of an interstellar cloud is not as 
strong as it was once thought to be. Sca­
lo's work indicates that a strongly inten­
sified field will slowly leak out of a dark 
cloud, a process that is accompanied by 
frictional heating of the gas as the field 
glides through it. The stronger the mag­
netic field in the globule is. the stronger 
the attendant heating must be. By calcu­
lating the contributions of the various 
heating and cooling mechanisms that 
operate within dark clouds, Scalo has 
shown that the magnetic fields present 
cannot be very strong. If  they were, the 
globules would be considerably hotter 
than the 10 degrees K. inferred from the 
molecular observations. Although these 
arguments cannot be considered conclu­
sive, they seem to place important limi­
tations on the strength of the embedded 
magnetic fields available for inhibiting 
the gravitational condensation of Bok 
globules. 

Turbulence 

Finally one must consider the role of 
turbulence. Broadly speaking, turbu­
lence refers to any irregular, eddying 
motion within a fluid. Because eddies 
must occasionally collide with each oth­
er, turbulence within a cloud will pro­
vide an additional pressure capable of 
resisting self-gravitation, and if the tur-
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New Sinclair Cambridge Programmable. 
An astonishing $29.95! 

How pocket calculators grew up 
A couple of years ago, calculators took a 

step forward . Prog rammabil ity transformed the 
slick slide-rule calculator into an advanced 
scientific machine. 

Sadly, it also transformed a cheap little 
calculating aid into a piece of capital 
investment. 

Now the all-new Sinclair Cambridge 
Programmable puts programmability where it 
belongs: in the palm of your hand, for less 
than $30. 

The features of the Sinclair Cambridge 
Programmable 

The Cambridge Programmable is 
genuinely pocketable. A mere 4y," x 2", it 
weighs about 20z. 

Yet there is absolutely no comprom ise in 
the package of functions it offers. 

Because the Cambridge Programmable 
is both a scientific calculator with memory, 
algebraic logic and brackets (which means you 
enter a calculation exactly as you write it) , and 
a programmable calculator which offers 
simple, flexible through-the-keyboard program 
entry and operation.  

The Cambridge Programmable has a 
36-step program memory, and features 
conditional and unconditional branch 
instructions (go to and go if negative) . 

There is also a step facil ity, which allows 
you to step through the program to check that 
it has been entered correctly. If there is any 
programming error, the learn key allows you to 
correct single steps without destroying any of 
the remainder of the program. 

To achieve this, each program key-stroke 
has an identifying code, or 'check symbol'. 
(The symbols for the digit keys are the dig its 
themselves, while the sym bols for the operator 
keys are letters printed beside the keys.) 

The check symbol for El, for example, is F. 
So if, as you step through the program, the 
d isplay shows 

check symbol step number 

it means that El is program med as step 26. 
If  step 26 should have been I±l, all you have to 
do is press 

learn 

[A/' ) [RUN) llJ 
puts machine into 
'learn' mode. 

It's as sim ple as that! 

the correct step 

These facil ities make the Cambridge 
Program mable exceptionally powerful ,  
whether it's running programs you devise for 
you rself or the programs in the Prog ram Library. 

Use the 294-program library to tailor the 
machine to your own specialty 

Like a ful l-size com puter - and unlike far 
more expensive special ist calcu lators - the 
Sinclair Cambridge Program mable can be 
prog ram med to handle calculations concerned 
with any specialty. 

And of course, whatever it's doing the 
Programmable is error-free - in fact, once it's 
program med, it can even be g iven to an 
operator who doesn't understand the program ! 

To save you time, and to help inexperi­
enced programmers, Sinclair have produced a 
l ibrary of 294 programs ready to be entered 
straight into the calcu lator. 

Using these standard programs, the 
Cambridge Programmable solves problems 
from q uadratic equations (where the program 
g ives both real and imaginary roots) to twin-T 
filter desig n,  and from l inear regression to bond 
yields. It even plays a lunar landing game! To 
realise the ful l  power of the Cambridge 
Programmable, the Program Library is a must. 

(The calculator is supplied with 1 2  
sam ple programs, and ful l  instructions for 
entering your own program. The four books in 
the program l ibrary are avai lable at $4 each, or 
$10 for the complete set.) 

Why the Cambridge Programmable 
costs so little 

The Sinclair Cambridge Programmable 
uses the Sinclair talent for m i n iaturisation to the 
ful l - as you'd expect from the company that 
pioneered the truly pocketable pocket 
calcu lator, and recently introduced the world's 
first pocket T\/. 

Chip and circu itry design are unique to 
Sinclair, and the Cambridge Program mable is 
assem bled by Sinclair'S own staff at their 
headquarters plant. Shipped direct, and sold to 
you d irect, the Cambridge Programmable 
accu m u lates no midd leman's profits on the way. 

The result is a pocket program mable 
calcu lator of advanced desig n,  sold by the 
manufacturer with the man ufactu rer's own 
1 -year comprehensive g uarantee, at a price 
u n matched by any com parable calculator. 

10-day no-obligation offer 
There's a lot more to this remarkable 

calcu lator than a brief written description can 
cover. 

You need to see it and handle it . . .  to 
program it yourself in a few seconds to save 
you hours . . .  to check its performance against 
tables and g raphs . . .  to test the ful l  range of 
programs avai lable . . .  to evaluate, perhaps, its 
use as an educational aid in developing a 
student's computer understanding.  

So we're offering a 1 0-day trial. Send your 
check or money order with the order form 
below, and you' l l  receive a calcu lator d irect. 
Use it for 10 days, and if you don't feel it's the 
finest $ 29.95 you've ever invested, send it back. 
We' l l  refu nd your money without q uestion.  

There's noth ing to lose, and so much 
calcu lati ng power to gain.  

Post your order today. 

sinclair 
Sinclair Radionics Inc., Galleria, 
1 15  East 57th Street, New York, N.Y. 1 0022 USA. 
Tel :  (21 2) 355 5005. 

r, - - - - - - - - - - - - - - - - - - - - - - - - - -. . . .  . SA6 77 
To: Sonclalr Radoonocs Inc.,  Gallerla, 1 1 5  East 57th Street, New York, N.Y. l 0022, USA. / 
Please send me __ (qty) S inclair Cambridge 
P'ogrammable(s) at S29.95 each. including 
full instructions, and sample programs. ",S __ _ 

__ (qty) AC l ine adaptor(s) at S4.95 ",S __ _ 

--�Z�:;��;�?:.:;��!'Js'!���i��S4 ,,-S __ 
_ 

(percentage, metric system, 
memory, games, dates, f inance, 
mortgages. statistics) 

__ (qty) Program library Book 2 at S4 ""S __ _ 
Mathematics (algebra. calcu lus .  
geometry, tr igonometry, number 
theory. transcendental functions) 

__ (qty) Program library Book 3 at S4 ""S __ _ Physics and Engineering 
(astronomy, statics and dynamics, 
relativl!y, _�echanicS', properties of 
matter, flU ids, structures, 
thermodynamics) 

--����r;g�r��(�����rk�.�?r��t�t S4 ,,-S __ 
_ 

f i lters, electrodynamics, radiation 
and propagation) 

__ (qty) complete set(s) of 
4 books at $10 per set 

Sales tax (NY residents) 

Post and packing 

S 
S 
S 2.50 

Total ""S __ 
_ 

�n closed is check/MO payable to Sinclair Radionics Inc .  

Name 

Address 

City 

'State 

Zip 

(PLEASE PRINT) 

I understand that you wi l l  refund purchase price in ful l  if 
I return calcu lator(s) and accessories in saleable cond ition 
within 10 days of receipt. 

Sig nature 
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The Peugeot 604 gives you the 
engineering of a Mercedes-Benz, 
the handling of a BMW, 
the elegance of a Jaguar, and a 
level of comfort 'superior to 
all of them. 

It's one thing to bui ld a car in a 
class with three of the world's most 
sophisticated sedans. It's quite an­
other to build a car that in any way 
achieves superiority over them. 

In building the Peugeot 604, 
however, we've done precisely that. 

Like the Mercedes 280 E, it has 
fully independent suspension, a re­
sponsive six-cylinder engine (ours 
is a V-6), a unitized body with thou­
sands of welds, i mpact-absorbing 
crush zones, anatomical seats, and 

assisted steering (ours is  rack and 
pin ion) ,  four-wheel power d i sc 
brakes, stabil izer bars, McPherson 
struts, and a head-spinning abil ity 
to make tight turns. 

Like the Jaguar XJ6L, it has 
elegant styl ing (ours is by Pininfar­
i na ) ,  a i r  condition ing ,  AM/FM 
stereo, power windows, and ful ly­
recl ining seats (we also offer an 
el ectri c  sunroof and genu ine  
leather upholstery). 

But unl i ke a l l  of them, the 

Peugeot 604 has been engineered 
for a superior level of comfort. With 
overs ized shock a bsorbers pat­
ented by Peugeot. With large coi l 
spr i ngs and l ong vert ica l  wheel 
travel to keep the car from prac­
tica l ly ever bottoming out. 

With a "floating" differential 
and a steel torque tube enclosing 
the drive shaft to reduce noise and 
vibration -a major source of pas­
senger fatigue. And with seats that 
are tuned to the suspension. 

Al l these components have 
been engineered to work in  har­
mony, so the car is obviously cOm­
fortable when you fi rst ride in it. 
And incredibly comfortable when 
you've been riding in it a l l  day. 

But comfort isn't the only thing 
separating the 604 from its compe­
tition. There's , also its suggested 
retai l  price, which starts at around 
$1 1 ,000 P. 0. E. And that may be its 
most comforting feature of a l l .  

For information o n  buyi ng,  leasing, or over-
s e a s  d e l i v e r y, s e e  yo u r  

meticulous attention 
to detail .  

L ike  the BMW 
530i , it has power-

P E lJ G E OT 
Peugeot dealer. Or cal l  800-
2 4 3 - 6000 t o l l - f r e e  ( i n  
Conn . ,  ca l l  1-800-882-6500). 
Peugeot Motors of America , 
I nc. ,  Lyndhurst, N.J. 0707 1 .  No one builds cars the way we bui ld cars. 
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bulence is intense enough. it may disrupt 
the cloud entirely. Even if an interstellar 
cloud were perfectly static. the Doppler 
shifts associated with the random ther­
mal motions of the molecules within a 
cloud would slightly broaden the emit­
ted spectral lines .  In the case of carbon 
monoxide molecules at 10 degrees K. 
the thermal broadening of the spectral 
lines is equivalent to thermal motions of 
about a tenth of a kilometer per second . 
The actual spectral lines from globules 
are much wider than that: they are 
equivalent to thermal motions of a few 
kilometers per second. Hence there 
must be sizable non thermal internal mo­
tions in the clouds. 

If turbulence is responsible for the 
bulk of the nonthermal line-broadening 
observed in Bok globules .  the clouds 
will never collapse further. Indeed .  the 
turbulence should be enough to disperse 
a typical Bok globule within the short 
time. in astronomical terms. of about a 
million years. Closer analysis. however. 
leads to an apparent paradox. Turbulent 
flows strong enough to blow a globule 
apart would need to have supersonic ve­
locities .  One would therefore expect the 
gas to be strongly heated by shock 
waves generated by the collisions of 
these supersonic flows. For the cloud 
temperatures to remain as low as they 
are observed to be the average time be­
tween collisions of the eddies must be 
very long. This in turn implies that the 
eddies must be very large . indeed so 
large that their turbulent structure 
should give rise to Doppler-shift pat­
terns easily resolvable with radio tele­
scopes. 

If we assume that this apparent para­
dox rules out turbulence as the domi­
nant cause of the nonthermal line­
broadening observed in Bok globules. 
how else might the broadening be ex­
plained ?  We are led back to the process 
whose likelihood we have been trying to 
assess: gravitational collapse. Knowing 
the masses and present radii of Bok 
globules. we can calculate approximate­
ly the speed at which they are collapsing 
if the retarding forces of magnetic fields. 
rotation and turbulence are in fact negli­
gible. The resulting free-fall collapse of 
the cloud must also cause spectral line­
broadening. arising from Doppler-shift­
ed molecular emission along any line of 
sight through the collapsing gas. Rough 
though such calculations necessarily 
are. the expected line widths due to col­
lapse agree rather well with the obser­
vations. 

On the basis of the present evidence . 
therefore. it seems plausible that Bok 
globules are gravitationally collapsing 
clouds and hence likely sites of star for­
mation. Indeed. it is remarkable that the 
simple picture discussed here holds up 
so well. This is partly attributable to the 
essential simplicity of globules as nearly 
spherical, isolated units whose internal 
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MASS-RADIUS PLOT FOR BOK GLOBULES shows where the eight globules studied by 
the author lie with respect to the "stability line" calculated for a cloud temperature of 10 de­
grees K. The simple calculation does not consider the possible existence of rotation, magnetic 
fields and turbulent motions that might retard collapse. According to the available evidence, 
these retarding forces are not present at levels high enough to offset gravitational contraction. 

physics is far more restricted in scope 
than that of the massive molecular 
clouds. One must recognize . however. 
that a rigorous description of the glob­
ules must ultimately take account of all 
the physical processes that must be op­
erating within them. Although rotation. 
magnetic fields and turbulence are prob­
ably not enough to prevent the final col­
lapse of such clouds. these phenomena 
must play important roles in the clouds' 
evolution. 

Seeking the New Stars 

The strongest confirmation of the hy­
pothesis that Bok globules are currently 
collapsing to form stars would of course 
be to find at least one Bok globule in 
which a new star or a small cluster of 
stars was in the process of being born. 
The probability of such a discovery is 
low because a typical globule has a mass 
only 1 00 times that of the sun. The mass 
of a typical large molecular cloud as­
sociated with an H II region. where 
stars are definitely known to form. is 
tens of thousands of solar masses. 

Recently. however. W. E.  Herbst of 
York University and D.  G. Turner of 
the University of Toronto have reported 
that a globule known as Lynds 8 10 
(which is not included in my study) ap­
pears to have embedded within it a 
young. fairly hot star and possibly sev­
eral such stars. The stars (if there is 

more than one star) are intimately asso­
ciated with nearby interstellar gas and 
dust. out of which they may have 
formed .  The dust scatters the light of the 
embedded stars to create a small reflec­
tion nebula. apparently associated with 
the globule. It is tempting to speculate 
that the stars recently formed from the 
globule itself. At the distance assigned 
to it by Herbst and Turner. Lynds 8 10 
appears to have a radius of four or five 
light-years. making it slightly larger 
than Barnard 5. the largest globule in 
my sample. Molecular-line observa­
tions are now being made at the Aero­
space Corporation to see if Lynds 8 10 
resembles Barnard 5 in mass and tem­
perature. 

The possibility that at least the more 
massive Bok globules such as Barnard 5 
may ultimately give rise to stars with 
surrounding reflection nebulas is excit­
ing. Recently M. L.  Kutner of the Rens­
selaer Polytechnic Institute . K .  D.  Tuck­
er of Fordham University and I have 
undertaken a comprehensive molecu­
lar-line study of interstellar clouds asso­
ciated with reflection nebulas. With car­
bon monoxide observations of these 
clouds it should be possible to deter­
mine their mass. If some of these objects 
turn out to have masses on the order of 
1 00 to several hundred solar masses. it 
will 'be difficult to avoid the conclusion 
that the more massive Bok globules are 
indeed active sites of star formation. 

8 1  
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Spatial Memory 

Among the many things animals are able to remember is where they 
have been. Experiments with rats suggest that this kind of memory 
is localized in the region of the brain known as the hippocampus 

T
he ability of an animal to keep 
track of its location in space by 
remembering where it has been is 

a basic component of intelligent behav­
ior. According to modern concepts of 
memory, this ability involves a form of 
short-term memory, called working 
memory, that stores information as it is 
being worked on, or processed. (A com­
mon verbal example is remembering a 
telephone number obtained from a di­
rectory as you dial the number.) How is 
spatial memory programmed? Is it lo­
calized in some specific part of the 
brain? Is it associated with the activity 
of specific nerve cells? Such questions 
have now been at least partly answered 
by psychological and physiological ex­
periments with rodents. 

The importance of spatial memory 
for the survival of an animal is suggest­
ed by the behavior of the Hawaiian hon­
eycreeper, a bird that feeds on nectar 
from flowers. Each of the flowers in the 
bird's territory may provide nectar on 
numerous visits, but the supply of nec­
tar on any one visit is limited and time 
must pass before it is replaced. If the 
bird returns to the flower during this 
time. it finds little or no nectar, The opti­
mal strategy is therefore to visit the oth­
er flowers before returning to the first 
one. giving each flower the longest pos­
sible time to replace its nectar. Alan C. 
Kamil of the University of Massachu­
setts. who has studied the Hawaiian 
honeycreeper in its natural habitat. has 
found that it tends to follow such a strat­
egy: it does significantly better than 
chance at remembering the locations of 
flowers it has recently visited. rarely re­
turning to them until enough time has 
passed for the nectar to be replenished. 

The importance of spatial memory 
has also been demonstrated by laborato­
ry experiments. When rewards and pun­
ishments are consistently located in a 
particular place. experimental animals 
quickly learn to obtain the rewards and 
avoid the punishments. Even when the 
rewards and punishments are correlated 
with some stimulus other than spatial 
location (such as a light). the animal will 
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still attempt to solve the task first on the 
basis of its spatial characteristics. for ex­
ample consistently turning right or left 
rather than responding to the location of 
the light. Only after the attempt at a spa­
tial solution has failed does the animal 
begin to try other strategies. 

To obtain some understanding of how 
animals use working memory to 

solve spatial problems. my colleagues 
and I at Johns Hopkins University de­
veloped a new experimental procedure 
that would enable us to study working 
memory. We based our experimental 
design on the spatial maze. an apparatus 
that has been employed for testing ani­
mal behavior since the turn of the cen­
tury. Such mazes vary considerably in 
complexity. from a simple Tto a minia­
ture replica of the famous hedge maze at 
Hampton Court outside London. The 
late Edward C. Tolman of the Universi­
ty of California at Berkeley was a strong 
advocate of using mazes to explore the 
cognitive abilities of animals; he be­
lieved the major component of an ani­
mal's solution of a problem is its ability 
to discover the experimenter's instruc­
tions. Mazes are particularly useful in 
this regard because the instructions are 
inherent in the apparatus itself. 

In our experiments we wanted to give 
rodents instructions that were essential­
ly the same as the spatial strategy of 
the honeycreeper: Remember a list of 
places where food can be found and 
then visit each place once before return­
ing to the first one. To make these in­
structions clear to the animals we devel­
oped a maze with eight radiating arms 
elevated on stilts. At the start of a test a 
food pellet was placed at the end of each 
arm. The animal was then put in the 
center of the apparatus and allowed to 
choose the arms freely until it had ob­
tained all eight pellets. The optimal 
strategy is clearly to visit each arm once 
and not to return to it. thus visiting all 
eight arms in the first eight choices. In 
this way the animal can get the eight 
food pellets with the least amount of 
running through the maze. 

So far the animals we have tested in 
the radial-arm maze have been mostly 
laboratory rats. but we have obtained 
similar results with the first-generation 
offspring of wild rats and with gerbils. 
All the animals learned rapidly and per­
formed well. After a few days of being 
trained to run on the elevated alleyways. 
they made an average of 6.8 correct re­
sponses in the first eight choices; after 20 
days they had improved to an average of 
7.8 correct responses. Since the animal 
returned to the center platform after 
each response and therefore had all 
eight arms available on every choice, 
the probability of its making at least sev­
en correct responses by chance in the 
first eight choices was very low (.07). 
Yet by the end of the testing every ani­
mal performed this well for 10 consecu­
tive days (a probability of .0710). making 
it extremely unlikely that mere chance 
was involved in its performance. 

There were two main theoretical ex­
planations for the excellent perform­
ance of rodents in the radial maze. Ei­
ther they were identifying the position 
of the visited arms by comparing them 
with landmarks in the surrounding 
room or they were following some sim­
pler strategy that required them to store 
a smaller amount of information in their 
working memory. One such strategy 
would be to use an algorithm. or rule. 
such as "Choose adjacent arms in a 
clockwise direction." Only the general 
strategy would have to be kept in the 
working memory; the specific arms cho­
sen could be forgotten immediately af­
ter each choice. Another strategy would 
be to use the rodent equivalent of a 
check mark. perhaps a scent label left at 
the entrance to a visited arm. The partic­
ular choice could then be forgotten be­
cause the label would serve as a perma­
nent reminder. 

The algorithm hypothesis was easy to 
dismiss because the daily sequence of 
choices was not consistent enough for 
the accurate choice behavior to depend 
on a particular rule. The possibility that 
the rats were marking visited arms with 
a label of some kind was harder to eval-
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uate and required an additional experi­
ment. For this purpose we regarded 
landmarks in the surrounding room and 
the hypothetical labels within the maze 
as being "relevant-redundant" cues: rel­
evant, because either might guide choice 
behavior, and redundant, because in the 
usual testing situation both cues always 
occurred together. In order to evaluate 
the relative importance of the two types 
of cue we separated them and made 
them nonredundant. We did so by al­
lowing the animal to make three choices 
and then rotating the maze (with the ani­
mal confined in the center) to a new po-

sition, thereby separating the place cues 
(which remained the same) and the hy­
pothetical labels (which moved with the 
maze). The three arms already chosen 
were rebaited so that all the arms again 
contained food pellets, and the animal 
was allowed to choose freely among the 
arms until it had chosen five more of 
them (for a total of eight). We found 
that the animals tended to avoid the first 
three spatial locations, even though the 
maze rotation had placed arms that had 
not previously been visited and hence 
would have lacked labels in these loca­
tions. The results therefore indicated 

that the animals were not following a 
maze-labeling strategy. 

We next wondered whether the rats 
were learning a spatial map that 

enabled them to understand the rela­
tions among all the parts of the maze, or 
whether they were simply learning some 
kind of list of places that were unrelated 
and independent. To determine which 
was the case John A. Walker, a graduate 
student at Johns Hopkins, designed a 
testing procedure with a four-arm maze. 
The rat was first placed at the end of an 
arm and allowed to obtain the food pel-

PATH OF NORMAL RAT as it travels through an eight-arm spatial 
maze is shown in this two-minute time exposure made in the author's 
laboratory by affixing a flashing light to the animal's bead. Optimal 

strategy is to visit each arm once, picking up food pellet at the far end. 
This task requires the animal to keep track of the spatial locations 
it has visited by storing tbem in sbort-term, or "working," memory. 
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MAZE-ROTATION EXPERIMENT shows that rats do not identify visited arms by marking 
them with a pheromone, or scent. The rat was first allowed to choose three arms (a). The maze 
was then rotated until the chosen arms (color) were correlated with unchosen spatial locations. 
The arms were rebaited and the animal was allowed to make five more choices (b). Instead of 
avoiding arms previously visited (as the scent-marking theory would predict) the animal chose 
the five unvisited spatial locations even though that meant returning to visited arms. This sug­
gests that the animals remember arms by correlating them with stimuli in surrounding room. 
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let there rather than having to run out on 
the arm of its own accord. After the ini­
tial placement the animal was returned 
to the center platform and allowed to 
choose among the arms freely. The ani­
mal could therefore remember where it 
had been only on the basis of spatial 
stimuli at the end of one arm and had to 
make the rest of the choices on the basis 
of stimuli at the entrance to the arms. 
Only by successfully making the associ­
ation between the two sets of spatial 
stimuli could the animal correctly solve 
the problem. 

We found that the animals had no dif­
ficulty with this procedure. After a few 
days of adapting to being placed at the 
end of the arms, they chose just as well 
as they did in the usual procedure and 
did not return to the arm on which they 
had been placed. These results suggest­
ed that the animals had indeed learned a 
map of the maze that enabled them to 
understand the spatial relations between 
the various parts of it . Moreover. since 
the animals were placed at the end of an 
arm, they never had the opportunity to 
leave a label identifying that arm. again 
demonstrating the absence of an intra­
maze labeling strategy. 

To further explore the nature of the 
spatial memory we did a series of 

experiments to see if the animals' mem­
ory for the list of visited arms had some 
characteristics in common with those 
described for human learning of items 
in a list. One of these characteristics is 
that the capacity of working memory is 
limited: the more items that are stored. 
the worse the memory for those items is. 
When we tested rats on the eight-arm 
maze and also on a 17 -arm maze, we 
found in both there was a significant de­
cline in the probability of a correct re­
sponse as the number of choices in­
creased. 

There were two possible theoretical 
explanations for the decline in accuracy 
of choice behavior during a test. The 
first was that the memory trace gradual­
ly decayed with time, rather like a fad­
ing photograph. so that the memory of 
the early choices diminished toward the 
end of the test and increased the likeli­
hood of a return to those arms. The sec­
ond was that information was not. for­
gotten because of the passage of time 
per se but because the storage of the 
earlier choices in working memory in­
terfered with the storage of the later 
choices. In order to distinguish between 
these two explanations we separated 
time and choices by varying the amount 
of time required for the animals to com­
plete a test. 

In some experiments we approximate­
ly doubled the duration of the test by 
placing guillotine doors at the entrance 
to each arm. The doors were lowered 
after each choice. confining the animal 
to the center of the maze for about 20 
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A "seeing" computer developed by the 
General Motors Research Laboratories has 
recently become the first of its kind to go to 
work on a U. S. automotive production line. T he 
employer: GM's Delco Electronics Division. 

Using a spe­
cial TV camera 
as its eye, this 
computer vision 
system does a 
three-step job. 
It inspects a 5-
mm-square inte­
grated circuit 
chip on an elec­
tronic part, cal­
culates the chip's 
exact position on 

Digitized Image Actual Part that part, and 
then directs the 

alignment of test probes over the chip contacts. 

A unique relational modeling technique, 
involving both local and global gray-level tem­
plate matching, makes it all possible. 

Under development at the Labs are more 
sophisticated computer vision systems. One of 
them not only sees, it also learns from what 
it sees. 

To illustrate: 
S how the sys­
tem a new object. 
A connecting rod, 
say. It analyzes 
the part, com­
putes its geomet­
ric properties, 
forms a model, 
and commits this 
model to memory. 

It then has the knowledge to recognize similar 
connecting rods. 

Moreover, the system has specially devel­
oped programming that allows it to locate a rod 
amidst a collection of different parts ... even if 
the rod is poorly lit, or only partly visible, or 
has a low-contrast background. 

Computer vision. We' re turning it from a 
dream into a reality. 

A computer 
that can see 
gets its first 
real job_ 

General Motors 
Research Laboratories 
Warren, Michigan 48090 
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The best ideas in 
motorcycle batteries 

come from ESB. 
The idea: develop a line of motorcycle batteries that can hold a charge 
longer than ordinary batteries-even through long winters. 

The result: our Wisco Division's Hibernator™ batteries. By all prac­
tical standards, they're the best bike batteries on the market. 

In many parts of the country, motorcycles lie idle a good part of the 
year. And come springtime, the batteries in many of them have died. 

Not so with Wisco's Hibernator™ batteries. Any of them can hold a 
charge up to 40% longer than ordinary batteries. Even after being 
stored in a bike all winter, a Hibernator™ is usually ready to go after a 
routine charge. 

What makes the Hibernator™ so exceptional is, of course, its con­
struction. The grid alloy resists corrosion and guards against over­
charge. And a special design minimizes the effect of vibration, a major 
cause of early failure in batteries. 

Superior batteries like the Hibernator™ have made Wisco the larg­
est producer of motorcycle batteries in the 
United States, supplying a broad line of 
batteries for both domestic and foreign 
motorcycles. 

If you'd like to learn more about our 
ideas in energy, write: Communications De­
partment, ESB Incorporated, Five Penn Cen­
ter Plaza, Philadelphia, Pennsylvania 191 03. 
Or call: (215) 972-8000. 

Ideas in energy_ 
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Where the North begins 
In Bush Plane country, all the wilderness your heart desires, four hundred thousand lakes, two hundred 

outpost camps, thrills & spills on white-water canoe routes, fourteen species of fighting game fish, 

a couple of fantastic train excursions winding through majestic canyons or far North to Arctic Tidewater, 

scenic highways, and all kinds of great lakeside resorts with the chance to sail, hike, golf, ride, 

play tennis, shuffleboard, enjoy shore-lunches or barbecues, and come nightfall, make new friends in 

the cozy company of a roaring fire, or be one with nature outside-this is where the endless North 

begins. For more about Northern adventure vacations, call COLLECT (416) 965-4008, or write: 

Ontario Travel, Dept. N., Queen's Park, Toronto M7 A 2E5. We'll send you our Traveller's Encyclopaedia. 
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seconds. In other experiments the test­
ing time was cut approximately in half 
by providing the animals with water on 
the central platform. facilitating the in­
gestion of the dry pellets. Under these 
conditions the memory-trace-decay hy­
pothesis would predict that the animals 
would perform better than normal when 
the test was shorter and worse than nor­
mal when the test was longer. whereas 
the interference theory would predict 
that such manipulations would have no 
effect because the number of choices the 
animal made was not altered. 

We found that the animals performed 
no better or worse than usual when the 
testing time was shortened or length­
ened. Moreover. additional experiments 
demonstrated little or no decay of spa­
tial working memory for periods of up 
to an hour. Thus it appears that short­
term forgetting in this task results from 
interference among the items to be re­
membered rather than from a decay of 
the memory trace. 

Another characteristic of working 
I\.. memory we have examined is the 
effect of the order in which items are 
entered in memory. As an example. con­
sider having to learn a list composed of 
the following eight words: house. cat. 
car. love. desk. wall. card. patch. If you 
are like most people. you will remember 
the first two words on the list and the last 
two words better than the words in the 
middle. Hence the order in which items 
are entered into memory may affect the 
accuracy of their recall. 

With this human psychological phe­
nomenon in mind we looked for a serial­
order effect on the spatial-memory store 
in rodents by examining choice per­
formance to see whether the animals 
made fewer mistakes involving the first 
few or the last few choices in a test. Such 
a distinction did not seem to be present ; 
when there was an error. it was as likely 
to be made by repeating the first or the 
last choices as by repeating choices in 
the middle. Thus either rodents do not 
store their spatial choices in a particular 
serial order or serial storage does not 
affect the accuracy of their recall as it 
does in man. 

Finally. we investigated the ability of 
the animals to isolate spatial informa­
tion from one test so that it did not inter­
fere with their performance on a later 
test. Since the capacity of working mem­
ory is limited. it should ideally be 
cleared of all old and unnecessary infor­
mation as rapidly as possible so that a 
maximum amount of new information 
can be stored. In experiments with hu­
man subjects this process is called reset­
ting. To determine whether rodents 
could also reset working memory by 
eliminating old information at the end 
of a test we gave the animals eight tests 
on the eight-arm maze in immediate 
succession. letting the animal know a 
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(color). Experiments by the author suggest that this decline is due to an interference among the 
items stored in working memory rather than to a time-dependent decay of the memory trace. 

given test was over by removing it brief­
ly from the apparatus. We found that 
although accuracy of choice among the 
arms decreased as we expected within 
each test as the number of choices in­
creased. it recovered markedly at the be­
ginning of the next test. indicating that 
the animals were indeed resetting their 
working memory between tests. 

Once we had achieved our aim of es­
tablishing an adequate test of spa­

tial working memory in animals we 
turned our attention to the brain mecha­
nisms underlying this kind of memory. 
We were particularly interested in the 
region of the brain named the. hippo­
campus (after the Greek for sea horse. 
which it resembles in curving around the 
core of the brain). Experiments I had 
conducted with Robert L. Isaacson at 
the University of Michigan had suggest­
ed that following damage to the hippo­
campus rats have difficulty distinguish­
ing between the left and the right half of 
a simple maze. whereas normal animals 
do not. Several other investigators. par­
ticularly Helen Mahut of Northeastern 
University. also noted the peculiar diffi­
culty animals with damage to the hippo­
campus had with spatial tasks. 

The first formal theoretical statement 
of the role of the hippocampu.s in spatial 
behavior was made by John O'Keefe 
and Lynn Nadel of University College 

London. who provided experimental ev­
idence that the hippocampus forms the 
spatial map animals use to guide them­
selves through space. In one experiment 
with Abraham H. Black of Mc Master 
University they trained rats to run from 
one small compartment to another to 
avoid shock. They found that normal 
animals learned to associate the shock 
with the spatial location of the compart­
ment in the room but that rats with dam­
age to the hippocampal system ap­
peared to ignore completely the spatial 
characteristics of the task. Since rats in 
the radial-arm maze rely on spatial in­
formation to choose each arm. we 
thought it would be valuable to observe 
the effect of experimental damage to the 
hippocampus on the accuracy of choice. 

Rats have a large and well-formed 
hippocampus. and its connections to 
other parts of the rat brain have been 
extensively studied by Walle J. H. Nau­
ta of the Massachusetts Institute of 
Technology and Theodor W. Blackstad 
of the University of Aarhus. A major 
connection is in the entorhinal cortex, 
which lies in back of the hippocampus 
and connects it to the areas of the cere­
bral cortex that are involved in process­
ing sensory information. A second con­
nection is by way of the fornix (meaning 
arch) to the deep brain structures in­
volved in motivation and emotion. The 
fornix is divided into two parts: an up-
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per part that passes through the septum 
in the center of the brain and is called 
the precommissural fornix, and a lower 
one that bypasses the septum and is 
called the postcommissural fornix. The 
region where the two parts join is called 
the fimbria-fornix. 

In our experiments the animals were 
first trained in the radial-arm maze until 
their performance was stable. Then they 
were anesthetized and lesions were 
made surgically by cutting one of the 
hippocampal connections. Control ani­
mals underwent all the surgical proce­
dures except the production of a lesion. 
After several days for recovery from the 
surgery the animals were retested in the 
radial-arm maze. There were two test 
periods: one beginning four days after 
surgery to examine the acute effects of 
the brain lesion and the other beginning 
50 days after surgery to determine 
whether the behavioral deficits pro­
duced by the lesion might diminish with 
time. In both cases we wanted to know 
whether an animal that had been operat­
ed on could perform as well as one that 
had not, and if it could not perform as 
well, exactly how its performance was 
affected by the brain damage. 

In the control animals there was no 
significant effect of the surgery itself. 
Lesions in the cerebral cortex, an area 
not immediately related to the hippo-

campus, had essentially no behavioral 
effect. Destruction of any part of the 
hippocampal system, however, caused a 
profound impairment in maze perform­
ance both during the testing period im­
mediately after surgery and during the 
testing period 50 days later. Lesions in 
the caudate nucleus, another nonhippo­
campal area, had a slight disruptive ef­
fect but not one of the same magnitude 
as lesions in the hippocampus. 

The lack of major effects of damage in 
other brain areas indicates that impair­
ment of spatial performance is not 
caused by disrupting just any system in 
the rodent brain; it seems to be particu­
larly associated with damage to the hip­
pocampal system. Another point of in­
terest is the similarity in the degree of 
the deficit after the destruction of each 
connection to the hippocampus. One 
could postulate many different circuit 
diagrams of hippocampal function, but 
the fact that behavior is disrupted in the 
same way after any lesion in the hippo­
campal system limits the number of ac­
ceptable alternatives. 

The changes produced by the lesions 
appear to be irreversible, even though 
the hippocampus has proved to be a 
very "plastic" brain area, reorganizing 
itself after many different types of dam­
age. Gary S. Lynch of the University of 
California at Irvine and Oswald Stew-
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OLD INFORMATION IS CLEARED from working memory after each test in the spatial 
maze so that a maximum amount of new information can be stored. Called resetting, this 
process was demonstrated by giving a rat a series of tests in the eight-arm maze (removing the 
animal briefly from apparatus between tests). Choice accuracy returned to maximum level 
at the beginning of each test, indicating that old choices were not interfering with new ones. 
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ard of the University of Virginia have 
demonstrated that after destruction of 
either the body of the fornix or the ento­
rhinal area many of the fibers in the hip­
pocampus sprout and put out new con­
nections in a few days. Since in our ex­
periments the animals did not perform 
any better 50 days after surgery than 
they had immediately afterward. plastic 
changes in the hippocampus appear to 
have no functional importance for the 
animal in this type of task. 

Having shown that animals with their 
hippocampal function disrupted 

by lesions had great difficulty perform­
ing well in the radial-arm maze. we 
attempted to characterize the difficul­
ty. Several possible explanations were 
quickly eliminated. After brain damage 
the animals were just as coordinated in 
the maze as before and showed no tend­
ency to fall off the arms or miss them 
altogether. In fact, the animals ran 
slightly faster than usual and with no 
hesitation, indicating that the impaired 
choice behavior did not result from 
some primary sensory or motor deficit. 

Many experiments, such as those of 
Isaacson (who is now at the University 
of Florida), have characterized animals 
with hippocampal damage as "persever­
ating," or returning to make the same 
error time after time, more often than 
would be expected by chance. In our 
experiments too animals with damage to 
the hippocampus exhibited remarkable 
repetitions of choice sequences, a be­
havior that was almost never observed 
in normal animals. One rat, for exam­
ple, chose arms 2, 4, 6 and 8 on the first 
four choices and then repeated the same 
sequence twice more before making the 
next correct response. Another animal 
chose opposite arms, responding first to 
Arm 1 and then to Arm 5, and repeated 
the sequence five times. These are the 
types of behavior one would expect if 
the animals were actively per seve rating 
in their choices. 

The significance of per severation is 
still an open question. At present there 
seem to be two alternative explanations 
for this striking effect of lesions in the 
hippocampus. First, it is possible that 
damage to the hippocampus does not 
destroy spatial memory but instead dis­
rupts other cognitive functions. In that 
case the animal would be able to dis­
criminate between correct and incorrect 
choices but its decision-making ability 
would be out of phase, like that of a 
speculator in the stock market who con­
sistently buys long before a stock goes 
down and sells short before a stock goes 
up. The second possibility is that the le­
sions in the hippocampus do destroy 
spatial memory and that the rats, in­
stead of behaving on the basis of spatial 
stimuli, try to compensate by using a 
different set of stimuli to control their 
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behavior. such as a learned sequence of 
muscular movements or a place-cue 
strategy. 

To understand this latter concept con­
sider a person in New York City who 
wants to travel first to San Francisco. 
then to Miami and then back to New 
York. If he has formed a cognitive map 
of the U.S .. he knows that San Francisco 
is west of New York and Miami is south. 
Therefore he would know that he 
should drive west to San Francisco and 
then in a southeasterly direction to Mi­
ami. The traveler could also make the 
trip. however. without having any idea 
where he is. Instead of relying on his 

knowledge of geography he could fol­
Iow a cue strategy based on the fact that 
New York and San Francisco are con­
nected by Route 80 and New York and 
Miami are connected by Route 95. That 
strategy would be successful in getting 
him to his destination. but once he was 
in San Francisco he would have no idea 
how to get directly to Miami. and he 
would have to retrace his path by way of 
Route 80 to New York and then take 
Route 95 south to Miami. 

O'Keefe and Nadel have suggested 
that the hippocampus is responsible for 
creating the spatial map and that other 
brain structures mediate cue learning. 

To support their view they cond ucted an 
experiment testing two groups of rats in 
a circular maze. One group was trained 
to use spatial stimuli. as in our usual 
experiments with radial-arm mazes. The 
other group was given an explicit cue (a 
stand with a light on it) to mark the loca­
tion of the food. Normal animals and 

animals with lesions in the fornix were 
trained in both tasks. The fornix lesions 
produced the expected behavioral defi­
cit in the group that learned with spatial 
stimuli but had little effect on the group 
that learned with the light cue. These 
results suggested that if we could modi­
fy the radial-arm maze to make it a cue-

ABNORMAL MAZE BEHAVIOR of a rat with a lesion in the fornix 
is shown in this time exposure. The striking repetition of a sequence 
of choices, termed perseveration, is often seen in such animals. It 

may be that damage to the hippocampus destroys the animal's abil­
ity to learn a cognitive map of the maze, forcing it to rely on a sim­
pler strategy such as repeating a sequence of muscular movements. 
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learning task rather than a spatial one, 
animals with fornix damage should per­
form no worse than normal animals. 

To test this prediction we altered the 
17 -arm maze so that it could be 

solved by cue learning. At the outside 
end of each arm we put a small draw­
bridge that was an extension of the arm 
and could be raised or lowered. The 
food pellet was placed on a pedestal be­
yond the end of the arm so that the ani­
mal had to cross the bridge to get the 
food. At the beginning of each test the 
drawbridge on every arm was raised. 
When the animal went out on an arm to 
get food, it pushed the drawbridge 
down, ran across it to pick up the pellet 
and then returned to the center. The 
drawbridge stayed down for the remain­
der of the test, so that the rat did not 
have to remember each of the arms cho­
sen because the position of the draw­
bridge could function as a cue to guide 
his choices correctly. When the rat was 
deciding which arm to choose next, it 
needed only to look down each arm. If 
the drawbridge was up, the rat would 
know it should choose that arm. 

So far we have only preliminary evi­
dence from a few animals, but the re­
sults strongly support O'Keefe and Na­
del's predictions. All the rats were first 
trained to respond correctly, one group 
with drawbridges and the other without. 
Lesions were then made in their fornix. 
Rats tested in the usual spatial pro­
cedure without the drawbridge cues 
showed a severe impairment after the 
lesions and performed no better than 
chance even on the second choice. Le­
sioned rats tested with drawbridge cues, 
on the other hand, showed at most only 
a transient impairment that might have 
been due to the effects of the operation 
itself. Within a few days they were per­
forming without error, choosing only 
those arms with the drawbridge up and 
avoiding all the arms with the draw­
bridge down. These results demonstrate 
that animals with damage to the hippo­
campus show an impairment only in 
those procedures that might involve 
spatial memory, not in every testing pro­
cedure in the radial-arm maze. When 
rats with lesions in the hippocampus are 
given an alternative strategy based on 
cue learning, they have no difficulty in 
performing as well as normal animals. 

Another way of approaching the rela­
tion between brain structures and be­
havioral functions is to obtain record­
ings of brain activity while the animals 
are engaged in the appropriate behav­
ior. If the brain structure is important in 
the function required for the perform­
ance of the behavior, the electrical ac­
tivity of the nerve cells making up the 
structure ought to be correlated with 
that behavior. 

James B. Ranck, Jr. , of the Downstate 
Medical Center of the State University 
of New York and O'Keefe, Nadel and 

their colleagues have obtained consider­
able information about the types of be­
havior that are correlated with electrical 
activity in the hippocampus. Most rele­
vant to our maze experiments are 
O'Keefe's findings that the activity of 
some cells in the hippocampus is strong­
ly correlated with the animal's position 
in space. O'Keefe called these cells 
"place units" to emphasize the fact that 
their activity depended on the animal's 
position in the apparatus 'and not on the 
type of behavior being displayed by the 
animal in that position. Whether the an­
imal was eating, drinking, grooming, 
running or just standing still seemed to 
make no difference to the cell. As long 
as the rat was in a particular place in 
the apparatus the cell was active, and 
whenever the rat left that place the cell 
was quiet. 

Since rats use spatial stimuli to solve 
the radial-arm maze, we decided to 
search for place units in the hippocam­
pus while the animals were running in 
the maze. To test the hypothesis that 
nerve cells in the hippocampus mediate 
spatial memory in our task I collaborat­
ed with Phillip J. Best and Michael H. 
Branch of the University of Virginia on 
a series of neurophysiological experi­
ments. We first trained animals in the 
radial-arm maze with a procedure of 
partial reinforcement in which food was 
placed randomly at the ends of the arms. 
The optimal strategy for the animal was 
thus to move continually about the ap­
paratus, checking the end of each arm to 
determine if food had been replaced 
there. The animals learned this behavior 
quite rapidly, and for periods of several 
hours they would regularly explore all 
the arms of the maze. 

We then surgically attached a micro­
electrode mounting to each animal's 
skull. The mounting, developed by 
Ranck, was very light and caused no dis­
comfort or interference. Several days 
after surgery we attached a tungsten 
wire microelectrode to the mounting 
and lowered it into the brain. All but 
three microns (three thousandths of a 
millimeter) at the tip of the electrode 
was insulated, so that we could record 
from single nerve cells. The insertion 
procedure was essentially blind: we 
merely lowered the electrode into the 
hippocampus until the activity of a sin­
gle cell was detected. After the record­
ing experiment had been completed we 
made a spot lesion by passing a relative­
ly small amount of current through the 
tip of the electrode. Hence we were later 
able to identify the precise area of the 
hippocampus we had been recording 
from by slicing the brain and staining 
the tissue. 

When we located a cell in the hippo­
campus with the electrode, the rat 

was allowed to run freely in the radial­
arm maze while the cell's activity was 
recorded, amplified and displayed on 
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an oscilloscope screen. We found that 
many cells in the hippocampus respond­
ed selectively to certain arms of the 
maze either by an increase in their rate 
of firing when the rat chose an arm or by 
an abrupt decrease in the rate of firing 
below the average level of activity. One 
cell, for example, was relatively inactive 
when the animal started on Arm 5, be­
came very active on arms 2 and 3, quiet­
ed down on the other arms and became 
active again on arms 2 and 3. 

Using this procedure and recording 

for periods of several hours with each 
celt. we classified arms as being either 
"on" or "off." This usage followed one 
that is generally applied to the receptive 
fields of nerve cells in the visual or audi­
tory regions of the cerebral cortex to 
identify the types of visual or auditory 
stimuli that cause these cells to modify 
their firing rate significantly. In our ex­
periments an "on" arm was an arm in 
the maze where the cell fired more rap­
idly; an "off" arm was one where the cell 
fired more slowly. For an arm to be con-

sidered either "on" or "off" it had to 
meet two criteria. The first was that the 
mean rate of activity when the animal 
was on the arm had to be at least three 
standard errors of the mean greater or 
less than the overall mean rate, since the 
likelihood of a rate change that large 
occurring by chance is very small (.002). 
The second was that the mean rate of 
activity on an arm had to be consistently 
different from the overall mean rate 
each time the animal entered the arm, so 
as to ensure that the large increased or 

ADDITION OF DRAWBRIDGES enables animals to successfully 
solve the 17-arm maze without having to learn a cognitive map of its 
layout in space. At the start of a test the drawbridge at the end of each 
arm is up and the animal must push it down and run across it in order 
to obtain the food on the pedestal beyond. The lowered bridge serves 
from then on as a visual cue, informing the animal that it has already 

visited an arm. Rats with lesions in the hippocampus perform poorly 
in conventional mazes but perform well in modified maze. This re­
sult suggests that although the hippocampus is required for learn­
ing a cognitive map of the environment, other brain regions mediate 
simpler strategies (such as cue learning) that enable the animal to 
find its way through the spatial maze without knowing where it is. 
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Play chess when you're rea�y. day or night. 
without the bother of finding a partnerl 

Sharpen your chess skills without embarrassmentl 
Whether you're a beginning, average, or 

advanced chess player, you'll have the 
game of your life taking on the compu­
terized Chess Challenger from Chafitz! 

The Chess Challenger is totally unlike any 
other electronic game. Its advanced mini­
computer provides the Chess Challenger 
with a memory and high-level thinking abil­
ity. The Chess Challenger responds to your 
every move quickly and aggressively like a 
skilled human opponent and, if you're not 
careful, you'll wind up checkmated in very 
short order! 
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problem of chess players-finding someone who 
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Set up both sides of the chess board with the in­
cluded pieces (you're always white) and make your 
first move. Enter your move into the Chess Chal­
lenger's mini-computer by touching a couple of 
keys on the Control Center. A second or two la ter. 
the Chess Challenger responds with its move, 
which is displayed in the FROM and TO windows 
on the Control Center. You move the Chess Chal­
lenger's black piece on the board to match what is 
displayed in the FROM and TO windows. Make 
your next move, enter it, take note of the Chess 
Challenger's response and move its piece to the 
appropriate square on the chess board. That's 
all there is to it! 

TOUGH TO BEAT 
Winning, however, isn't so easy. The Chess 

Challenger's computer is programmed for aggres­
sive play. Its goal is to control the chess board and 

take as many of your pieces as it can. It also is pro­
grammed to castle at the first opportunity. You can 
also castle, and make en possant moves. Special 
lights on the Control Center tell you when you're 
in check and when the Chess Challenger admits 
defeat and is in checkmate. (An average chess 
player can beat the Chess Challenger about 25% 
of the time. If you master the Chess Challenger, 
we can reprogram its microprocessor and return 
it to you so it plays a much tougher game.) 
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computer microprocessor as its brain. Micro­
processors represent the highest state of the art 
in advanced computer technology. The Chess Chal­
lenger's microprocessor has been loaded with an 

enormous logic program that enables it to respond 
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skilled human opponent. 
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manufactured in the United States by Fidelity 
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makers of precision electronic equipment. Fidelity 
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NO-RISK TRIAL 
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ORDER YOURS TODAY 
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decreased rate of firing was not a ran­
dom effect but was consistent over a pe­
riod of time. 

For example, for one cell we recorded 
from, arms 2 and 3 passed both criteria 
for being an "on" arm, arms I ,  4, 6, 7 
and 8 passed both criteria for being an 
"off" arm and Arm 5 did not meet at 
least one of the two criteria. The recep­
tive field of this cell therefore divided 
the radial-arm maze into a small "on" 
field and a larger "off" field. 

How do we know that the only behav­
ioral correlate of a hippocampal cell's 
activity is the animal's position in space? 
The answer is that we do not. One of the 
difficulties with any recording experi­
ment is that the investigators do not 
have the time or the opportunity to ask 
the cell about every possible stimulus. In 
short, one can never be certain whether 
one has found the only behavioral cor­
relate or receptive field of a given brain 
cell .  We did, however, carry out a num­
ber of tests to ensure that some irrele­
vant part of the experimental procedure 
was not particularly influencing the 
cell's activity. We distracted the animal 
in various ways, picking it up, clapping 
our hands, flashing lights and moving 
around in the testing chamber and the 
adjoining room. We altered the animal's 
expectations about reinforcement by at­
tracting it to an arm with food held in 
front of it with tweezers, by placing food 
in unusual positions in the maze (such as 
in the middle of an arm) or by occasion­
ally putting food at the end of the arm 
only after the animal had already 
checked the food cup and found that it 
was empty. 

III I I • f .. I I  II 
ARM 5 

, 
P I II' "Ii 11 �1I �I • II 
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Throughout all of these modifications 
the activity recorded from the cell in the 
hippocampus was stable; the only obvi­
ous behavior that was correlated with 
the amount of activity in the nerve cell 
was the position of the animal in the 
maze. This was true even when the gen­
eral motivation of the animal changed 
as the animal became satiated. Running 
behavior clearly waxed and waned in 
cycles, the animal sometimes respond­
ing slowly and pausing to groom itself 
or to rest, and sometimes responding 
rapidly and running through all eight 
choices in about 30 seconds. Still the 
activity of the cells in the hippocampus 
remained consistent. As a final control 
we also recorded from cells in other 
brain structures and found no correla­
tion between spatial location and the 
cells' firing rate. In short, the cells we 
recorded from in the hippocampus 
looked j ust like those O'Keefe described 
as place units. The activity of the cell 
was correlated with the animal's posi­
tion in the apparatus, regardless of the 
type of behavior we observed in that po­
sition. 

The types of receptive fields we have 
measured for cells in the hippocampus 
range from a simple one with a single 
"on" arm to a complex one with alter­
nating "on" and "off" arms. So far these 
receptive fields do not fall into any obvi­
ous categories as those of the visual sys­
tem do. There are obvious differences 
among individual cells in terms of their 
overall rate of activity, the number and 
discreteness of their "on" and "off" arms 
and the magnitude of the change in the 
cell firing rate when the animal enters an 
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arm, but grouping cells into categories 
based on these different response char­
acteristics must await more extensive 
experimental information. 

How does a place unit know where in 
space it should be active? O'Keefe 

and his colleagues have addressed this 
question by testing animals in a dimly 
lighted chamber with black walls. On 
each of the walls was displayed a single 
prominent stimulus: a light, a rotating 
fan, a loudspeaker emitting sound and a 
white card, all of which together activat­
ed the place unit. Removal of any one of 
the four stimuli had little effect on the 
cell's activity, presumably because the 
remaining three stimuli allowed suc­
cessful orientation. When any three of 
the stimuli were removed, however, the 
cell's firing pattern became erratic and 
unpredictable. These findings suggest 
that place units receive information 
from a constellation of spatial stimuli in 
the environment rather than from j ust 
one stimulus. Thus each place unit rec­
ognizes a particular spatial location by 
"triangulating" among stimuli in differ­
ent parts of the environment, much as a 
surveyor or a navigator determines his 
location in space by measuring the rela­
tive positions of fixed landmarks. 

We have looked primarily at place 
units in our experiments, but other types 
of cells in the hippocampus have also 
been described. It is known from the 
work of Case H. Vanderwolf of the Uni­
versity of Western Ontario that when 
animals are engaged in voluntary be­
havior such as exploring and running , 
their hippocampus exhibits a rhythmi-
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OSCILLOSCOPE TRACE sbows tbe activity of a single cell in tbe 
bippocampus as tbe rat runs freely in tbe radial-arm maze, Tbe cell's 
activity, wbicb was recorded by means of an implanted metal elcc-

96 

trode, is strikingly correlated witb tbe rat's position in space. Cell's 
firing rate is slow wben animal starts on Arm 5, speeds up on arms 
2 and 3, slows down on other arms and increases again on Arm 3. 
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cally varying electric potential known as 
the theta rhythm. Ranck identified a 
group of cells in the hippocampus 
whose activity is strongly correlated 
with this rhythm. O'Keefe and Black 
subsequently found that when they 
trained rats to jump from the floor of a 
cage to a small ledge, and then varied 
the distance between the floor and the 
ledge, the frequency of the rhythmic fir­
ing of these cells was related to the dis­
tance the animal had to jump in order to 
reach the ledge. When they placed small 
weights on the animal's back to vary the 
amount of force required to make a 
jump, the activity of the cells did not 
change, indicating that the distance of 
the jump was the critical variable. 
O'Keefe accordingly named the rhyth­
mically firing cells "displace units," 
since their activity depended on the dis­
tance the animal was about to move. 
Hence it appears that the hippocampus 
has at least two classes of cells: place 
units that reflect where the animal is at 
the present time and displace units that 
reflect the distance it is about to move in 
the environment. 

In sum, our experiments with brain le­
sions and those with nerve-cell re­

cordings suggest that the hippocampus 
plays an important role in spatial work­
ing memory and provide support for 
O'Keefe and Nadel's spatial-map hy­
pothesis as well. Without the hippocam­
pus the ability of rats to perform the 
radial-maze task correctly is severely 

impaired. With the hippocampus intact 
the rats do well, and the activity of nerve 
cells within the hippocampus is strongly 
correlated with the animals' position in 
space. 

As with many experiments, the infor­
mation we have obtained now raises an 
entirely new set of questions. Some of 
them have to do with the performance 
of normal animals. Why did the rats not 
adopt any of the strategies that might 
have made the task easier for them? 
Was it because of a limitation of rodent 
cognitive processes or the task's being so 
simple that it did not provide a sufficient 
challenge? Other questions have to do 
with the physiological bases of spatial 
working memory. Our results suggest an 
important role for the hippocampus, but 
the late Hans-Lukas Teuber of M.I.T. 
and Brenda A. Milner of the Montreal 
Neurological Institute have suggested 
that other parts of the brain, such as the 
parietal lobe, may be involved in spatial 
memory, at least in man. What are the 
factors responsible for this apparent dis­
crepancy between the brain mechanisms 
of spatial behavior in human beings and 
in rodents? 

Future research must also consider 
the way in which the cellular organiza­
tion of the hippocampus enables it to 
store and retrieve spatial information. 
Per Andersen of the University of Oslo 
has demonstrated that the hippocampus 
contains many small and complex cir­
cuits, and Leonard E. Jarrard of Wash­
ington and Lee University is currently 
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examining their function by making dis­
crete lesions in the hippocampus that se­
lectively disrupt particular circuits. He 
has found that lesions in different cir­
cuits have markedly different behavior­
al effects. For example, a particular le­
sion appears to disrupt the acquisition 
of spatial memory but not its retention. 
These results suggest that a more subtle 
level of anatomical and functional anal­
ysis must be pursued if we are to under­
stand the role of the hippocampus in 
the programming of spatial memory. 

One tantalizing piece of anatomical 
evidence relating to the idea of the hip­
pocampus as a memory system is the 
organization of the synaptic connec­
tions linking the hippocampus to the 
fornix and to the entorhinal area. The 
connections distribute themselves in a 
regular manner from the front of the 
hippocampus to the back, and the path­
ways that make the connections run at 
right angles to other pathways within 
the hippocampus so as to form an exten­
sive and highly structured network. This 
arrangement of nerve fibers has remind­
ed many people of the wires running at 
right angles to one another in the core 
memory of a computer, where a "bit" of 
information can be stored at each inter­
section of the wires. Although it is un­
likely that the hippocampal system 
stores information the same way, its 
structural resemblance to a computer 
memory raises still other questions 
about the memory mechanisms of the 
brain. 

SPATIAL STIMULI that excite or inhibit the firing of four proto­
typical cells in the rat hippocampus are shown graphically. Each set 
of bars represents the eight arms of the radial-arm maze. An arm is 
classified as being "on" (color) for a given cell if, when the animal 
enters that arm, the cell's firing rate increases by at least three stan­
dard errors of the mean away from the overall m ean rate. An "off" 

arm (dark gray) must consistently produce a decrease in firing rate 
of the same magnitude. Arms in neither category are considered neu­
tral (light gray). The responses of individual cells in the hippocampus 
to spatial position vary greatly. Cell A has a very simple response 
pattern with a single "on" arm. Cell D, however, has a complex pat­
tern with alternating "on" and "off" arms. B and C are in between. 
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Will Money Motivate You? 

VA L U E  #1 - Com modore Scie ntific SR41 90R 
For price and pertormance, this h igh  powered scien­
tific represents an extraordinary valu e .  It de l ivers 1 06 
d i rectly accessib le keyboard functions .  
• RECHARGEABLE bu i lt in  n i-cad batteries . 1 4-
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VA L U E  # 2 - Com modore Stat 61 
The most complete PRE PROGRAMMED calcu lator 
designed for the professional data analyst . 
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d i rectly from the Keyboard . There are no prog rams to 
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g reen f luorescent d isplay for optim u m  visabi l ity. The 
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• 14 Character d isp lay . "T" Test · Chi  squared 
d istribution ' Gaussian d istribution ' Linear 
Regression ' Mean & Standard deviation with 
g rouped and u n g rou ped data · one & two sample test 
statistics ' Hypergeometric, B inomial & Poisson 
densities ' F. t probabiPty distribution ' Combinations 
& permutations ' Factorial and Gamma functions 
• 8-Memories • Parenthesis ' Random n u m ber  
generator . Al l  log & t r ig  & inverse functions ' A l l  
power  and root keys ' S ign ificant n umber selection 
· . .  and so much more · 

$9995 
complete 

RECHARGEABLE MODELS 
All  models have bu i lt- in rechargeable 
batteries and come complete with AC/ 
DC Adaptor-Recharger, carry ing case 
+ manual .  All have a fu l l  year manu­
facturer 's g uarantee . 
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ThaI's What Cost Engineers Say 
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and months of R & D  went into creating the most 
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VAL U E  # 3  - Commodore P R 1 00 
Pro g r a m m a ble Calculator 
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The Lesson 
of Retrolental Fibroplasia 

This type of blindness was epidemic among'premature infants in the 

1950's. How the problem was solved by trial and error is a parable 

of the issues that arise in medical experimentation on human beings 

T
he form of blindness known as ret­
rolental fibroplasia arose abrupt­
ly in the early 1940's among in­

fants, most of whom had been born pre­
maturely, and quickly became an epi­
demic. It is an irony of medicine that the 
disease stemmed from the efforts of 
physicians to increase the premature ba­
by's chances of survival in good health. 
After some 12 years of intensive and 
widespread investigation the cause was 
found and the disease was virtually 
eradicated. The entire episode bears re­
call now because it presents so sharply 
the painful questions that surround ex­
perimentation with human beings. par­
ticularly newborn infants. 

The story of retrolental fibroplasia 
can be told within the framework of the 
French physiologist Claude Bernard's 
description of the stages of development 
of experimental knowledge: "In all ex­
perimental knowledge there are three 
phases, an observation made, a compar­
ison established and a judgment ren­
dered." Here the first phase began on 
February 14, 194 1. when Stewart H. 
Clifford, a Boston pediatrician. made a 
routine home visit to examine a baby 
girl who had been born prematurely 
three months earlier. "Although the ba­
by's general development was excel­
lent." Clifford recalled recently. "I was 
shocked to note roving nystagmus [jerk­
ing movements of the eyeballs] and 
opacities in the eyes. I had to tell the 
family I was afraid the baby could not 
see. I immediately referred the baby to 
one of our leading ophthalmologists. 
Paul A. Chandler." 

Chandler examined the infant's eyes 
and told Clifford he had never seen any­
thing like them before. He had the baby 
admitted to a hospital, where her eyes 
could be examined while she was under 
anesthesia. and consulted with Freder­
ick H. Verhoeff. a leading figure in 
American ophthalmic pathology. The 
examination revealed a heavily vascu-
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larized grayish membrane. which ap­
peared to be on the rear surface of each 
lens. The problem was diagnosed as a 
fibrovascular sheath of the lens. An op­
eration was considered but dismissed. 
since Verhoeff thought the prognosis 
was poor. 

Within a week Clifford saw his second 
case of the disorder when he was called 
to examine a baby boy who was the sur­
vivor of twins born prematurely in July. 
1940. (The baby's twin sister had died 
within a few hours of birth.) Clifford 
called in Theodore L. Terry. a Boston 
ophthalmologist. who declared that the 
condition was congenital cataracts. He 
arranged for the baby to be admitted to 
a hospital for an operation. but shortly 
before the operation was scheduled to 
begin Clifford. Chandler and Verhoeff. 
who were present as consultants. con­
vinced him that the condition was inop­
erable. 

The nursery records of these first two 
children were recently reviewed. They 
showed that each infant had been given 
the standard treatment of the time for 
premature babies. which included incu­
bation in an environment enriched in 
oxygen. It was evident from the records 
that the disorder seen by Clifford in their 
eyes was what later came to be known as 
retrolental fibroplasia. from the Latin 
for formation of fibrous tissue behind 
the lens. (The term was coined by Harry 
Messenger. a Boston ophthalmologist 
who, as Chandler put it. was "quite a 
Latin and Greek scholar and who was 
often called on to provide a suitable 
name for various things.") 

I t soon became apparent that the dis­
ease was widespread. In 1942 Terry 

published in The American Journal 0/ 
Ophthalmology a note on five cases he 
knew of. The note included two pro­
phetic sentences: "In view of these find­
ings [that all five children had been born 
prematurely] perhaps this complication 

should be expected in a certain percent­
age of premature infants. If so. some 
new factor has arisen in ex.treme prema­
turity to produce such a condition." 

Between 1942 and 1945 Terry collect­
ed data on 1 17 cases of the disorder. 
Only eight of the cases were in infants 
said to have been born following a preg­
nancy of normal length. Terry became 
convinced that the condition developed 
after birth. because in three premature 
infants whose eyes were normal at birth 
he. subsequently found well-established 
retrolental fibroplasia. Notwithstanding 
his view. the notion persisted until 1948 
that the condition resulted from an in­
herent or acquired abnormality of the 
eye due to factors operating before birth 
or. at the latest. immediately after birth. 

In 1948 two ophthalmologists at the 
Johns Hopkins Hospital (William C. 
Owens and Ella U. Owens) examined 
more than 200 premature infants at 
birth. None of them had retrolental fi­
broplasia. Half of the babies were re­
examined monthly until they were six 
months old; by then 4 percent had devel­
oped the disease. The survey showed 
that the first detectable abnormalities 
began from two and a half to three and a­
half months after birth and involved a 
progression of changes in the blood ves­
sels of the retina. The findings were 
quickly confirmed. and it soon became 
routine in large research centers study­
ing the disorder to make ophthalmo­
scopic examinations of the eyes of all 
premature infants at weekly intervals in 
the hope of diagnosing retrolental fibro­
plasia early. 

During those years I was in the de­
partment of pediatrics at the Columbia 
University College of Physicians and 
Surgeons and also on the staff of Babies 
Hospital of the Columbia-Presbyterian 
Medical Center. A case of retrolental 
fibroplasia in a prematurely born infant 
we cared for in 1950 is illustrative of the 
anecdotal and uncontrolled approach 
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that has characterized much clinical re­
search. On the day after the detection of 
the early signs of the illness I wrote on 
the baby's chart: "It is clear that any 
measures undertaken to influence the 
course of the disease must begin now. It 
must also be mentioned that at least one 
instance has been recorded (Owens and 
Owens) where these changes of . . .  the 
retina [abnormal twisting of veins and 
unusual conspicuousness of blood ves­
sels] have apparently failed to go on to 
the fibroplastic retrolental membrane 

stage and reverted to normal. This ad­
mittedly is a very remote possibility. but 
the fact that it has been observed will 
make interpretation of the beneficial ef­
fect of any therapeutic measure just that 
uncertain . . . .  It has been decided to try 
ACTH [adrenocorticotrophic hormone] 
on the rationale that ( 1) it is a connec­
tive-tissue disease. (2) prematures may 
be ACTH-deficient and (3 ) no other 
agent or therapeutic regime has given 
any indication of beneficial effect." 

The previously untried treatment was 

begun. The vascular changes in the eyes 
improved. and so the dose was lowered. 
The changes became worse. whereupon 
the dose was increased. The eyes re­
turned almost to normal. and ACTH 
was withdrawn. The infant gained 
weight and was sent home. 

Soon after this dramatic experience 3 1 
infants with the early changes of 

retrolental fibroplasia were treated with 
ACTH at Babies Hospital. Permission 
for this innovative approach was ob-

VIEW OF RETINA through a direct ophthalmoscope shows blood­
vessel abnormalities characteristic of retrolental fibroplasia, notably 
the hairpin bends in many of the arteries. In the normal retina the 
arteries are nearly straight. This photograph shows the retina of a 

teenage child who was born prematurely and became afflicted with 
retrolental fibroplasia as a result of the oxygen-rich environment that 
was then standard treatment for premature infants. The affliction 
did not lead to impair-ment of vision, but the arterial changes persist. 
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CENTRAL RETINAL 
VESSELS 

RETINAL VESSELS 

RETINA 
" 

RETINA ----------�iii 

NORMAL HUMAN EYE is depicted in a view tbat sbows strncture 

of tbe blood vessels of tbe retina. Arteries are portrayed in red, veins 
in blue. Tbe retina extends around tbe eyeball inside tbe cboroid and 
tbe sclera. Mucb of tbe center of tbe eyeball is filled with tbe clear 

DEVELOPMENT OF RETROLENTAL FIBROPLASIA is traced 
in a series of drawings based on wbat was seen tbrougb a direct opb­
tbalmoscope. Tbe drawings sbow part of tbe background of tbe left 
eye of a prematurely born infant at tbe age of five weeks (1), nine 
weeks (2) and 11 weeks (3). In tbe first drawing tbe retinal blood ves-
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structure known as tbe vitreous body. In tbe normal eye tbe retinal 
blood vessels do not leave tbe retina, but in tbe wild and twisting 
growtb associated witb retrolental fibroplasia tbe capillaries may fre­
quently break tbrougb tbe retina and penetrate tbe vitreous body. 

sels are severely dilated and twisted. At nine weeks a crescent-sbaped 
swelling of the retina bas begun to form at tbe rigbt outer edge of tbe 
field and tbe retina bas started to detacb. In tbe final drawing tbe de­
tacbment of tbe retina bas progressed to tbe stage wbere a fold, wbicb 
is sbown by curving line near rigbt edge, bas developed in tbe retina. 
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tained from the parents in the same in­
formal way that it had been a few years 
earlier when another "miracle" drug, 
penicillin, was employed to treat life­
threatening infections of various kinds, 
Of the 31 infants, 25 left the hospital 
with normal eyes, two became blind, 
two lost all vision' in one eye and two 
had useful vision with only minor reti­
nal scars. 

These results were particularly im­
pressive compared with those of seven 
infants with early retrolental fibroplasia 
at Lincoln Hospital in New York who 
did not receive ACTH because its effica­
cy had not been proved. Six of them 
became blind. ACTH seemed to be the 
cure for the disease. 

We were puzzled, however, by two in­
fants (one from Lincoln Hospital and 
one from another New York hospital) 
whose early changes subsided without 
treatment and who were left with nor­
mal eyes. It seemed clear that only 
a randomized and concurrently con­
trolled trial (in which one group of pa­
tients continues to receive the standard 
treatment and one receives the proposed 
new treatment, with a patient being allo­
cated to one group or the other strictly 
at random) would settle the question of 
the effectiveness of ACTH. 

The trial was made. About a third of 
the infants who received ACTH became 
blind, whereas only a fifth of the control 
infants did. Moreover, there were more 
deaths in the ACTH group. Two years 
later William Owens published the ob­
servation that approximately three­
fourths of the infants showing the early 
changes of retrolental fibroplasia re­
turned spontaneously to normaL This 
was exactly our experience in New York 
during the treatment with ACTH. 

More than 50 separate causes of 
retrolental fibroplasia were pro­

posed. About half of them were exam­
ined formally; only four were tested by 
prospective experimental clinical trials. 
Gradually, as the clinical evidence accu­
mulated, attention was focused on the 
oxygen-rich environment routinely pro­
vided for premature babies as a factor in 
the causation of retrolental fibroplasia. 
Significantly, as one looks back, a ques­
tion that was hotly debated in the early 
1950's was whether the causative factor 
was an excess of oxygen or a lack of 
oxygen in the baby's retinas. Two physi­
cians, Kate Campbell in Australia and 
Mary Crosse in England, who have been 
credited with discovering the cause of 
the disease, published anecdotal evi­
dence incriminating an excess of oxygen 
in observations made in a population of 
142 infants. In Paris the opinion (based 
on observations of 479 infants) was the 
reverse. Charity Hospital in New Or­
leans, which had the largest premature­
baby unit in the U.S., was free of retro-

len tal fibroplasia notwithstanding the 
routine continuous administration of 
oxygen. 

Norman Ashton of the Institute of 
Ophthalmology of the University of 
London advanced a hypothesis that the 
disease entailed an abnormal over­
growth of the developing blood vessels 
of the retina. There was indirect evi­
dence suggesting that the normal stimu­
lus attracting blood vessels into the fetal 
retina is an oxygen demand arising in 
the inner layers of that part of the eye in 
the fourth month of gestation. This view 
came from the work of the Israeli oph­
thalmologist I. C. Michaelson on the de­
velopment of the retina in several spe­
cies, including man. 

Michaelson had injected India ink 
into the arterial system of the eye of 
human fetuses at autopsy and then 
teased the retina out to make flat prepa­
rations. One of his principal findings 
was that the capillaries bud from the 
veins, away from the oxygen-laden ar­
teries, leaving a zone free of capillaries. 
Later work showed that when animals 
were reared at a simulated high altitude, 
in an atmosphere with a reduced oxygen 
content, the capillary-free zone became 
narrower. Although the relevance of 
these observations to retrolental fibro­
plasia went virtually unnoticed for sev­
eral years, the findings supported Ash­
ton's later hypothesis that the disease 
was caused primarily by a severe lack of 
oxygen in the deep retinal layers of the 
developing eye. 

Ashton came to the problem armed 
with the knowledge that the newborn 
kitten had an incompletely vascularized 
retina, roughly comparable to the retina 
of the human infant at about the seventh 
month of gestation. Ashton and his co­
workers put a cat and three kittens in an 
atmosphere enriched in oxygen. The 
first experiment showed that after four 
days of continuous exposure to an atmo­
sphere that contained from 75 to 80 per­
cent oxygen the outgrowing blood ves­
sels of the retina were completely atten­
uated. The initial effect of the oxygen 
was shown to be a marked narrowing of 
the immature retinal vessels, followed 
by their obliteration. Paradoxically it 
was exposure to the high level of oxy­
gen, with the resulting eradication of 
germinating blood vessels, that ap­
peared to cause the ultimate deficit of 
oxygen in the deep retinal tissues of the 
eye. After the kittens had been returned 
to a normal atmosphere the blood ves­
sels grew in a disorganized fashion, with 
a budding of new capillaries out of the 
normal retinal area into the vitreous 
body. 

At Gallinger Municipal Hospital in 
Washington, D.C., Arnall Patz, a resi­
dent in ophthalmology, designed a test 
in which some premature babies in incu­
bators would be given less supplemental 

oxygen than was the standard at the 
time. The study turned out to be a diffi­
cult trial for the investigators. As Patz 
recalls it: 'The nurses were convinced 
that we were going to kill the babies in 
the low-oxygen group; at night some of 
the older nurses would turn the oxygen 
on for a baby who was not receiving 
oxygen and then would turn it off when 
they went off duty in the morning." Al­
though the test, involving 76 infants, 
appeared to incriminate high levels of 
oxygen in the causation of retrolental fi­
broplasia, the debate over oxygen con­
tinued. 

Early in 1953 the oxygen issue was 
discussed at a meeting called for the 
purpose at the National Institutes of 
Health. Two strong views emerged. A 
majority thought that a formal, con­
trolled trial should be carried out simul­
taneously in several medical centers. A 
minority, arguing that there was already 
enough observational evidence to indict 
oxygen, opposed the trial as immoraL 
The dispute reflected a basic problem in 
medicine, which Bernard had described 
100 years earlier: "Many physicians at­
tack experimentation on human beings, 
believing that medicine should be a sci­
ence of observation, but physicians 
make therapeutic experiments daily on 
their patients, so this inconsistency can­
not stand careful thought Medicine by 
its nature is an experimental science but 
must apply the experimental method 
systematically." Briefly, the majority 
thought the participants who opposed 
the need for formal and controlled ex­
periments were in effect asking for the 
substitution of informal and uncon­
trolled experiments. 

The study began in July, 1953. Over a 
period of a year nearly 800 infants in 

18 hospitals were studied. They had in 
common the fact that they were born 
prematurely and that each one weighed 
1.5 kilograms or less at birth. During the 
first three months enrollment was in ran­
dom sets of three. Two infants in each 
set were allotted to a group that received 
supplemental oxygen only when clinical 
indications called for it, and then in a 
concentration of no more than 50 per­
cent; the third infant received what was 
at that time the routine treatment of be­
ing given oxygen continuously at a con­
centration of more than 50 percent for 
28 days. For the remaining nine months 
of the trial all the infants were given 
curtailed oxygen only. 

The results were dramatic. Retrolen­
tal fibroplasia occurred in 23 percent of 
the infants in the routine-oxygen group 
and in 7 percent of the group that re­
ceived oxygen in curtailed amounts. 
(This last finding is a seldom remem­
bered detail of the trial and deserves em­
phasis. Net every infant receiving "cur­
tailed" oxygen by the standards of the 
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BLOOD-VESSEL DEVELOPMENT in the retina was examined by the Israeli ophthalmol­
ogist I. C. Michaelson, who found that in normal conditions the capillaries bud out from the 
veins and tend to stay clear of areas around arteries. When experimental animals were reared 
in an environment low in oxygen, the capillary-free zone became narrower. The findings sup­
ported a hypothesis that oxygen demand in the retina caused blood vessels to proliferate and 
that therefore a lack of oxygen was cause of retrolental fibroplasia. Later it was shown that ret­
inal oxygen deficit was in fact caused by prolonged breathing of oxygen at high concentration. 

EFFECT OF OXYGEN on tbe infant retina is at first (left) to cause the developing blood ves­
sels to constrict and then to wither and become obliterated. The arrows indicate increased dif­
fusion of oxygen from blood vessels of the neighboring choroidal layer; these channels are not 
appreciably affected. Later the withered blood vessels of the retina regrow in a disorganized 
fashion (right), erupting through the retinal surface into the vitreous body. These effects appear 
only in incompletely developed retinas, which is why retrolental fibroplasia afHicted mostly 
prematurely born infants who had been exposed to high levels of oxygen in incubators for days. 
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time escaped the disease.) The study 
also showed that the risk of the disease 
increased with each day in an oxygen 
concentration of more than 50 percent 
for up to two weeks of exposure; there­
after it leveled off. 

The study and its results represented 
the second and third stages mentioned 
by Bernard, "a comparison established 
and a judgment rendered." The results 
were announced at the annual meeting 
of the American Academy of Ophthal­
mology and Otolaryngology in 1954. 
The announcement was immediately 
and widely publicized. Within a year the 
practice of giving premature infants a 

high concentration of oxygen was wide­
ly modified. The disease subsided as 
quickly as it had arisen. 

By now it was apparent that the rea­
son for the sudden appearance of the 
disease was related to the general ac­
ceptance of a hypothesis (put forward in 
the early 1940's) that the high toll of 
brain damage in premature infants was 
caused by a lack of oxygen that up to 
then had not been recognized. This view 
provided the rationale for the continu­
ous administration of a high concentra­
tion of oxygen, even to babies who 
showed no abnormal symptoms. At the 
end of World War II incubators were 
designed and built to meet the new spec­
ifications of physicians for providing 
high concentrations of oxygen. 

Oxygen at high concentrations can be 
toxic, as it proved to be to the develop­
ing blood vessels of the retina of the 
premature infant. The result in retrolen­
tal fibroplasia was that the developing 
retinal vessels withered. Subsequently 
there was a wild regrowth of the vessels. 
Although this proliferative process usu­
ally subsided, leaving a normal retina, in 
a small number of cases extensive hem­
orrhages developed and fibrous scar tis­
sue formed, causing the retina to be­
come detached from its normal posi­
tion and to billow out against the back of 
the lens. 

Medically the story appeared to be 
complete, and interest in the disorder 
quickly waned as it became one of the 
rarer complications of premature birth. 
Actually many of the challenges of the 
experience with retrolental fibroplasia 
had not yet been confronted. Now, more 
than 20 years later, several crucial ques­
tions remain. 

The first sign of trouble began five 
years after the cooperative study. 

Mary Ellen Avery and Ella H. Oppen­
heimer of the Johns Hopkins School of 
Medicine reported that the frequency of 
death from hyaline membrane disease 
was higher in infants at the university 
hospital than it had been during a five­
year period before 1954, when oxygen 
was administered liberally to premature 
babies. In 1963 Alison D. McDonald of 
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RISE AND DECLINE of retrolental fibroplasia is reflected in this 
chart of blindness among children in southern California. The chart 
shows the number of cases of blindness attributable to retrolental 
fibroplasia (color) and to other causes (gray). Eventually the abrupt 
app earance of retrolental fibroplasia was traced to the adoption of a 

policy of liberal administration of oxygen to prevent brain damage 
in premature infants. The brain damage is caused by a lack of oxy­
gen that is difficult to recognize. At the end of World War II incu­
bators were designed to make it technically feasible to administer 
a high concentration of oxygen continuously to a premature infant. 

Guy"s Hospital in London reported the 
experience of 19 centers for the new­
born in England and Wales before and 
after the restricted use of oxygen. She 
found that with increased treatment 
with oxygen the frequency of retrolental 
fibroplasia rose but the incidence of 
spastic diplegia (palsied lower extremi­
ties) fell. 

Kenneth W. Cross of the London 
Hospital Medical College recently ex­
amined the trend in the death rate of 
newborn infants in England and Wales 
over the past 40 years. He

· 
found a 

smooth exponential decrease in the rate 
of death during days one to six after 
birth. but the curve for the rate of death 
on the day of birth (day zero) showed a 
skewed break in the downward trend. 
particularly in infants whose weight was 
low at birth. The same anomaly ap­
peared in data from the U.S. The break 
corresponded closely with the beginning 
of restrictions on oxygen therapy for in­
fants. 

Cross estimated the number of excess 
deaths per year following the adoption 
of the restrictive policy by subtracting 
the number of deaths that were expected 
(a figure obtained by extrapolating the 
smooth curve preceding the reduction in 

oxygen therapy) from the number of 
deaths that had occurred. The excess 
amounted to about 700 per year. Divid­
ing this figure by a number representing 
the decline in blindness from retrolental 
fibroplasia. Cross calculated that 16 
deaths occurred to produce each sighted 
infant during the years of oxygen re­
striction. (The study did not take into 
account the fact that the break in the 
curve also coincided with the introduc­
tion of certain medicines to prevent and 
treat infection; these substances were 
later shown to be dangerous to prema­
ture infants.) 

One may ask why the cooperative 
study in the U.S. failed to discover 

the risk that curtailed oxygen therapy 
might increase the death rate in certain 
infants. This disturbing oversight is re­
lated to a deliberate quirk in the original 
design of the study. Infants were not en­
rolled in the trial until they had survived 
for 48 hours. The reason was that most 
of the deaths among premature infants 
are in the first two days of life; it was 
argued that the inclusion of these early 
deaths would not help to answer the 
question of oxygen damage to the reti­
nal blood vessels. The strategy also had 

the advantage of placating the nurses. 
most of whom were extremely resistant 
to the policy of restricting oxygen. It 
was some time before a balance was 
struck (which is not yet an ideal one) 
whereby premature infants who need 
extra oxygen to survive without brain 
damage receive it. but in concentrations 
that do not seem to be giving rise to 
blindness. 

The success of the effort to solve the 
puzzle of retrolental fibroplasia had a 
good deal to do with the large expansion 
by Congress of appropriations for medi­
cal research beginning in the late 1950·s. 
Much of the research was directed at 
problems affecting the fetus and the 
newborn infant. with fruitful results for 
both biology and medicine. Notwith­
standing the advances in every branch 
of medicine. which have taken the pro­
fession out of the age of magic for the 
first time. one sees a widespread erosion 
of public confidence in the medical pro­
fession. 

Perinatal medicine. which is directed 
at disorders of the infant during the peri­
od shortly before and shortly after birth. 
provides an example. The nature of the 
problem. as it has been stated by How­
ard Brody of Michigan State University. 
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is that "scientists or clinicians are prone 
to error when they confuse scientific 
problems with value problems and try 
to solve the latter with tools of the for­
mer." As knowledge of perinatal disor­
ders has deepened, physicians have too 
often come out of the laboratory advis­
ing treatments that have been neither 
fully tested nor presented to the commu­
nity for consideration and approval. 
However noble the objectives of these 
physicians may appear to be, both the 
practice and the science of perinatal 
medicine have been handicapped. 

The philosopher Kurt von Fritz notes 
that "there are no absolute criteria by 
which a value system of a society can be 
judged objectively." I go further: There 
are no absolute criteria by which the 
values of an individual can be judged 
with complete objectivity. As a result 
the evaluation of risk versus benefit in 
all medical interventions (whether they 
are proved or experimental) is a difficult 
and individualized process, particularly 
in the pluralistic society of the U.S. 

The late Henry K. Beecher of the Har­
vard Medical School classified all exper­
iments on human beings into groups 
that have been summarized in two mu­
tually exclusive categories: therapeutic 
and nontherapeutic. His basis for classi-

fication was the intent of the experi­
menter, not the risk. This classification 
has been accepted uncritically by almost 
everyone. 

The scientific view of the world, how­
ever, is probabilistic: risk and benefit are 
relative, not absolute. They should be 
evaluated in what could be called a sys­
tems view, in which categories of risk 
and benefit would be weighted. The 
heaviest weight usually would be as­
signed to the risk and benefit affecting 
the individual (or the mother-baby'unit 
while the infant is still a suckling), with 
progressively less weight being given to 
the family, the community, the subcul­
ture and so on. 

Indeed, the current debate about in­
formed consent for experimentation on 
the fetus and the newborn infant is 
pointless. Interpretations of risk versus 
benefit and the social status of these in­
dividuals are value judgments that will 
be decided differently by different sub­
cultures in the society. To impose one 
solution on everyone is immoral. 

The situation now is that the Federal 
Government has imposed restric­

tions on "nontherapeutic" research af­
fecting the human fetus and suckling in­
fants. In my view this is a sorry state of 

ADVANCED STAGE of retrolental fibroplasia appears in this photograph of a horizontal 
cross section of an eye. The lens is the oval structure at the left, and the gray mass next to it 
is the retina, which has become completely detached. Retrolental fibroplasia was originally 
thought to be a lens disease because of the gray fibrous tissue found behind lens in severe cases. 
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affairs. The profusion of new drugs, the 
advances in medical practice and the 
concern over the effects of environmen­
tal factors on health have made this a 
time when more rather than less experi­
mentation involving human beings, in­
cluding children, is needed. The experi­
ments should be scrupulously designed 
and carefully surrounded with safe­
guards. Unfortunately those conditions 
are not always observed in modern ex­
periments, which are frequently not 
even acknowledged to be experiments. 
Regrettably the medical profession had 
a role in creating the situation. 

In 1967 a state senator in New York 
attracted wide public attention with the 
assertion that barbarous experiments on 
children were being conducted in the 
municipal hospitals of New York City. 
He drafted legislation to outlaw all ex­
perimentation on children. The medical 
profession responded with a proposal 
for legislation that would allow care­
fully safeguarded clinical investigation 
involving children. The senator aban­
doned his attack, apparently because it 
was no longer exciting public interest, 
and the medical profession thereupon 
dropped the subject too. Subsequent 
events, which culminated in the current 
restrictions, indicate how wrong it was 
not to pursue the matter in a more re­
sponsible way at the time. 

The threat in 1967 had the effect of 
encouraging bootleg studies, that is, ex­
periments that are neither formal nor 
informal and so avoid the issues of in­
formed consent and strict review. By the 
simple device of labeling innovative 
treatments as "not experimental" but 
merely "modification or evolution of ex­
isting practice" and "based on sound 
physiologic principles," investigators 
have proceeded to apply new therapy. 
The rules of evidence for scientific in­
vestigation are ignored in these anecdot­
al trials. 

Thus the trial-and-error approach 
that led to the retrolental fibroplasia epi­
sode is being repeated on a wide scale. 
This Russian-roulette strategy of empir­
ical studies is condoned and even widely 
praised, whereas efforts to test new 
treatments with randomized, controlled 
clinical trials that limit risk are charac­
terized as "daring." A recent comment 
by an academic physician described the 
controlled-trial method as "always com­
forting" but "probably not a very effec­
tive way to assess therapy that may be 
dependent on a number of variables." In 
the present situation of ill-conceived re­
strictions and bootleg experiments it is 
as if more than 10,000 children had not 
been blinded by retrolental fibroplasia, 
Bernard's words had never been spoken, 
R. A. Fisher had never developed the 
randomization approach to the problem 
of multiple variables and A. Bradford 
Hill had never perfected the format for 
controlled clinical trials. 
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at this time). Each of the 40 frames is then projected on a screen in 
���

e
e��ea

�Dd then holographed with a Laser, twice, to prevent 

The finished "Hologram Movie" is then gallery·displayed in a 
120° marquee·style curved wall or shelf frame, complete with its 
own self·contained, rear·illumination light source. The enchanting, 
lifelike movement of the 3·Dimensional sub/'ect appears strangely suspended in thin air in the middle of the gal ery frame, on an invisi· 
ble stage. As you move in an arc of 120°, me attractive girl winks and 
blows you a fetching kiss, her eyes actually following and meeting 
yours. For a replay, simply return to your original position (Also good 
for seeing the action in reverse.). 
Used commercially as effective traffic stoppers in stores, at trade 
shows, for promotmg new products, etc., this futuristic new Art Form 
will be the most fascinating and spellbinding conversation/thought 
piece you have ever owned, and it is ideally suited for home or office 
display . (Although in a very early stage, this ingenious, spatial technique has been written up and heraldeo by The New York Times, 
Wall Street Journal, Time, Newsweek, Rolling Stone, Playboy, etc.) 

::��:W�I:xob��ra\:��.����r��i�����r17�[�·tT�ir�,\n9i�����r
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FiJll instructions, Light Fixture & Bulb included.) Cost for "Moving 
Kiss" and complete frame is $too.oo. Other Hologram Movie subjects 
are available and can be interchanged in the frame (see below). 

•••••••••••••••••••••••••••••••• 

To Order On An Examination Basis: 
Please send __ "Moving Kiss" Hologram Movie Pack· 
age (s) @ $100.00 (plus $5. 0 shipping and insurance) each. 
If not satisfied I will return it within 10 days of receipt for an 
immediate refund. 
Other Interchangeable "Hologram Movies" Also Available @ 
$75.00 ea.: "Ballerina"; "Michelangelo's David"; "Cable 
Car"; "Tetra" (computer'generated)! Extra Gallery Frames 
are $35.00 plus $5.00 shipping each. 
o Check or Money Order Enclosed (penn. Residents Add 6% 

Sales Tax) 
o Charge My Credit Card Checked Below: 
o Amencan Express 0 BankAmericard 0 Master Charge 
o Carte Blanche 0 Diners Club 
Credit Card # ___________ _ 

EW Date ____ Master Charge Bank # __ _ 

Name _____________ _ 

Address ____________ _ 

City _______ State ___ Zip __ 

Signature ____________ _ 

The Holex Corporation 
2544 wg��e���o�� ·(2��r

r�j�w88f3· 19401 
•••••••••••••••••••••••••••••••••• 

CARL SA GAN explores human 
intelligence from the Garden of Eden 

to the future of man 
"Never have I read anything on 

the subject of human intelli­
gence as fascinating and as 
charming." -ISAAC ASIMOV 

"Would that we could clone a 
dozen more like him in the 
next half-century:' 

-RAY BRADBURY 

"A wise, witty, well-informed, 
up-to-the-minute account of 
the evolution of intelligence 
... No one can read it without 
acquiring a deeper, saner 
understanding:' 

-MARTIN GARDNER 

THE DRAGONS 
OF EDEN 

Speculations on the 
Evolution of Human Intelligence 

$8.95, now at your bookstore 
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Lectins 
These proteins found primarily in plants combine specifically with 
sugars on cell surfaces and hence bind cells together. They are key 
tools in the study of the role the cell surface plays in cell behavior 

The social behavior of the living 
cell-including intercellular com­
munication. the regulation of cell 

growth and differentiation. the immune 
response and perhaps malignancy-is 
mediated primarily by the surface of 
the cell. and more particularly by the 
branching sugar molecules that stud the 
cell surface. Our recent recognition that 
this is so and our increasing understand­
ing of the architecture and function of 
the cell surface are due in large part to a 
class of proteins called lectins. which 
bind to sugar molecules much as en­
zymes combine with their substrates and 
antibodies combine with their antigens. 

Some of the lipid (fat) molecules and 
proteins that comprise the cell's outer 
membrane carry branching chains of 
sugar molecules (oligo saccharides. or. 
more briefly. saccharides) that extend 
from the cell surface: they are glycolip­
ids and glycoproteins [see "Glycopro­
teins." by Nathan Sharon; SCIENTIFIC 
AMERICAN. May. 1974]. When lectins. 
which have multiple combining sites. 
bind to these saccharides. they intercon­
nect large numbers of cells. causing 
them to agglutinate. or clump together. 
Particular lectins bind more or less spe­
cifically to particular sugar molecules or 
groups of molecules. (It was for this 
property of selectivity that lectins were 
named in 1954 by one of the pioneers in 
the field. William C. Boyd of the Boston 
University School of Medicine. from 
the Latin legere. to pick or choose.) 

Because the agglutination response is 
selective. lectins are valuable as probes 
for identifying and mapping the sugars 
on the surface of cells. They can distin­
guish among the red blood cells of vari­
ous blood groups. and because they 
readily agglutinate malignant cells they 
can 'often distinguish such cells from 
normal ones and reveal some of the 
changes cells undergo when they be­
come malignant. In addition lectins 
stimulate the division of the immune­
system cells known as lymphocytes. 
During this process of mitosis the lym­
phocyte nucleus gets bigger and the indi-
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vidual chromosomes become discrete 
structures. so that lectins are a major 
tool in chromosome analysis as well as 
in studies of a broad range of immuno­
logical phenomena. 

Lectins were first noticed almost 90 
years ago for their ability to clump red 
blood cells. and so they were called 
hemagglutinins; because they were first 
isolated from plants they came to be 
known as phytohemagglutinins. In time 
it was discovered that lectins agglutinate 
not only red cells but also other kinds of 
cells. including lymphocytes. fibroblasts 
(connective-tissue precursors). sperma­
tozoa. bacteria and fungi. Moreover. it 
has become clear that lectins are present 
not only in plants (including bacteria) 
but also in some invertebrate animals 
such as snails and in some vertebrates; 
recently Vivian Teichberg in our depart­
ment at the Weizmann Institute of Sci­
ence in Israel discovered a lectin in the 
electric eel. Lectins are apparently most 
widely distributed in plants. however: 
they have been found in almost 1.000 
plants of some 3.000 examined in recent 
years. The legumes are particularly rich 
in lectins. which account for as much as 
1.5 to 3 percent of the protein content of 
the soybean and the jack bean. for ex­
ample. To date some 50 lectins have 
been purified and chemically character­
ized. most of them from plants. 

The first description of what we now 
know as a lectin was given by H. 

Stillmark in a report submitted in 1888 
to the University of Dorpat in Estonia. 
one of the oldest universities in Czarist 
Russia. While investigating the toxic ef­
fects on blood of extracts of the castor 
bean (Ricinus communis) Stillmark ob­
served that the red cells were being ag­
glutinated. He obtained evidence that 
the material responsible for the aggluti­
nation was a protein and gave it the 
name ricin. Shortly afterward H. Hellin 
of the same university discovered that 
the toxic extract of the seed of Abrus 
precatorius also caused the red cells to 
clump together. The new agglutinin was 

named abrin. It and ricin immediately 
drew the attention of the German bacte­
riologist Paul Ehrlich. who recognized 
that he could investigate certain prob­
lems of immunology with them rather 
than with bacterial toxins. such as the 
toxin of diphtheria. which were popular 
among bacteriologists at the turn of the 
century. 

With ricin and abrin Ehrlich discov­
ered some of the most fundamental 
principles of immunology during the 
1890·s. For example. in 189.1 he report­
ed that mice were rendered immune to 
ricin by repeated subcutaneous injec­
tions of small doses of the toxin. Later 
he found that the serum of an immune 
mouse could neutralize the toxicity of 
ricin. The action was specific: the "anti­
ricin" that developed in the serum of an 
animal immunized with ricin would not 
neutralize the toxic effects of abrin. and 
"anti-abrin" would not neutralize ricin. 
Ehrlich thus demonstrated that the phe­
nomenon of immunospecificity is asso­
ciated with the antiserum. In 1908 Karl 
Landsteiner of the Rockefeller Institute 
for Medical Research reported that lec­
tins are species-specific. He found that 
whereas small amounts of the lentil lec­
tin would agglutinate rabbit red cells. 
even high concentrations of that lectin 
had no effect on pigeon red cells. 

Most of the early experiments were 
conducted with plant extracts that were 
crude by present-day standards; it is 
now known that both ricin and abrin are 
mixtures of a highly toxic. sugar-bind­
ing but nonagglutinating protein and a 
lectin that is not toxic. The first lectin to 
be purified was concanavalin A, from 
the jack bean. which was crystallized in 
1919 by James B. Sumner of Cornell 
University. (Its detailed three-dimen­
sional structure has recently been estab­
lished in the laboratory of Gerald M. 
Edelman of Rockefeller University.) In 
193ti Sumner and Stacey F. Howell not­
ed that the addition of concanavalin A to 
a solution of glycogen. the carbohydrate 
that acts as the storage form of sugars in 
organisms. would cause the glycogen to 
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EFFECT OF A LECTIN on normal cells and on malignantly trans­
formed cells is contrasted in scanning electron micrographs made by 
J. G. Conard and J. H. M. Temmink of tbe Netberlands Cancer Insti­
tute. When normal mouse fibroblast cells (top left) are treated witb 
tbe lectin concanavalin A, isolated from tbe jack bean, tbe cells are 

not agglutiuated (top right): Fibroblasts (bottom left) tbat bave been 
transformed by exposure to simian virus 40 (SV40), a virus tbat is 
carcinogenic in certain animals, are seen to bebave differently: wben 
tbe malignantly transformed cells are treated witb concanavalin A, 
tbey agglutinate (bottom right). Cells are enlarged 1,800 diameters. 
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SIX MONOSACCHARIDES, or individual sugar units, commonly 
found in animal-cell surface membranes are diagrammed schemati­
cally along with glucose, from which all six sugars can be synthesized 

by the organism. Their central structure is the five-carbon pyranose 
ring, to which hydroxyl (OH) and other groups are attached. D and L 
indicate the spatial orientations of the groups attached to the ring. 

PEANUT AGGLUTININ 
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I "'H H 

BINDING SITES on lectins are thought to be clefts or grooves into 
which particular sugars fit, with certain side groups of the sugar mak­
ing contact with small combining regions (dark color) on the lectin. 
Soybean agglutinin binds to acetylgalactosamine, perhaps as suggest-

1 10 

ed at the left, or to galactose. Peanut agglutinin also binds to galac­
tose, but it binds more firmly to a combination of galactose and acetyl­
galactosamine units, indicating that its binding site may have addi­
tional combining regions (hatched areas), as suggested at the right. 
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precipitate from the solution. and that 
the agglutination of red blood cells by 
concanavalin A was inhibited by cane 
sugar. 

Sumner and Howell suggested that 
hemagglutination by concanavalin A 
might be the consequence of a reaction 
of the protein with carbohydrates on the 
surface of the red cells. Their early in­
sight was supported by the finding in 
1952. by Winifred Watkins and Walter 
Morgan of the Lister Institute in Lon­
don. that hemagglutination by lectins 
could be inhibited or prevented by the 
addition of certain simple sugars. Ap­
parently the inhibitory sugar molecules 
occupy combining sites on the lectins. 
interfering with the attachment of the 
lectin to sugar units on the red blood 
cells. In other words. lectins bind sugars. 
and they agglutinate red blood cells by 
means of that binding. For example. the 
agglutination of red blood cells by con­
canavalin A is inhibited specifically by 
the sugars mannose or glucose. indicat­
ing that concanavalin A binds mannose 
and glucose. 

I n 1945 Boyd had discovered that a 
lectin can be "blood-group specific." 

that is. it will aggl utinate red blood cells 
of one type but not those of another 
type. Boyd found that lima bean lectin 
would agglutinate red cells of human 
blood type A but not those of type B or 
type 0. A little later K. O. Renkonen of 
Helsinki reported that the seeds of Lotus 
tetragonolobus contain a lectin that is 
specific for type 0 red cells. A number 

. of other lectins have been found to be 
specific for types A and 0. The search 
for an anti-B lectin took a long time. but 
recently Irwin J. Goldstein of the Uni­
versity of Michigan isolated a B-specific 
lectin from the seeds of Bandeiraea sim­
plici/olia. 

The specificity of some lectins is so 
sharply defined that they can distinguish 
among blood subgroups. The lectin of 
the legume Dolichos bif/orus, for exam­
ple. reacts more strongly with red cells 
of type Al than with those of type A2. 
Lectins are also specific for particular 
types in another human blood group: 
they distinguish between the M and N 
types. Blood is routinely typed with the 
anti-A or anti-B antibodies that are pres­
ent in blood serum. but lectins are also a 
useful tool for typing. One reason is that 
no natural anti-O antibody is available. 
Moreover. lectins are usually relied on 
for the diagnosis and typing of "se­
cretors": people who secrete glycopro­
teins that have blood-group specificity 
into their saliva. urine and other body 
fluids. 

The connection between blood-group 
specificity and sugars was established in 
1953 by Watkins and Morgan. They 
showed that the agglutination of type A 
red cells by the lima bean lectin is best 
inhibited by the sugar N-acetylgalactos­
amine. and thus pinpointed that sugar 

as a determinant of type A specificity. 
The agglutination of type 0 cells by the 
type-O-specific lectin of Lotus tetragono­
lobus was found to be best inhibited by 
the sugar fucose. which was thus shown 
to be a determinant of type O specificity. 
Both conclusions have been substanti­
ated by subsequent investigations. The 
early work of Watkins and Morgan was. 
incidentally. among the first pieces of 
evidence for the presence of sugars on 
cell surfaces. 

The various biological activities of 
lectins I have described all stem 

from a single property: their ability to 
bind sugars. Each molecule of a lectin 
has two or more regions. perhaps clefts 
or grooves. each of which fits a comple­
mentary molecule of a sugar or several 
sugar units of an oligosaccharide. It is 
by means of these combining sites that 
the lectin attaches itself to the sugars on 
cell surfaces. With a battery of lectins 
that differ in their specificity (because 
they have combining sites with different 
shapes) it is therefore possible to learn a 
great deal about the composition of a 
cell's surface. 

I have mentioned that the lima bean 
lectin is specific for N-acetylgalactos­
amine and the lectin of Lotus tetragonolo­
bus for fucose. My colleague Halina Lis 
and I have found that soybean aggluti­
nin is also specific for N-acetylgalactos­
amine but less restrictively so: soybean 
agglutinin binds to N-acetylgalactos­
amine equally well whether the sugar's 
molecules are linked in the alpha or the 
beta configuration. whereas the lima 
bean lectin binds only to N-acetylga­
lactosamine molecules that are alpha­
linked. Both configurations may be en­
countered on cell surfaces. but the spec­
ificity determinant of blood type A 
is alpha-linked N-acetylgalactosamine. 
The lima bean lectin is therefore specific 
for blood type A, whereas soybean ag­
glutinin is not blood-type specific. 

In addition to N-acetylgalactosamine, 
soybean agglutinin binds galactose and 
therefore precipitates from solution 
such glycoproteins as collagen. in which 
galactose occupies a terminal position. 
Wheat-germ agglutinin. in contrast. 
does not react with collagen; it is specific 
for oligosaccharides built up of N-ace­
tylglucosamine and will therefore com­
bine with chitin. a polymer of N-acetyl­
glucosamine. or with ovomucoid. which 
is rich in that sugar. With the proper 
lectins one can separate polysaccharides 
and glycoproteins from one another or 
pluck glycoproteins out of mixtures 
with proteins and other compounds de­
void of sugars. 

The binding of lectins to sugar is quite 
weak. It does not result in the formation 
of covalent bonds but is reversible. like 
the reaction of an enzyme with a sub­
strate or of an antibody with an antigen. 
Indeed, the precipitation reaction be­
tween a lectin and suitable polysaccha-

rides or glycoproteins is analogous in al­
most every respect to an antibody-anti­
gen system. in which the lectin plays the 
role of antibody and the polysaccharide 
or glycoprotein the role of antigen. In 
both systems. for example. the precipi­
tate that is formed will usually dissolve 
when either one of the reactants is pres­
ent in excess. The inhibition by specific 
sugars of the formation of a precipitate 
between a lectin and a polysaccharide 
(or glycoprotein) is analogous to the ac­
tion of hap tens. small molecules that 
combine with particular antibodies and 
thus inhibit the formation of a complex 
by an antibody and the corresponding 
antigen. 

It has even been suggested that lectins 
are plant antibodies. There are. howev­
er. very striking differences between the 
two classes of proteins. The most impor­
tant difference is that antibodies are 
products of the immune system of high­
er animals. in which they are manufac­
tured in response to stimulation by a 
foreign substance that has entered the 
body; lectins, on the other hand. are 
present as constituent proteins of their 
organisms. and predominantly of orga­
nisms. such as plants. that are incapable 
of an immune response and of forming 
antibodies. Another difference is that 
the specificity range of antibodies is 
broad. encompassing not only sugars 
but also many other classes of com­
pounds such as amino acids. proteins 
and nucleic acids (although each anti­
body is, of course. specific for the anti­
gen that elicits its formation). No lectin 
has been found that is specific for com­
pounds other than carbohydrates. 

Athird difference is in chemical struc­
ture. All antibodies are structurally 

similar to one another. whereas the lec­
tins are structurally diverse; examina­
tion of the amino acid composition. mo­
lecular size and other molecular proper­
ties of many lectins shows that they have 
very little in common except that they 
are all proteins. For example. soybean 
agglutinin is a glycoprotein that has no 
sulfur-to-sulfur bonds in its molecule; 
its molecular weight is 120,000. it con­
sists of four subunits and it has two 
binding sites. Wheat-germ agglutinin is 
not a glycoprotein and is rich in sulfur­
to-sulfur bonds; its molecular weight is 
36.000. it is made up of two identical 
subunits and it has four binding sites for 
sugars. 

No other property of lectins has con­
tributed to their importance in biologi­
cal research as much as has their ability 
to preferentially agglutinate malignant 
cells. As often happens. this property 
was discovered by chance. The discov­
ery was reported in 1963 by Joseph C. 
Aub at the Massachusetts General Hos­
pital in Boston. on the basis of research 
conducted after he had retired from the 
Harvard Medical School. Aub was one 
of the very few investigators who at that 
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CELL MEMBRANE is an assembly of lipids and proteins. A bilayer 
of lipid molecules, each with a water-soluble head and a water-repel­
lent douhle tail, forms the structural framework. Protein molecules 
(color) lie on the surfaces of the bilayer or are embedded in it. Some 

of the proteins are glycoproteins, with branching chains of sugar units 
(dark color) to which particular lectins can bind. Usually some of the 
membrane lipids are glycolipids (not shown here), in which case their 
protruding sugar chains also take part in the binding of the lectins. 

time believed the difference between 
cancer cells and normal cells lay in their 
surface: that alterations in cell-surface 
properties enabled cancer cells to con­
tinue to multiply when normal cells do 
not and to detach from their original 
site. spread through the body. lodge in a 

new environment and set up new colo­
nies there. 

ferent from that of normal cells. Aub 
examined their response to incubation 
with several enzymes. Only in the case 
of one of the enzymes. a lipase from 
wheat germ. did he observe a difference: 
normal cells did not seem to be affect­
ed by the enzyme. but malignant cells 

Such ideas seemed quite strange at the 
time; most investigators considered 
them completely unfounded. something 
bordering on lunacy. To find out wheth­
er the surface of malignant cells is dif-

AGGLUTINATION is the result of cross-linking of cells by lectins 
(dark gray) that bind to specific receptors: sugar units of Oligosac­
charide chains protruding from the cell surface (left). Agglutination 

is inhibited or prevented if the monosaccharide that is responsible 
for the binding is added to the cell suspension, because the monosac­
charide occupies and preempts combining sites on the lectins (right). 
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were agglutinated. When he replaced 
the wheat-germ lipase with a pancreatic 
lipase. however. no agglutination was 
observed with either cell type. Further 
examination of the wheat-germ lipase 
showed that the enzymatic activity of 
the preparation could be abolished by 
heating. whereas the agglutinating effect 
was not abolished. Aub and his col­
leagues then found that the wheat-germ 
lipase preparation contained as a con­
taminant a small protein that was re­
sponsible for the agglutinating activity. 
This protein is now known as wheat­
germ agglutinin. 

Aub's discovery began a new era in 
lectin research. It was immediately fol­
lowed by the purification of wheat-germ 
agglutinin by Max M. Burger of Prince­
ton University. who conducted with it 
extensive studies of the surface changes 
that attend the malignant transforma­
tion of cells. Wheat-germ agglutinin was 
not available commercially. however. 
and it was not easy at the time to prepare 
it in purified form. It was only after Leo 
Sachs and Michael Inbar of the Weiz­
mann Institute found that concanavalin 
A also agglutinates malignant cells that 
lectins became commonplace in many 
biological laboratories. because conca­
navalin A is available commercially and 
is relatively inexpensive. Sachs. Ben­
Ami Sela. Halina Lis and I found that 
soybean agglutinin will also distinguish 
between normal and malignant cells. 
and other lectins have since been shown 
to possess the same property. As a rule 
malignant cells are agglutinated by very 
low concentrations of such lectins ( 10 to 
15 micrograms per milliliter). whereas 
normal cells are not agglutinated unless 
the concentration of the lectin is at least 
10 to 20 times higher. (There are a few 
exceptions: some tumor cells are not ag­
glutinated by low concentrations of a 
particular lectin and some types of nor­
mal cells are agglutinated even by low 
concentrations of a lectin. ) 

Burger made the interesting observa­
tion that even among normal cells 

that are in general not agglutinated by a 
lectin there is always a small proportion 
that are. He identified the agglutinated 
cells as being in the process of mitosis, 
and so he concluded that during mitosis 
the surface of normal cells is to some 
extent similar to that of transformed 
cells. This suggested to him the exis­
tence in the cell cycle of a critical 
switching point. According to Burger. 
malignant transformation may operate 
like the throwing of a switch that side­
tracks the cell from its normal cycle. in 
which there is a slowdown or an almost 
complete halt after mitosis. and heads it 
toward continued, nonstop division. Al­
though we still do not understand how 
this "switch" operates, it may be helpful 
for future research to keep in mind the 
possibility that there is a critical point 
in the cell cycle when any normal cell 

f 0.� 
;.. -,. .. .. 

PREFERENTIAL AGGLUTINATION of malignantly transformed cells is demonstrated in 
a photomicrograph made in the anthor's laboratory. Normal rat cells (top) and rat cells trans­
formed by polyoma-virus infection (bottom) were incnbated for 30 minutes with a lectin, soy­
bean agglutinin. There was massive agglutination of transformed cells but not of normal ones. 

can either be steered toward quiescence 
or be transformed and thus shunted 
toward malignant growth. 

We are still far from understanding 
exactly how the surface of the cell 
changes in the course of malignant 
transformation. The studies with lectin 
have convinced many workers that the 
cell membrane plays a central role in 
modulating the control of growth. but it 
is not known how the control is effected. 
Much more research is also needed be­
fore it is clear whether the cell-surface 
alterations detected with lectins are 
merely correlated with transformation 

or have a causal role in the malignant 
process. 

In addition to detecting the cell-sur· 
face changes during malignant transfor­
mation. lectins are providing evidence 
that the cell surface is altered in the 
course of embryonic cell differentiation. 
In 1971 Aaron A. Moscona of the Uni­
versity of Chicago first demonstrated 
that the effect of concanavalin A on 
nerve cells in the retina of the chick em­
bryo depended very much on their em­
bryonic age. Dispersed cells from young 
(eight-to-nine-day) embryos were agglu­
tinated rapidly and massively by conca-
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PREFERENTIAL AGGLUTINABILITY of the transformed cells 
is apparently due to the higher local density of lectins on the surface 
of such cells. The number of bound lectins is about the same on nor­
mal cells (left) as it is on transformed cells (right). On the trans-

formed cells, however, the lectin receptors are closer together, so that 
more cross bridges' can be formed in a given area. Evidence for such 
redistribution of bound lectins comes largely from micrographs of 
labeled lectin molecules, such as those at top of the opposite page. 

DISPERSED CLUSTERS PATCHES CAP 

LECTIN RECEPTORS (colored lines) are apparently randomly dis­
tributed over the surface of a normal or a malignantly transformed 
cell in the absence of a lectin (left). Addition of a lectin (small circles) 

having several combining sites interconnects receptors, aggregating 
them first into clusters and then into larger patches, and finally as­
sembling them into a single "cap" at one site on the surface of cell. 

navalin A. The effect changed as the reti­
nal cells differentiated and matured, so 
that 20-day cells agglutinated only very 
poorly. if at all, even with large doses of 
concanavalin A. Changes in the aggluti­
nation pattern of cells in the course of 
differentiation were also detected with 
other 1ectins. These results clearly show 
that with differentiation the carbohy­
drate-containing molecules on the reti­
nal-cell surface undergo striking altera­
tions, which Moscona thinks must be an 
integral aspect of the overall differentia­
tion program of the cells. 

I pointed out above that the nature of 
the cell-surface changes monitored by 
lectins is far from being understood. 
How can this be so when the changes are 
detected by a test as simple as cell agglu­
tination? The fact is that in spite of its 
seeming simplicity. cell agglutination 
has proved to be a highly complex phe­
nomenon in which many factors oper­
ate. There is no doubt that for cells to 
agglutinate, the lectin molecules that at-
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tach to sugar molecules on the cell sur­
face must form bridges between the 
cells. As a simple corollary it was first 
assumed that when cells did not aggluti­
nate. it was because either the cells were 
not binding lectin molecules to their sur­
face at all or the amount being bound 
was very small. 

Quite surprisingly this did not prove 
to be the case. Measurement of binding 
sites with radioactively labeled lectins 
showed that whether cells were aggluti­
nated by the lectin or not, the total num­
ber of lectin molecules bound to their 
surface was usually the same. For exam­
ple, virally transformed cells that were 
agglutinated by 10 to 20 micrograms 
per milliliter of soybean agglutinin 
could each bind nearly 10 million mole­
cules of the lectin; the same number of 
lectin molecules were bound by the nor­
mal cells from which the malignant cells 
were derived, in spite of the fact that the 
normal cells were not agglutinated even 
when they were incubated with 500 mi-

crograms of soybean agglutinin per mil­
liliter. Moreover, when normal cells are 
treated with proteolytic enzymes to re­
move their surface proteins and glyco­
proteins, they become as sensitive as 
transformed cells to agglutination by 
lectins, although the proteolytic treat­
ment does not change the number of 
lectin molecules on the cell surface. 

Many attempts have been made to 
explain these puzzling observa­

tions. One of the popular explanations is 
based on experiments with lectin mole­
cules labeled by fluorescent dyes, so that 
their location on the cell can be deter­
mined with the light microscope, or by 
ferritin, which reveals their location on 
the surface in an electron micrograph. 
Such experiments show a difference in 
the surface distribution of lectins bound 
to normal cells and that of lectins bound 
to tumor cells. On normal cells the lectin 
molecules are distributed randomly, 
whereas on the surface of tumor cells 
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SURFACES of a normal mouse cell (left) and of a cell transformed by SV40 (right) are en­
larged 100,000 diameters in electron micrographs made by Garth L. Nicolson of the Salk Insti­
tute. Both cells were incubated with concanavalin A labeled with electron-dense ferritin. The 
lectin is evenly dispersed on the normal cell, aggregated into clusters on the transformed cell. 

CAPS FORM ON SURFACE of mouse leukemic cells incubated with concanavalin A labeled 
-

with fluorescent dye (left), but not if cells are fixed with glu taraldehyde to immobilize recep­
tors before lectin treatment (right). Experiment indicates that lectins pull receptors together. 

they appear to be aggregated into clus­
ters. As a result they can form multiple 
cross bridges between cancer cells, and 
this cooperative formation of bridges 
accounts for the greatly increased ag­
glutinability of malignant cells com­
pared with that of normal cells. 

If the lectin molecules are clustered, it 
must be because their saccharide recep­
tors have been clustered. What moves 
the receptors: the process of malignant 
transformation or the application of a 
lectin? Investigation suggests that the 
clustering is indtced by the lectin mole­
cules but is made possible by transfor­
mation. If one limits the mobility of the 
membrane components of tumor cells 
(by cooling the cells or fixing the mem­
brane with glutaraldehyde) before lectin 
treatment, those tumor cells show the 
same random distribution of bound lec­
tin molecules that normal cells do. If the 
lectin is applied to cells at 3 7  degrees 
Celsius, however, or before glutaralde­
hyde treatment, the clustered distribu-

tion is attained within minutes. The clus­
tering is thought to be a passive process, 
in which the lectin molecules somehow 
pull the receptors together, the receptors 
diffusing through the lipid bilayer of the 
membrane. It appears, in other words, 
that the membrane of a malignant cell is 
more fluid (less VfSCOUS) than that of a 
normal cell. 

It has been postulated that increased 
fluidity of malignant-cell membranes 
could account, at least in part, for some 
other characteristics of these cells, such 
as their decreased "stickiness," their 
ability to migrate through the body 
from their tissue of origin and probably 
their loss of "contact inhibition" of 
growth. (Normal cells grown in culture 
stop dividing when they touch one an­
other, whereas malignant cells continue 
to grow and pile up.) Surface altera­
tions, then, may largely explain the 
tendency of cancer cells to grow without 
regard to their neighbors. 

Lectins are playing an increasing role 
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in immunology, helping to provide an 
answer to one of the fundamental prob­
lems: What is the mechanism by which 
an antigen, acting at the cell surface, 
specifically triggers lymphocytes to 
grow, mature and proliferate, and in 
some cases to synthesize antibodies? 
A major difficulty in investigating this 
problem had been that only a few (usu­
ally less than one in 1,000) of the Tiym­
phocytes (derived from the thymus) or 
the B lymphocytes (derived from the 
bone marrow) bind any particular anti­
gen and are stimulated by it. The dis­
covery in 1960 by Peter C. Nowell of 
the University of Pennsylvania School 
of Medicine that phytohemagglutinin, 
the lectin of the red kidney bean, can 
stimulate lymphocytes not only was of 
major importance for chromosomal 
analysis (and for the study of lectins 
themselves) but also was crucial in shap­
ing our ideas on the functions of lym­
phocytes. PHA and the other lectins that 
are now known to be mitogenic are im­
portant because they stimulate lympho­
cytes to grow and divide regardless of 
the antigenic specificity of the lympho-

NANA 

cyte receptors, so that a large proportion 
of the lymphocytes in a preparation can 
be stimulated and analyzed. 

The gross changes in size and shape 
and biochemical events observed in 

lectin-stimulated lymphocytes in the 
laboratory appear to resemble many of 
the antigen-induced immune reactions 
in the living animal. B lymphocytes 
stimulated by lectins are capable of syn­
thesizing immunoglobulins much as 
cells do when stimulated by antigens in 
laboratory glassware; T lymphocytes 
may be turned into "killer cells" that 
destroy any foreign cells they encounter 
just as they do when they reject grafted 
tissue. In addition to their function in 
fundamental studies on the mechanism 
of the immune response and as a diag­
nostic tool for detecting hereditary and 
acquired immunological deficiencies, 
mitogenic lectins are effective for de­
tecting sensitization caused by infec­
tious agents or in some autoimmune dis­
eases and for monitoring the effects of 
various forms of immunotherapy. 

Studies of mitogenic stimulation by 

RECEPTOR FOR SOYBEAN 

AND PEANUT AGGLUTININS 

lectins have provided important infor­
mation on the structure and organiza­
tion of saccharides on the cell surface. 
Like agglutination, mitogenic stimula­
tion is a result of the binding of a lectin 
to the saccharide units of glycoproteins 
or glycolipids on the cell surface; the 
first proof of this came when it was 
found that the mitogenic activity of con­
canavalin A could be abolished by add­
ing a solution of mannose or glucose to 
lymphocytes incubated with the lectin. 
Similar experiments reveal the composi­
tion of receptors in detail. Studies car­
ried out in our department, mainly by 
Abraham Novogrodsky, showed, for 
example, that the two galactose-specific 
lectins, soybean agglutinin and peanut 
agglutinin, would not stimulate rat lym­
phocytes unless the sugar called sialic 
(or neuraminic) acid was removed from 
the surface of the cells. If galactose was 
subsequently removed, the cells were no 
longer stimulated by soybean or peanut 
lectins, but they remained responsive to 
concanavalin A. These results can be ex­
plained by assuming that on the lym­
phocyte surface the sugars are arranged 

I 
TO CELL SURFACE 

> 

Man 

RECEPTOR FOR CONCANAVALIN A 

STRUCTURE of the polysaccharide that serves as a lectin receptor 
on the surface of lymphocytes is established by successively remov­
ing specific sugar units with specific enzymes. Removal of neuramin-

ic acid makes possible the binding of galactose-specific lectins; re­
moval of galactose prevents the binding of those lectins but leaves 
the cell still sensitive to concanavalin A, which binds mannose units. 

11 ANGSTROMS 

TRANSMEMBRANE EFFECT was demonstrated by Nicolson and 
Tae H. J"i of the University of Wyoming with red-blood-cell mem­
branes, one of whose proteins, spectrin (medium color), is on the inner 
face. The spectrin molecules could be cross-linked by a reagent about 
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11 angstroms long (left). The addition of a lectin apparently aggregat­
ed glycoproteins spanning the membrane, which in turn moved the 
spectrin molecules on the inner face of the membrane, so that they 
could be cross-linked by a reagent only five angstroms long (right). 
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in a seq uence that is found in many gly­
coproteins, with neuraminic acid at the 
outer end of the chain followed by ga­
lactose and mannose [see upper illustra­
tion 011 page 116), and that the seq uence is 
part of the cell-membrane receptor sites 
for soybean and peanut agglutinin and 
concanavalin A, binding to which results 
in mitogenic stimulation. 

The experiments on the triggering of 
lymphocytes by lectins demonstrate 

that it is initiated by events on the mem­
brane, but by what molecular mecha­
nism is the signal carried across the 
membrane? One suggestion is that the 
signal is mediated by the clustering of 
the receptors in the fluid membrane. An 
indication for the existence of such trans­
membrane effects has been obtained by 
Garth L. Nicolson of the Salk Institute 
and Tae H. Ji of the University of Wyo­
ming. They worked with red-cell mem­
branes, which are easier to prepare than 
lymphocyte membranes and concern­
ing which more is known. The red-cell 
membrane contains glycoproteins that 
appear to span its lipid bilayer and other 
proteins, notably one known as spec­
trin, that are on its inner (cytoplasmic) 
face. Nicolson and Ji "measured" the 
distance between neighboring spectrin 
molecules in the isolated membrane by 
attempting to cross-link them with a 
chemical agent whose length can be var-

ied. In the isolated membrane cross­
linking could not be effected unless the 
linking reagents were about 1 1  ang­
stroms long. After lectins such as con­
canavalin A or castor-bean agglutinin 
were bound to the outer surface of the 
membrane, on the other hand, cross­
linking of the spectrin on the inner face 
could be achieved even with a reagent 
that was five angstroms long. 

It remains to be seen how general such 
transmembrane effects are. If the effect 
of the aggregation of lectin receptors on 
the surface of lymphocytes is transmit­
ted to the cell interior by lymphocyte­
membrane glycoproteins, other proteins 
could be redistributed that are on the 
inner surface of the membrane. Being in 
direct contact with the cytoplasm and 
through it with the nucleus, those inner 
proteins could somehow set the cell ma­
chinery going. 

When one studies mitogenic stimula­
tion or any other properties of lympho­
cytes, the task is complicated by the 
great heterogeneity of these cells: even 
lymphocytes taken from a single or­
gan-say the thymus-consist of several 
subpopulations, which differ in their 
properties and biological functions. It is 
therefore essential to separate lympho­
cytes into homogeneous subpopulations 
if one is to correlate their properties 
with their biological role and under­
stand the mechanisms of their response 

MITOGENIC EFFECT of a lectin is demonstrated in a photomicrograph made by Abraham 
Novogrodsky. A stained mouse-spleen lymphocyte has entered the metaphase stage of mitosis, 
in which it is enlarged and its chromosomes are discrete structures, after incubation for three 
days with concanavalin A. An unstimulated lymphocyte is seen next to the stimulated cell. 
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to various stimuli, but no efficient meth­
ods are yet available for separating lym­
phocytes according to their biological 
functions. 

Yair Reisner and Mariana Linker­
Israeli of the Weizmann Institute have 
recently demonstrated that lectins may 
provide an answer to this problem. They 
separated mouse thymus cells into two 
subpopulations: one that is agglutinated 
by peanut lectin and one that is not. The 
two subpopulations were found to dif­
fer in their surface antigens and in their 
response to the mitogenic activity of 
PHA. The thymocyte subpopulation 
that was not agglutinated by peanut ag­
glutinin is similar in its properties to the 
circulating T lymphocytes; in particu­
lar it is active in tests for graft rejec­
tion. Only this subpopulation, which is 
thought to be maturer than the majority 
of the thymus lymphocytes, has a high 
content of sialic acid on its surface. It is 
possible that the attachment of sialic 
acid to the cell surface of lymphocytes is 
an important step in the maturation of 
these cells in the thymus. 

Much progress has been made in the 
study of lectins, but many ques­

tions about their properties and func­
tions remain unanswered. One intrigu­
ing question is: What value can lectins 
possibly have for the organisms that 
produce them? Why should a lima bean 
or a snail possess a protein that can dis­
tinguish between different human blood 
types, identify malignant mammalian 
cells and stimulate lymphocytes? So far 
there is no convincing answer to the 
question, but a possible answer has re­
cently emerged from studies in our labo­
ratory. Reuben Lotan, David Mirelman 
and I. in collaboration with Esra Galun 
of the Weizmann Institute's department 
of plant genetics, have found that 
wheat-germ agglutinin inhibits the 
growth of certain fungi that contain in 
their cell walls chitin, which is a poly­
mer of N-acetylglucosamine. On the ba­
sis of this finding we have proposed that 
wheat-germ agglutinin protects wheat 
against fungi and other chitin-contain­
ing plant pathogens during the early 
swelling of the seed, germination and 
early seedling growth. Perhaps lectins 
with a sugar specificity differing from 
that of wheat-germ agglutinin inhibit 
the growth of other plant-pathogenic 
microorganisms whose surface is cov­
ered with polysaccharides made up of 
other sugars. Whatever the role of lec­
tins in nature is, there is no doubt that 
they will continue to serve as an impor­
tant aid in the process of charting the 
complex landscape of cell surfaces, in 
clarifying the role of surface sugars in 
cellular behavior and growth and thus in 
deepening our understanding of the bi­
ology of cells, normal and malignant 
alike. 
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Poetic Responses 
to the Copernican Revolution 

English poetry of the 17th century imaginatively reflected man's new 

awareness of a vaster universe. Yet the poetic imagination was rooted 

in the past and in the end lost its place as a bridge to new knowledge 

ltd new Philosophy cals all in 
doubt, 

The Element of fire is quite put 
out; 

The Sun is lost, and th'earth, and no 
mans wit 

Can well direct him, where to looke 
for it. 

John Donne wrote those lines shortly 
after Galileo had trained his three-pow­
er telescope on Jupiter and found four 
bright moons circling the planet in a 
miniature model of the solar system, a 
discovery that lent credence to the Co­
pernican hypothesis that the earth cir­
cled the sun and was therefore not the 
center of the universe. In 17th-century 
England, where men of rich imagination 
and language were equal to the occa­
sion, the revolution begun by Coperni­
cus and accelerated by Galileo inspired 
poetry in which the dismay expressed by 
Donne gradually gave way to exultation 
in the new universe of infinite space. The 
poets were not always precise about 
how the cosmos had been rearranged; 
they often invoked the old earth-cen­
tered Ptolemaic plan. Blended with such 
errors, however, was a new awareness of 
spaciousness, expressed in imagery that 
ranged across the cosmos, soaring into 
realms far beyond the celestial spheres 
in which the planets and the stars had 
hitherto been confined. The combina­
tion of the old and the new yielded poet-. 
ry of a unique beauty pervaded by a 
sense of wonder and a singular freshness 

by Margaret M. Byard 

of VISIOn. Intensely religious as they 
were, these poets found that the new 
concepts of the universe fulfilled their 
ideas of a deity of infinite power and 
creativity. 

To put oneself in the poet's place and 
to respond to his metaphors one must 
recall first the model of the universe he 
had inherited from the past and then the 
discoveries that burst open its bounda­
ries and freed the tiny "punctual spot of 
earth" into a sea of stars. Until late in 
the 16th century the poet, like any other 
literate citizen, could think of himself 
as being the focus of a visible cosmos. 
Looking up at the heavens, he could see 
the moon circling the earth to illuminate 
it by night and the sun, that "busy old 
fool," rising and setting to illuminate it 
by day. The planets, set like jewels in 
their celestial spheres, also obediently 
circled the earth, and beyond them, set 
in their own sphere, revolved the "fixed" 
stars visible to the unaided eye, stars 
that were perfect, unchanging, divinely 
numbered, placed there by God. Each 
planet and star had a role in man's life 
and watched over his terrestrial affairs. 
Visible in the heavens but not included 
in the model was the Milky Way, ex­
plained by ancient myth as the copious 
output of Venus' breasts. 

The regions below the moon were im­
perfect and subject to decay. Immedi­
ately below the moon was the region of 
fire, constantly aflame yet transparent. 
Below the region of fire were the regions 
of air, water and the solid earth. 

BATTLE IN HEAVEN in Milton's Paradise Lost is conducted on several planes, Here the 
battle between Satan and God, as reenacted before Adam and Eve in Book VI, is portrayed in 
the first illustrated edition of the work published in 1688. According to the argument at the 
beginning of Book VI, "God on the third day sends Messiah his Son, for whom he had reserv'd 
the glory of, . •  Victory: He in the Power of his Father coming to the place [of battle], and caus­
ing all his Legions to stand still on either side, with his Chariot and Thunder driving into the 
midst of his Enemies, pursues them unable to resist towards the wall of Heaven; which open­
ing, they leap down with horrour and confusion into the place of punishment prepar'd for 
them in the Deep." Although Milton's message in Paradise Lost was theological and political, 
the awareness of space that was brought about by the revolutionary cosmology of Copernicus, 
Kepler and Galileo gave him a vast arena for his account of struggle between good and evil. 

Of primary importance was the inter­
connectedness of the plan. Man's body 
was made up of the four elements fire, 
air, water and earth and was regulated 
by the fixed stars. Since before the time 
of Plato it had been believed the world 
had a soul like man's own. Man's form 
and proportions were a pattern for all 
structure, including the structure of the 
universe. 

I nto this compact ancient model broke 
a brilliant new star in 1572 (Tycho's 

nova), a great comet in 1577 and anoth­
er brilliant new star in 1604 (Kepler's 
nova). These events were a disaster to 
literal believers in the ancient cosmolo­
gy but a liberation for those mathemati­
cian-astronomers who for centuries had 
been struggling to reconcile fantasy and 
observation. The evidence accumulat­
ed. Copernicus had published his find­
ing of the sun's centrality in 1543, but 
there was no telescope to help prove his 
assertion. Working with ambitious but 
inadequate medieval instruments, Ty­
cho Brahe calculated that the visible 
planets revolved around the sun. By de­
termined ingenuity, however, he dem­
onstrated that the sun, along with the 
planets, circled the earth. Johannes 
Kepler further ruined the comfortable 
old pattern of perfection by showing 
that the planets traveled around the sun 
in elliptical paths. He retained the an­
cient notion of the music of the spheres, 
but the complicated orbits meant that 
each planet contributed a full melody to 
the heavenly sound rather than a single 
tone. Galileo and his irrefutable obser­
vations doomed the old earth-centered 
cosmology. He announced that the sun 
is indeed central and the earth is its satel­
lite, and not even the principal one. 
Moreover, through his "optic glass" the 
mysterious milk of Venus was seen to 
consist of faint stars in uncountable mil­
lions. 

Gradually the new ideas diffused 
throughout Europe. They arrived in En­
gland at a time-the time of Shake-
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speare-when poetic expression in the 
English language was at a peak never 
attained before or since. The poetic tra­
dition was also strong: as one of a long 
line descended from David and Orpheus 
the poet could still write as an interpret­
er of the truths of nature. The Poly-Ol­
bion (1612) of Michael Drayton is a 
gazetteer of England in verse form; The 
Purple Island (1633) of Phineas Fletcher 
is an anatomy of the body in archaic 
terms; Democritus Platonissans (1646) of 
Henry More is a faithful description of 
the Copernican solar system embedded 
in a "Platonic" poem. It was almost as if 
the writers had to veil their knowledge 
in a cloud of poetry. 

Where the Latin letters and treatises 
of Kepler, Galileo and their successors 
were addressed to astronomers and 
mathematicians, the poets spoke in 
common English to the wider circle of 
the literate. One can see in their work a 

growing awareness of a larger universe. 
of space and of infinity. Yet at the same 
time they retained the outlook of the old 
cosmology: man was still the center of 
things bound in a close relation with the 
planets and the stars. 

The canon of space poetry, defined 40 
years ago by the literary historian 

Marjorie Hope Nicolson, begins with 
Donne. In his "worst voluptuousness, an 
hydroptic, immoderate desire of hu­
man'learning and languages," he was as­
sociated with the learned university men 
of his day. Thomas Hariot, the English 
astronomer who was one of the first to 
use the telescope, can be connected with 
Donne through mutual friends and asso­
ciates. Evidence of Donne's scientific so­
phistication comes from Ignatius his 
Conclave, a satire that describes an imag­
inary descent to hell, where "innova­
tors" such as Galileo and Kepler are dis-

posed of. Galileo, Donne says, "of late 
hath summoned the other worlds, the 
Stars, to come neerer to him, and give 
him an account of themselves . . . .  Kep­
ler . . .  ever since Tycho Braches death 
hath received it into his care, that no 
new thing should be done in heaven 
without his knowledge." 

Even Donne's love poems are alive 
with imagery of suns, moons and stars. 
It cannot be said of these poems that 
Donne was entering the mysteries of a 
newly discovered cosmos; his imagery is 
almost always Ptolemaic. He is unique, 
however, in complimenting the women 
he celebrates with cosmic references. 
They must have been puzzled ("'per­
plexed," said Dryden) by some of his 
mind-stretching comparisons. In "Ele­
gie: Going to Bed" the lady's belt, as he 
removes it in exploring "my America! 
my new-found-Iand," is the zone of Ori­
on. In "A Valediction of Weeping" each 

"THE ORIGIN OF THE MILKY WAY," painted in the 16th cen­
tury hy Tintoretto (1518-94), portrays a pre-Galilean "common 

sense" explanation of the nature of the Milky Way based on ancient 
Greek myth: the luminous track seen across the sky was Venus' milk. 
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of his lover's tears as she weeps at their 
parting is like a globe or a new world. "0 
more then Moone," he calls her in the 
next stanza; the moon can only influence 
the tides but she creates tides in which he 
drowns. 

In the poems Donne wrote for the 
great ladies who were his patronesses 
there is no mistaking cosmic hyperbole. 
The Countess of Bedford changes the 
entire celestial order; her brightness is 
such that she creates a new day, a new 
night, a new cosmos: 

Out from your chariot, morning breaks 
at night, 

And falsifies both computations so; 
Since a new world doth rise here from 

your light, 
We your new creatures, by new 

recknings goe. 

The Countess of Huntingdon, who 
shuns great titles, has been taught mod­
esty by the constellations themselves, 
the greatest of which have taken modest 
names such as the Crab (Cancer) or the 
Bull (Taurus). How very different it is 
from the conventional compliments to 
which the dedicatees were accustomed: 
the beamy eyes, the sweet, swelling, sug­
ared lips, the brows like Cupid's bows 
that Philip Sidney gave his Stella. 

Tater Donne's attitudes were to shift 
L away from the easy commandeer­
ing of stars and moons as ornaments for 
his mistresses and patronesses. In his re­
ligious poetry, written as he was on his 
way to another life as the greatest 
preacher of his age, he spans aeons and 
immeasurable distances. In the most fa­
miliar of his Holy Sonnets Donne equates 
himself and the world: "I am a little 
world made cunningly / of Elements, 
and an Angelike spright." Less noticed 
are the next lines, in which he says that 
Christ is a discoverer who "beyond that 
heaven which was most high" has 
"found new sphears, and of new lands 
can write." Those are remarkable lines. 
In them Donne was admitting that heav­
en was most high and yet that there 
might be new spheres beyond the closed 
traditional world. Could he have been 
thinking of the infinity of worlds that 
had become a stronger possibility be­
cause of Galileo? 

Donne's "The First Anniversarie" 
(1611) and "Of the Progres of the Soule" 
(1612) are laments for a dying world 
and a dying cosmology. In them one 
finds the dismay that was generally be­
ing experienced over what Nicolson 
called "the breaking of the circle," the 
demise of the Ptolemaic system. 

And freely men confesse, that this 
world's spent, 

When in the Planets, and the 
Firmament 

They seeke so many new; they see that 
this 

Is crumbled out againe to'his Atomis. 
Tis all in pieces, all cohaerence gone ..  

Donne felt that the new science tears 

The Firmament in eight and fortie 
sheeres, 

And in those constellations there arise 
New starres, and old do vanish from 

our eyes: 
As though heav'n suffred earth-quakes. 

peace or war, 
When new Townes rise, and olde 

demolish'd are. 

Astronomers have "empayld within a 
Zodiake / The free-borne Sunne." Ev­
erything in the arrangement of the heav­
ens is uncertain. No longer can one 
know when sun or stars will rise, 

.. . nor can the Sunne 
Perfit a Circle, or maintaine his way 
One inche direct; but where he rose to 

day 
He comes no more, but with a cousening 

line, 
Steales by that point, and so is 

Serpentine: 
And seeming weary with his reeling 

thus, 
He meanes to sleepe, being now falne 

nearer us. 
So, of the Starres which boast that they 

do runne 
In Circle still, none ends where he 

begunne. 
All their proportion's lame, it sinks, it 

swels. 

The two poems are an interweaving of 
the old and the new. At the same time 
that they lament the old model of the 
universe, they carry the reader out 
toward the uncertain boundaries of 
space. However regretful Donne may 
be, his imagination has been loosed 
from the "little world." Yet he strongly 
retains the old close relation of man 
with the sun and the stars, writing of the 
celestial bodies as fellow sufferers in dis­
integration. Anthropomorphism, ani­
mism and the pathetic fallacy have here 
their most convincing and most moving 
expression: 

For of Meridians, and Parallels, 
Man hath weav'd out a net, and this net 

throwne 
Upon the Heavens, and now they are 

his owne. 

George Herbert, a younger contem­
porary of Donne and perhaps the great­
est of English religious poets, also la­
ments and dreads the vast universe. In 
the few short lines of "The Temper" 
(1633) he soars from the greatest 
heights above the earth to the limitless 
depths below, down into the unknown 
region of hell. It is notable that in the 
following lines heaven is not only reced­
ing but also mUltiplied, a change in con-

DIAGRAM OF A VORTEX, by which Des­
cartes and others explained the orbital motion 
of the planets around the sun, is found in the 
notes of the poet Henry More for his Philo­
sophicaU Poems, published in 1647, In older 
theories of the universe the vortex was a hy­
pothetical rotary movement of cosmic matter 
around a center or an axis, a movement that 
both allowed the solar system to form and 
continued to keep the planets moving in their 
orbits. More describes the illustration: "CDBE 
is that great Vortex, in which, and by which 
the Planets are carried from West to East, ac­
cording to the order of CDBE. Let A be the 
Sun, the Center of this great Vortex." Point 
F marks the earth, which is circled by the 
moon. More's poem "Democritus Platonis­
sans" praises the glories of Copernican sys­
tem and has many astronomical references. 

ception that might not have occurred 
without new views of the structure of 
the universe: 

Although there were some fourtie 
heav'ns, or more, 

Sometimes I peere above them all; 
Sometimes I hardly reach a score, 

Sometimes to hell I fall. 

o rack me not to such a vast extent; 
Those distances belong to thee: 
The world's too little for thy tent, 

A grave too big for me. 

Yet unlike Donne, Herbert exults in 
the spacious universe he portrays, even 
as he retains the old sense of man's role 
in it and kinship with it. In his poem 
"Man" he writes: "The starres have us to 
bed; / Night draws the curtain, which 
the sunne withdraws." There are cup­
boards and cabinets in his outer space as 
there are in the library or study where 
the 17th-century collector kept his trea­
sures: 

Nothing hath got so farre, 
But Man hath caught and kept it, as his 

prey. 
His eyes dismount the highest starre: 
He is in little all the sphere. 

Herbs gladly cure our flesh; because 
that they 

Finde their acquaintance there. 

For us the windes do blow, 
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SOLAR SYSTEM portrayed in the frontispiece of the 1762 edition 
of Bernard Le Bovier de Fontenelle's Entretiens sur la Pluralite des 
Mondes (the first edition of which was published in 1686) combines 
old and new attitudes toward the picture of the universe. A soft, radi-
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ant version of the solar system is correctly drawn, to the extent that it 
was then known, on a draped theatrical curtain. The solar system is 
surrounded by stars, each of which is accompanied by its own system 
of planets; each star, however, is represented by the face of an angel. 
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The earth doth rest, heav'n move, and 
fountains flow. 

Nothing we see, but means our good, 
As our delight, or as our treasure: 

The whole is, either our cupboard of 
food, 

Or cabinet of pleasure. 

Herbert also brings the new cosmos 
and man together in an almost cozy rela­
tionship, in keeping with his sense of the 
unity of all things. We are made to walk 
(or fly) with him as he imagines the work 
of the astronomer: 

The fleet Astronomer can bore, 
And thred the spheres with his 

quick-piercing minde: 
He views their stations, walks from 

doore to doore, 
Surveys, as if he had design'd 

To make a purchase there: he sees their 
dances, 

And knoweth long before 
Both their full-ey'd aspects. and secret 

glances. 

In "The Agonie" Herbert sees the 
power of the scientist to stride through 
the heavens: 

Philosophers have measur'd 
mountains, 

Fathom'd the depths of seas, of states, 
and kings, 

Walk'd with a staffe to heav'n, and 
traced fountains .. .. 

The same kind of imagination and ex­
ultation can be found in the religious 
poetry of Richard Crashaw, probably 
written in the 1640's. Crashaw, the most 
baroque of the English poets, seems as 
much at home in an outer world of stars 
and planets as Herbert is: 

Drest in the glorious madnesse of a 
Muse 

Whose feet can walke the milky way . . . .  

Crashaw conveys a sense of space by 
describing the flight of the soul into a 
cloudy realm of the skies to meet the 
greatest of symbols, the name of Jesus: 

Goe, SOUL, out of thy Self, and seek 
for More. 

Goe and request 
Great NATURE for the KEY of her 

huge Chest 
Of Heavns, the self involving Sett of 

Sphears 
(Which dull mortality more Feeles 

then heares) 
Then rouse the nest 

Of nimble ART, and traverse round 
The Aiery Shop of soul-appeasing 

Sound .... 

Crashaw establishes a world in his 
heavens that he imagines even as to the 

feel of the clouds and the sounds that he 
hears; music is omnipresent: 

Come, nere to part, 
NATURE and ART! 
Come; and come strong, 

To the conspiracy of our Spatious song. 
Bring All the Powres of Praise 

Your Provinces of well-united 
WORLDS can raise; 

Bring All your LUTES and HARPS of 
HEA VN and EARTH; 

What e're cooperates to The common 
mirthe 

Vessells of vocall Joyes, 
Or You, more noble Architects of 

Intellectuall Noise, 
Cymballs of Heav'n. or Humane 

sphears, 
Solliciters of SOULES or EARES .... 

Is Crashaw intimating here that sound 
is involved in the sensation of space and 
that we lose our spatial orientation when 
sound is absent? The discomfort of a 
soundproof room bears out Crashaw's 
intuition and Milton's more complex 
use of sound and imitations of it in Para­
dise Lost. 

In "The Weeper" Crashaw celebrates 
Mary Magdalene, repentant sinner of 
the Gospels, whose tears become stars: 

Heavens thy fair eyes be; 
Heavens of ever-falling starres. 
Tis seed-time still with thee 
And starres thou sow'st, whose 

harvest dares 
Promise the earth to counter shine 
Whatever makes heavn's forhead fine. 

In the fourth stanza her tears not only 
drop down but also fly up: 

Upwards thou dost weep. 
Heavn's bosome drinks the 

gentle stream. 
Where th'milky rivers creep, 
Thine floates above; and is the cream. 

Waters above th'Heavns, what they be 
We'are taught best by thy TEA RES 

and thee. 

And in the heavens, that indefinable 
stellar region, the tears become the wine 
for the souls of the dead who live there: 

When some new bright Guest 
Takes up among the starres a room, 
And Heavn will make a feast, 
Angels with crystall violls come 

And draw from these full eyes of thine 
Their master's Water: their own Wine. 

Even as Crashaw was in nature's "aiery 
shop," Henry More, philosopher and 
poet of Cambridge, wrote that Cupid 
could hug the universe in his arms: 

My mightie wings high stretch'd then 
clapping light 

I brush the starres and make them 
shine more bright. 

Then all the works of God with close 
embrace 

I dearly hug in my enlarged arms . ... 

Cupid, here the god of Platonic love. 
is given powers that strain the imagina­
tion. Elsewhere More endowed spirits 
and angels, in which he earnestly be­
lieved, with similar attributes, including 
extension in space and "essential spis­
situde" (which can be defined as vis­
cosity). 

In a quite different vein More's De­
mocritus Platonissans accurately de­
scribes the Copernican solar system 
with copious notes and diagrams to clar­
ify his lines. The most informed and sci­
entific of all the poets, More was unfor­
tunately the least inspired; tedious and 
long-winded, he is often insuperably 
hard to read. One difficulty is that he 
wrote many of his poems in the ornate 
Spenser ian stanza and employed archa­
ic language that was outmoded even in 
the time of Spenser himself. Yet More 
must have realized that in order to be 
widely read by the literate public it was 
best to write in the respected medium of 
poetry, and that Copernicanism was 
more easily accepted in stanzas such as 
these: 

The Centre of our world's the lively 
light 

Of the warm sunne, the visible Deity 
Of this externall Temple. Mercurie 
Next plac'd and warm'd more thor-

oughly by his rayes, 
Right nimbly 'bout his golden head 

doth fly: 
Then Venus nothing slow about him 

strayes 
And next our Earth though seeming sad 

full sprightly pia yes. 

. . .  so our worlds sunne 
Becomes a starre elsewhere, and doth 

derive 
Joynt light with others, cheareth all 

that won 
In those dim duskish Orbs round other 

suns that run. 

How tantalizingly close the poet 
comes to the concept of gravity before 
Isaac Newton's discovery of it in 1682! 
He intuitively senses a force called then 
by many names: God, angels, vortices, 
the "prim urn mobile." More seems to 
have in mind a propulsion generated 
within the planets themselves; he com­
bines, or rather bends, his knowledge of 
the way planets actually move to suit 
mythology: Mercury nimbly flies as he 
always flew as the messenger of the 
gods; Venus strays about the warm sun 
as she strayed in her amours, even 
though her orbit as a planet is one of the 
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most circular. In the last two lines More 
specifically recognizes that man may not 
be alone in space. (The word "won" is to 
be read as "live" or "dwell. ") 

T ess extravagant than Crashaw and less 
L scientific than More were two mod­
est clergyman-poets, Henry Vaughan 
and Thomas Traherne. In the course of 
their religious meditations they wrote 
verses that ranged far into the "Eterni­
ty" that Vaughan saw "the other night": 

Like a great Ring of pure and endless 
light, 

All calm, as it was bright, 
And round beneath it, Time in hours. 

days; years 
Driv'n by the spheres 

Like a vast shadow mov'd. In which the 
world 

And all her train were hurl'd. 

Both Vaughan and Traherne were 
Oxford men and therefore part of the 
small coterie of intellectuals of their 
day. Traherne specifically wrote that 
while he was at Oxford he studied "the 
secrets of nature with Albertus Magnus, 
the motions of the Heavens with Gali­
leo, or the cosmography of the moon 
with Hevelius." 

Almost every poem of Vaughan's Si­
lex Scintillans (Sparks/rom a Flint), pub­
lished in 1650 and 1655, is lighted by 
imagery of stars, those "fair, order'd 
lights" that "wind, and curle, and wink 
and smile," and by "the new worlds new, 
quickning Sun." (In the 17th century 
"world" meant an entire system, Ptole­
maic or Copernican; "earth" meant only 
our planet.) 

Traherne ranged further still. He 
imagined that the "Earth, the Seas, the 
Light, the Day, the Skies, I The Sun and 
Stars" were his as he speculated "never­
endingly about eternity and infinity."  He 
claims "new Worlds" as part of the 
realm of the God he is praising: 

Tis mean Ambition to desire 
A single World: 

To many I aspire, 
Tho one upon another hurl'd: 

Nor will they all, if they be all 
confin'd, 

Delight my Mind. 

This busy, vast, enquiring Soul 
Brooks no Controul: 

Tis very curious too. 
Each one of all those Worlds must be 

Enricht with infinit Variety 
And Worth; or 'twill not do. 

Traherne's "Consummation" is an 
awkward but adventurous projection of 
infinity: 

The Thoughts of Men appear 
Freely to mov within a Sphere 

Of endless Reach; and run, 

Tho in the Soul. beyond the Sun. 
The Ground on which they acted be 
Is unobserv'd Infinity. 

Traversing throu the Sky, 
Tho here, beyond it far they fly: 

Abiding in the Mind 
An endless Liberty they find: 
Throu-out all Spaces can extend, 
Nor ever meet or know an End. 

Crasha w, Va ughan and Traherne 
were all lyric singers of space. John Mil­
ton was 'the epic voice. With Paradise 
Lost there comes into existence anoth­
er-and perhaps the greatest-cosmic 
vision of the age. Later critics have wor­
ried because Milton was a "reluctant 
Copernican" and did not leave the old 
cosmology behind. The biblical Ptole­
maic scheme is his framework. One can 
see why: Milton needed the old system 
to assert his moral. Man had to be cen­
tral in a central earth so that he could be 
the focus of the scheme of things. More­
over, because of his God-given freedom 
of choice, he was responsible for the 
good and the evil on earth. Neverthe­
less, Milton's vision of the cosmos is un­
confined in space and time. He projects 
the universe of his epic through violent 
contrasts of light and dark, in crescen­
dos and decrescendos of sound, through 
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BOOK II 
CONSULT IN 
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FLIGHTS IN "PARADISE LOST" carry the 
action across vast reaches of space and both 
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action, through flight backward in time 
as well as forward. The entire epic rep­
resented by Paradise Lost can be out­
lined in a succession of flights across 
a three-sphere universe consisting of 
heaven, earth and hell. 

Satan is the first to experience the 
vastness of the universe. As he looks out 
from the gates of hell before beginning 
his flight to earth, even he is terrified by 
what he sees. Accompanied by Sin, his 
paramour, and by Death, his child, he 
gazes out into chaos: 

Before thir eyes in sudden view appear 
The secrets of the hoarie deep, a dark 
Illimitable Ocean without bound, 
Without dimension, where length, 

breadth, and highth, 
And time and place are lost. ... 

With angels' weightlessness, he re­
sumes his flight. But even he is subject to 
air pockets: 

At last his Sail-broad Vans 
He spreads for flight, and in the surging 

smoak 
Uplifted spurns the ground, thence 

many a League 
As in a cloudy Chair ascending rides 
Audacious, but that seat soon failing, 

meets 

BOOKS V AND VI 
RETROSPECT 
(WAR IN HEAVEN) 

A vast vacuitie: all unawares 
Fluttring his pennons vain plumb down 

he drops 
Ten thousand fad om deep, and to this 

hour 
Down had been falling, had not by ill 

chance 
The strong rebuff of som tumultuous 

cloud 
Instinct with Fire and Nitre hurried 

him 
As many miles aloft. . .. 

Soon he sees "this pendant world" in 
the distance-vulnerable, defenseless, 
"a Starr of smallest Magnitude close by 
the Moon." 

His flight toward it is difficult. He la­
bors: 

So eagerly the fiend 
Ore bog or steep, through strait, rough, 

dense, or rare, 
With head, hands, wings or feet 

pursues his way, 
And swims or sinks, or wades, or 

creeps, or flyes . . . .  

Then he "springs upward like a Pyra­
mid of fire" and finally, with "Shrouds 
and Tackle torn," lands on earth. Satan 
as a launching rocket and a floating as­
tronaut, and the earth as we have recent-

BOOK IV 
ADAM AND 
EVE (AND 
SATAN,181) 
IN PARADISE 

BOOK V 
RAPHAEL IN 
PARADISE 

BOOKS VII AND VIII 
RETROSPECT 
(CREATION OF 

BOOK IX 
FALL OF 
ADAM 
AND EVE 

NO DEATH SIN A ELL BUILD A 
FLY OUT OF yH v 282-324 CAUSEWA . ,," , 

THE WORLD) 

ARRI 

)(. 325-349 MEET SATAN: , 585 VE IN PARADISE: )(., 

Iy seen it from the moon, are all imagin­
able from Milton's lines. 

As a counteraction to Satan's flight 
Raphael, the sociable angel, flies from 
heaven to earth to warn Adam and Eve 
of Satan's coming. In a complex play 
with the sequence of time Raphael takes 
Adam and Eve through the history of 
the universe before their own creation. 
The battle in heaven is projected before 
them: Satan and his Olympians align 
themselves against God and the angels 
and archangels. Mountains are hurled 
against mountains; heaven seems to re­
turn to the chaos below it. But Satan and 
his rebellious angels are defeated and 
are hurled out into space down to hell. 
To replace Satan and his followers the 
earth is created. From the distance of a 
star, through the vast sweep and action 
of Milton's lines, we watch with Adam 
and Eve as the universe is created. The 
earth was formed on the third day and 
the sun, the moon and the stars on the 
fourth: 

For of Celestial Bodies first the Sun 
A mightie Sphear he fram'd, 

unlightsom first, 
Though of Ethereal Mould: then 

form'd the Moon 
Globose, and every magnitude of 

Starrs, 

BOOK X 
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VISION 
OF THE 
FUTURE 
(TO FLOOD) 

BOOK XII 
VISION OF 
THE FUTURE 
(TO COMING 
OF CHRIST). 
DEPARTURE 
OF ADAM 
AND EVE 
FROM 
PARADISE 

backward and forward in time. Here the flights of Satan, Christ and 
angels between heaven, earth and hell described in each of the 12 

books are diagrammed. Pertinent passages are identified by book 
and line number, Illustration is based on work of Mary Hoskinson. 
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Computing has come a long way in 
the past three years. Computer sys­
tems. which previously were only 
attainable on a time-sharing or rental 
basis, have now become accessible to 
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may be obtailled by 
consulting your local 
Altair Computer Cen­
ter or contacting us 
directly. 
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"Provides a twofold­

revelation- about the 

beauty and grandeur of the 
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brilliance and tenaCity of the 
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an obscure corner of that 

universe."- From the 

Introduction by Carl Sagan 
Illustrated with photographs 
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And sowd with Starrs the Heav'n thick 
as a field .... 

There is a rising crescendo of action 
and sound up to the seventh day, when 
the completion of the universe is cele· 
brated. The music of the spheres-of the 
stars, of the planets, of the angels­
rings, resounds and echoes throughout 
the new creation. 

After the vision we are returned to 
Adam and Eve's present. Inevitably 
they are corrupted. As a result of their 
symbolic act of eating the apple from 
the tree of knowledge the entire universe 
changes convulsively. In a rearrange­
ment of the cosmos the action is speeded 
up in a chaotic series of fights between 
heaven, hell and earth. The last scenes 
of the epic are earth·centered. Adam 
and Eve, now mere human beings, are 
expelled from the Garden of Eden. The 
choice of good or evil is up to them and 
their descendants. The end of the epic is 
overwhelming. The visions of space and 
time, the cosmic flights are over. We are 
landed squarely on earth. 

The intoxication with space that ap· 
pears in England's poetry set paint­

ers of the baroque period on equally am­
bitious voyages beyond the sky. Guerci­
no (1591-1666) and others show action 
in space and time that could only have 
occurred to them after the confines of 
the old model of the cosmos had been 
split open. In the painting "Aurora" 
Guercino has gods, chariots and horses 
thundering across the sky in an immense 
ceiling painting that lifts the viewer out 
of his dimensions and compels him to 
join the flight of the gods above him. In 
"Divine Wisdom," painted by Andrea 
Sacchi at the Barberini Palace in Rome 
between 1629 and 1633, the earth floats 
in space. In "Adoration of the Name of 
Jesus," painted by Giovanni Battista 
Gauili ("II Baciccio") in a church in 
Rome between 1672 and 1685 angels 
and sacred personages fly upward in an 
explosion of wings and draperies. 

It is remarkable how many artists in 
the three centuries since Milton's death 
have been inspired by Paradise Lost­
more, perhaps, than by any other work 
except for Dante's Divine Comedy. Al-
most all of them, including the 19th-cen-
tury illustrators Gustave Don! and John 
Martin, try to give their impression of 
ih'eyastne1>s of the poem. In our own day _'1.." 

. Milton's descriptions have even been 
translated into film: Sergei Eisenstein 
modeled the battle scenes of Alexander 
Nevskyon Milton's war in heaven. John 
Collier has attempted to present the ac· 
tion of the poem in Milton s Paradise 
Lost: Screenplay for the Cinema of the 
Mind. 

After 1660, with the founding of the 
RoyaJ Society of London as an arbiter 
of both science and literature, there 
came a change in attitude toward poets 
and poetry. Thomas Sprat. the historian 
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of the Royal Society, proclaimed that all 
writing leaning heavily on metaphor i­
cal language-the language of "fancy" 
and imagination--eould be a barrier to 
truth. He advocated a "close, naked, 
natural way of speaking; positive ex­
pressions, clear senses; a native easiness; 
bringing all things . .. near Mathemati­
cal plainness." He placed "the language 
of Artizans, Countrymen, and Mer­
chants, before that of Wits, or Schol­
ars." By "wits" Sprat particularly meant 
poets, with their delight in analogy as a 
way of describing relations between 
man and the cosmos. His attack suggests 
he was afraid of the poet's influence 
over' men's minds-"bewitching," he 
called it. His diatribe carries all the fer­
vor of an attack on the communications 
media today. By the end of the 17th cen­
tury the poet could no longer write with 
quite the same belief in himself as a 
prophet and a seer into the nature of 
things; intuition had increasingly to give 
way to the revolution in scientific 
knowledge that was to follow. 

These old poets, to use the words of 
Sir Thomas Browne, were "true am­

phibia" that lived in "divided and distin­
guished worlds." What is always renew­
ing in their poems is their sense of the 
marvelous. There is a freshness in An­
drew Marvell's wonder at "Stars [that;] 
shew lovely in the Night, / But as they 
seem the Tears of Light"; we find it also 
in Traherne's "On Leaping over the 
Moon," where he sees new worlds mir­
rored in a pool of water. To Traherne 
the entire universe was a world of trea­
sure and man was its temple of infinity. 

To find such poetry, which transcends 
time and knowledge, one has to go back 
to before the 1660's. Yet the relatedness 
of all things that the poet celebrated was 
no mere projection of his "fancy." To­
day the ancient elements-fire, air, wa­
ter and earth-have yielded to the u and 
d quarks, the electron and the electron 
neutrino as the components of all mat­
ter. "These four particles," writes Shel­
don Lee Glashow, "are the only ones 
needed to construct the world; they are 
sufficient to build all atoms and mole­
cules, and even to keep the sun and other 
stars shining" [see "Quarks with Color 
and Flavor"; SCIENTIFIC AMERICAN, Oc­
tober, 1975]. In principle the poet's intu­
ition was right. 

Even more important, to understand 
the universe opened up beyond the 
reach of our senses and of our common 
sense, and to make that universe our 
own, we still rely on the poet's devices of 
the analogy, the simile, the hyperbole. 
The animistic, anthropomorphic world 
invoked by poetic imagery helps to 
bridge the gap between scientific discov­
ery and the layman's comprehension. 
We continue to learn about the rest of 
the world through reference to our­
selves and our common everyday expe­
rience. 
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SCIENCE/SCOPE 

Me t e or o l ogi s t s  w i l l b e  ab l e  t o  pa int a thre e - d imens i onal picture o f  the e a r th ' s  
c l oud c over - - and imp r ove l ong - r ange wea the r f o r e c a s t ing - - when a new ins t rument , 
aboard g e o s t a t ionary me t e o r o l o g i c a l  s a t e l l it e s , i s  l aunched around 1 980 . The in­
s t rument , to b e  bui l t  by Santa B a rbara Re s e arch Center , a Hugh e s  sub s id iary , i s  c a l ­
l ed VAS (V i s ib l e  Infrared S p in- S c an Rad i ome t e r  Atmo s ph e r ic S ounde r ) . 

Th e VAS wi l l  t ake vert i c a l  s ound ings of the earth ' s  atmo s ph e r e , e xamining the 
wa t e r  va por and c a rb on d i oxide abs orpt i on band s , in ord e r  to ob t a in data on temp e r a ­
ture and humid ity at var i ous a l t i tude s .  Th i s  ver t i c a l  p r o f i l e  i s  t h e n  c omp a re d  t o  
the me asured temp e r ature o f  ad j ac e nt c l oud t op s  t o  d e t e rmine th e a l t i tude of t h e  
c l oud s . By ob s e rving the d ir e c t i on and s peed o f  the s e  c l oud s , me t e o r o l og i s t s  c an 
d e t e rmine wind movement a t  various h e igh t s , add ing t h i s  informa t i on to the two- d i ­
mens iona l p ic ture obta ined b y  the e ar l ie r  V I S S Rs . 

Th is wi l l  be the f ir s t  t ime that ve rt i c a l  s ound ing s  w i l l  be made f r om a geo­
s t a t i onary s a t e l l it e , so the VAS wi l l  provide previou s l y  unat t a inab le inf ormat ion 
on a tmos ph e r i c  c ir c u l at ion p a t t e rns , a vit a l  part o f  we a th e r  fore c a s t ing . 

The invi s ib l e  fab r i c  that we ave s d ive r s e  and c omp l e x  h ardware int o  t od ay ' s maj or 
weap oI, sys t ems i s  s of tware , wh ich is the programming o f  c omput e rs with in the s e  s y s ­
t ems . Mor e  than 2 5  y e a r s  ago - - th a t ' s  even b e fore s of tware was c a l l ed s of tware 
th e Hugh e s  ini t i a l  entry into the spe c ia l ized t e chno l ogy o f  s o f tware was an a ir­
borne , d ig i ta l , f ire- c ont r o l  s ys t em for the " Century" s e r i e s  of int e r c e p t o r  a i r ­
c r a f t . As sys t ems b e c ame more s oph i s t i c ated t o  mee t  grow ing threats , Hugh e s  s of t ­
ware t e ams were formed with s p e c i a l i s t s  in p r ogramming the f i re - c ontr o l  s y s t ems . 

Today ,  t h e  near ly one thous and t e am memb e r s  prov ide s o f tware for such d ive r s e  
p rograms a s  t h e  Navy ' s AWG - 9  f i re - c ont rol sys t em ,  t h e  A i r  F orce ' s  F- 1 5  airborne ra­
da r ,  the Army ' s AN/TPQ- 3 6  and -37 mor t a r  and art i l l e ry - l oc a t ing radar s , SURTAS S 
a nt i s ubmar ine-warfare program ,  the NATO NADGE a i r-de fense sys t ems , and JTIDS (AN/ARC 
1 9 l ) , a j o int s e rvice p rogram to p rovi d e  a s e cure , re a l - t ime c ommunic at i on network . 

Hugh e s  ne e d s  c ommun i c a t i ons - s a t e l l i te engineers , at a l l  l e ve l s  of- e xp e r i enc e , to 
d e s ign and deve l op advanced d ig i t a l - c ommuni c a t i ons h a rdware . The r e  are opportuni­
t i e s  in c i r cui t·, l og i c , and un it de s ign for ph as e - l o ck l oop d emodu l at o r s  and b it 
s ynchron i z e r s ; spread - sp e c t rum and PSK d emodul ators ; DFT- and FET -ha rdware d e s ign ; 
and m i c r op r oc e s s or c ont r o l  d e s ign , pr imar i l y  be l ow 1 00 MHz . Al s o  openings for micro­
e l e c t roni c  d e s ign enginee r s  in l ogic and c i rcuit d e s ign and l ayout of cus t om CMOS / 
SOS mi c r oc ircui t s , for h i gh - re l iab i l i ty s p ace app l i cat i ons , advanced CCD memor i e s , 
s igna l -p r oc e s s ing devic e s , and t r ad e o f f s  of CMOS / SOS , E CL , I 2L ,  PMOS , TTL , CCD , and 
GaAs t e chno l og i e s . US c i t i z enship and a degree from an a c c red ited ins t i tut ion are 
requi red . P l e a s e  s end r e s ume to Don H .  Hay c ock , Hugh e s  Airc r a f t  C omp any , PO Box 
9 2 9 1 9 , L o s  Ange l e s , Cal i f ornia 90009 . An equa l opp ortunity M/F /HC emp l oye r .  

Reduced ene rgy c onsumpt ion and e xt ended equipment l i fe wi l l  r e su l t  fr om a new f a c i l ­
ity-management sys t em b e ing deve l op ed b y  Hugh e s  f o r  ins t a l l at i on a t  the A i r  F or c e ' s  
Arno l d  Eng inee r ing Deve l opment Cente r .  The s ys t em wi l l  mon i t o r  and c ont rol mos t  of 
t h e  h e a t ing , vent i l a t ing , and a i r - c ond i t ioning equ ipme nt in th e Cent e r ' s 42 bu i l d ­
ing s . The s y s t em c an be p r ogr ammed t o  shut d own none s s ent i a l  op erat i ons au t omat i ­
c a l l y dur ing p e r i od s  o f  p e ak - p ower requirement s .  

D a t a  i s  t r ans ferred b e tween r emo te te rmina l s  and a c omput e r - c ont r o l l ed cent r a l  
s t a t ion v i a  t ime - d ivis ion mu l t ip l exing . O th e r  func t i ons , such a s  c l o s ed- c ircuit TV,  
c an be added . It i s  e s t imated th e sys t em wil l re s u l t  in s avings o f  $ 2 00 , 000 annua l ­
l y  i n  energy and l abor c o s t s  and w i l l pay for i t s e l f  i n  four ye ar s . 

Cfelting � new world with electronics r - - - - - - - - - - - - - - - - - - ,  
, I 

! HUGHES : 
, I 
L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  � H UG H E S  A I R C R A F T  C O M PA N Y  
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MATHEMATICAL 
GAMES 

The concept of negative numbers 
and the difficulty of grasping it 

by Martin Gardner 

Inhabitants of Nega look surprisingly 
like us. 

Their students seek a minus grade, they 
grumble at a plus. 

In minus-fours the golfer walks, he 
never adds his score. 

Meanwhile, non-minussed is his wife 
by prites at the store. 

-IRVING E. FANG, 
"A Tale of Star-crossed Lovers" 

When a child learns to talk, the 
names of the first few positive 
integers are almost as essential 

to his vocabulary as "dog," "cat" and 
"bird." Our primeval ancestors must 
have had a parallel experience. The 
counting numbers, sometimes called the 
natural numbers, were surely the first to 
be useful enough to require names. To­
day mathematicians apply the word 
"number" to hundreds of strange ab­
stract beasts that are far removed from 
counting. 

The first small step in enlarging the 
meaning of "number" was the accept­
ance of fractions as numbers. Although 
many things in the world are not com­
monly experienced as fractions (stars, 
cows, rivers and so on), it is easy to grasp 
the meaning of half an apple or a third 
of 12 sheep. But the next step, the ac­
ceptance of negative numbers, was so 
formidable that it was not until the 17th 
century that mathematicians began to 
feel truly comfortable about it. Many 
people are still uneasy with it, as is in­
dicated by W. H. Auden's report of a 
jingle he was taught in school: 

Minus times minus equals plus. 
The reason for this we need not discuss. 

One must distinguish negative num-

-9 -8 -7 -6 -5 -4 

bers from subtraction. A child or an un­
educated herdsman has no difficulty tak­
ing six cows from 10 cows. A "negative 
cow," however, is harder to imagine 
than a ghost cow. A ghost cow has at 
least some kind of reality, but a negative 
cow is less real than no cow. A cow from 
a cow leaves nothing, but adding a nega­
tive cow to a positive cow, causing both 
to vanish like a particle meeting its anti­
particle, seems as ridiculous as the old 
joke about the individual whose person­
ality was so negative that when he 
walked into a party, the guests would 
look around and ask, "Who left?" 

That was how the ancient Greeks felt 
about negative numbers. They loved ge­
ometry and liked to think of mathemati­
cal entities as things they could diagram. 
"Numbers" were the counting numbers 
and the positive integral fractions that 
could be modeled with pebbles or spots 
on a slate. The Greeks' primitive alge­
bra had no zero and no negative quanti­
ties. They were even reluctant to call 1 
a number because, as Aristotle put it, 
numbers measure pluralities, and 1 is 
the measuring unit, not a plurality. 

It is important to realize that this atti­
tude was to a large extent a matter of 
linguistic preference. Greek mathemati­
cians knew that ( 10 - 4)(8 - 2) equals 
( 10 X 8) - (4 X 8) - (2 X 10) + (2 X 4). 
To recognize such an equality is to 
accept implicitly what later was called 
the law of signs: the product of any two 
numbers with like signs is positive, the 
product of any two numbers with unlike 
signs is negative. It was just that the 
Greeks preferred not to call - n a num­
ber. To them it was no more than a sym­
bol for something to be taken away. 
You can take two apples from 10 ap­
ples, but taking 10 apples from two ap-

-3 -2 

ZERO 

-1 0 

The /lumber li/le for i/ltegers 

2 3 

pies struck them as senseless. They knew 
that 4x + 20 = 4 gives x a value of -4, 
but they refused to write such an equa­
tion because its solution was "not a 
number." For the same reason -VIz 
was not recognized as a legitimate 
square root of n. 

It is hard to know exactly how the 
earlier Babylonians regarded negative 
quantities. but they seem to have been 
more comfortable with them than the 
Greeks were. Chinese mathematicians 
before our era calculated rapidly with 
bamboo counting rods, using red rods 
for positive numbers (cheng) and black 
rods for negative numbers (fu). The 
same colors were later used for positive 
and negative written numerals. Nine 
Chapters on the Mathematical Art. a fa­
mous work of the Han period (roughly 
200 B.C. to A.D. 200), explains the rod 
procedures and is believed to contain 
the first appearance in print of negative 
numbers as such. It does not, however. 
recognize negative roots or the law of 
signs. 

A systematic algebra using zero and 
negative numbers did not develop until 
the seventh century, when Hindu math­
ematicians began to employ negative 
values for problems concerning credit 
and debts. Not only were they the first to 
use zero in a modern way but also they 
wrote equations in which negative num­
bers were symbolized by a dot or a tiny 
circle above the number. They explicitly 
formulated the law of signs and recog­
nized that every positive number has 
two square roots. one of them positive 
and one negative. 

Most Renaissance mathematicians in 
Europe, following the Greek tradition. 
viewed negative quantities with suspi­
cion. Here again one must remember 
that it was more a matter of language 
preference than a failure to understand. 
Renaissance algebraists knew perfectly 
well how to manipulate negative roots: 
they just called them "fictitious roots." 
They knew perfectly well how to solve 
equations with negative numbers: they 
just avoided applying the word "num­
ber" to quantities less than zero. 

By the 17th century a few bold mathe­
maticians had altered their language to 
include negative numbers as legitimate 
numbers. but the practice continued to 
meet with resistance, sometimes from 
prominent mathematicians. Descartes 
spoke of negative roots as "false roots." 
and Pascal thought it nonsense to call 
anything less than zero a number. Pas­
cal's friend Antoine Arnauld proved the 

4 5 
I 
6 7 8 9 
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A Positive Reminder 

by J. A. lindon 

A carpenter named Charlie Bratticks, 

Who had a taste for mathematics, 

One summer Tuesday, just for fun, 

Made a wooden cube side minus one. 

Though this to you may well seem wrong, 

He made it minus one foot long, 

Which meant (I hope your brains aren't frothing) 

Its length was one foot less than nothing. 

In width the same (you're not asleep?) 

And likewise minus one foot deep; 

Giving, when multiplied (be solemn!), 

Minus one cubic foot of volume. 

With sweating brow this cube he sawed 

Through areas of solid board; 

For though each Cllt had minus length, 

Minus times minus sapped his strength. 

A second cube he made, but thus: 

This time each one. foot length was plus; 

Meaning of course that here one put 

For volume: plus one cubic foot. 

So now he had, just for his sins, 

Two cubes as like as deviant twins; 

And feeling one should know the worst, 

He placed the second in the first. 

One plus, one minus-there's no doubt 

The edges simply cancelled out; 

So did the volume, nothing gained; 

Only the surfaces remained. 

Well may you open wide your eyes, 

For these were now of double size, 

On something which, thanks to his skill, 

Took up no room and measured nil. 

From solid ebony he'd cut 

These bulky cubic objects, but 

All that remained was now a thin 

Black sharply-angled sort of skin 

Of twelve square feet-which though not small, 

Weighed nothing, filled no space at all. 

It stands there yet on Charlie's floor; 

He can't think what to use it for! 

0" the mystery of 12 square feet 

absurdity of negative values as follows: 
The law of signs forces one to say that 

- 1! 1  = 1/- 1. If this is taken as an 
equality between two ratios, we must as­
sert that a smaller number is to a greater 
one as a greater number is to a small­
er one. This seeming paradox, as Mor­
ris Kline points out in Mathematical 
Thought from Ancient to Modern Times, 
was much discussed by Renaissance 
mathematicians. Leibniz agreed that it 
was hard to resolve, but he defended 
negative numbers as useful symbols be­
cause they make possible correct calcu­
lations. 

Some leading mathematicians of the 
17th and 18th centuries-John Wallis 
and Leonhard Euler, to name two-ac­
cepted negative numbers but believed 
they were greater than infinity. Why? 
Because a/O = 00. Therefore if we di­
vide a by a number smaller than zero, 
say - 100, must we not produce a nega­
tive quotient that exceeds infinity? 

Symbols for addition and subtraction 
varied considerably during the Renais­
sance. Today's familiar plus and minus 
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signs were first used in 15th-century 
Germany as warehouse marks. They in­
dicated when a container held some­
thing that weighed over or under a stan­
dard weight. By the early 16th century 
German and Dutch algebraists were us­
ing + and - as operation signs, and the 
practice soon spread to England. Robert 
Recorde, a physician to Edward VI and 
Queen Mary, wrote a popular arithme­
tic in 154 1 tha t was the first in English to 
use plus and minus signs, although not 
as operations. "Thys figure + ,  which be­
tokeneth too much, as this lyne -, 
plaine without a cross lyne, betokeneth 
too lyttle " was how he explained them. 
A later book by Recorde was the first in 
England to use the modern sign for 
eq uality. "I will sette as I doe often in 
woorke use, a pair of paralleles . . .  thus: 

=, because noe 2 thynges, can be 
moare eq ualle. " 

In the 18th century the algebraic use 
of negative numbers, identified by the 
minus mark, became common around 
the world. Nevertheless, most mathe­
maticians remained discomfited. Their 
books included long justifications for 
the law of signs, and some authors went 
to extreme lengths rearranging equa­
tions to avoid mUltiplying two negative 
numbers. Here is a passage from Disser­
tation on the Use 0/ the Negative Sign in 
Algebra ( 1758), by Baron Francis Ma­
seres, a British barrister who served as 
attorney general in Quebec: 

"A single quantity can never be . . .  
considered as either affirmative or nega­
tive; for if any single quantity, as b, is 
marked either with the sign + or with 
the sign - ,  without assigning some oth­
er quantity, as a, to which it is to be 
added, or from which it is to be subtract­
ed, the mark will have no meaning or 
signification: thus if it be said that the 
square of - 5  . . .  is equal to + 25, such 
an assertion must either signify no more 
than that 5 times 5 is equal to 25 without 
any regard to the signs, or it must be 
mere nonsense and unintelligible jar­
gon. " 

The passage is quoted by Augustus 
De Morgan in A Budget 0/ Paradoxes. 
Maseres, De Morgan tells us, was such 
an honest lawyer that he was not able to 
bear seeing his client victorious if he 
thought him guilty. As a result, writes 
De Morgan, Maseres's business gradu­
ally fell off. 

A few pages earlier De Morgan 
makes a blistering attack on The Princi­
ples 0/ Algebra, by William Frend, a for­
mer clergyman who happened to be his 
father-in-law. (Frend's noisy banish­
ment from Cambridge for his Unitar­
ian views became a cause celebre, pas­
sionately championed by Samuel Tay­
lor Coleridge and Joseph Priestley.)  
Frend's two-volume work was probably 
the most ambitious algebra textbook 
ever written in which zero and all nega­
tive numbers were as unwelcome as 
Frend was at Cambridge. 

De Morgan reprints in full Frend's hi­
larious burlesque of Rabelais, in which 
Pantagruel gives a wild lecture on the 
uselessness of zero. A plaintive footnote 
quotes Mrs. De Morgan: "[My father's] 
mental clearness and directness may 
have caused his mathematical heresy, 
the rejection of the use of negative quan­
tities in algebraical operations; and it is 
probable that he thus deprived himself 
of an instrument of work, the use of 
which might have led him to greater em­
inence in the higher branches. " 

How can one do algebra without neg­
ative numbers? First one must avoid 
any equation that leads to a negative 
number of real objects or assigns nega­
tive magnitudes to them. Even when an 
equation leads to a correct positive solu­
tion, it must be written so as to avoid a 
negative value for an unknown. For ex­
ample: When is a 29-year-old mother 
twice as old as her 16-year-old daugh­
ter? We might write the problem as 
29 + x = 2( 16 + x), then discover, per­
haps to our surprise, that x = - 3. This 
result leads to the correct answer: The 
mother was twice as old as her daughter 
when the mother was 26 and the daugh­
ter was 13. An 18th-century algebraist, 
if he was repelled by negative numbers, 
would have avoided the - 3 by rewriting 
the equation: 29 - x = 2( 16 - x). This 
arrangement gives x the acceptable val­
ue of 3, which of course leads to the 
same answer as before. 

In past centuries, as it is today in be­
ginning algebra classes, the main stum­
bling block to the acceptance of nega­
tive numbers was "seeing" how the 
product of two negative numbers can be 
positive. Positive times positive offers 
no difficulty. Put three pairs of oranges 
in an empty bowl and the bowl will con­
tain six oranges. Positive times negative 
begins to get mysterious but is not hard 
to understand if you grant the abstract 
reality of a negative orange. Put three 
pairs of negative oranges in the bowl 
and you have six negative oranges. But 
what on earth does it mean to multiply 
two negative oranges by - 3? You have 
two ghostly oranges to start with, all less 
than nothing, and then you do some­
thing negative to them. Where do the six 
genuine oranges come from? They seem 
to appear in the bowl as a result of 
magic. 

Trying to explain it by walking the 
number line, as is shown in the illustra­
tion on the preceding page, does not get 
very far with beginning students. It is 
easy to identify positive integers with 
unit marks to the right of zero and nega­
tive integers with unit marks to the left. 
Addition is movement to the right and 
subtraction is movement to the left. To 
multiply 2 by 3 we go two units to the 
right and do this three times to arrive at 
6. To multiply - 2  by 3 we walk two 
units to the left and do this three times to 
arrive at - 6. But what about - 2  times 
-3? What paranormal force transports 

© 1977 SCIENTIFIC AMERICAN, INC



us abruptly from the left side of 0 to 6 on 
the right? 

It is easy to forgive mathematicians of 
earlier centuries for regarding this con­
cept as being preposterous. Indeed, the 
process was not fully understood until 
such abstract structures as groups, rings 
and fields were carefully defined. This is 
not the place to explain them, and so I 
content myself with pointing out that 
when mathematicians found it desirable 
to enlarge the concept of number to take 
in zero and negative numbers, they 
wanted the new numbers to behave as 
much like the old ones as possible. 

One of the fundamental axioms of the 
old arithmetic is the distributive law, 
which states that a(b + c) = ab + ac; for 
example, 2(3 + 4) = (2 X 3) + (2 X 4). 
Change the 2 and 3 to negative numbers 
and the equality will still hold only if we 
adopt the rule that the product of two 
negative numbers is positive. If the 
product were negative, the equation 
would reduce to -2 = - 14 , a contra­
diction. In modern terms, the integers 
form a "ring" that is closed with respect 
to addition, subtraction and multiplica­
tion. This provision means that no mat­
ter how we add, subtract or multiply in­
tegers, whatever their sign, the result is 
always an integer. All the old laws of 
arithmetic for positive integers still 
hold, and we never encounter a contra­
diction. (We cannot always divide be­
cause we might get a fraction, and frac­
tions are not elements of the ring.) 

It is therefore not correct to say math­
ematicians can "prove" that the product 
of two negatives is a positive. It is rather 
a case of agreeing on rules that allow the 
negative numbers to obey all the old 
rules for counting numbers. If integral 
fractions are also included, the ring en­
larges to a "field" that is closed under all 
four arithmetic operations. 

Although there is no "proof" that 
- 2 X - 3 = 6, it is easy to think of ways 
in which the law of signs applies to real 
situations. Indeed, it applies to all situa­
tions involving numbers on a scale that 
has two opposite directions or senses: 
east and west, up and down (as on a 
thermometer), forward and backward in 
time (or clockwise and counterclock­
wise on a clock), profit and loss, and 
hundreds of others. It is because of these 
applications that the "signed numbers" 
are sometimes called "directed num­
bers. " 

In applying the law of signs to these 
examples we must always distinguish 
the quantities from the operations per­
formed on them. The distinction is par­
ticularly necessary when we consider 
the multiplication of a signed quantity 
by a negative number. It is easy to un­
derstand what it means to take a positive 
or a negative quantity n times, but what 
does it mean to take it - n times? The 
clearest way to think about this mystify­
ing operation is to break it into two 
parts: 

1. Duplicate the quantity n times. 
2. Convert the result to its inverse 

with respect to zero. In other words, 
change the sign. 

On the number line the second step is 
the same as reflecting a spot by a mirror 
on the zero mark. Imagine a bug at - 2. 
To multiply its position by 3 there is no 
difficulty. We simply duplicate - 2  three 
times to carry the bug to - 6. But if the 
bug is at 2 and we wish to multiply by 
- 3, our operation is to duplicate 2 three 
times, putting the bug at 6, and then in­
vert. This procedure transports the bug 
to the mirror-image spot at - 6. If the 
bug is at - 2, multiplication by - 3 oper­
ates the same way. We duplicate - 2  
three times, taking the bug to - 6, and 
then inversion carries it to 6. 

A model for the law of siglls 

This may look like sorcery on the 
number line, but when we apply the pro­
cedure to many other situations, it 
seems quite normal. For example, sup­
pose a man loses $ 10 a day gambling. 
The future is defined as being positive 
and the past as being negative. Three 
days from now he will have lost $30 
(3 X - 10 = - 30). Three days ago he 
had $30 more than he has today ( -3 
X - 10 = 30). Equivalent situations 
arise on any directed scale. If water is 
sinking in a tank at a rate of three cen­
timeters per minute, the level two min­
utes ago was - 3  X - 2  = 6 centimeters 
higher. If the bug crawls west on the 
number line three centimeters per sec­
ond, then two seconds ago it was - 3 
X - 2 = 6 centimeters east of its present 
position. 

The most familiar property of objects 
that lends itself to negative magnitudes 
is weight. Add one-gram weights to your 
pockets and you are heavier. Attach he­
lium-filled balloons to your body, each 
lifting with a force of one gram, and you 
are lighter. Remove three pairs of bal­
loons and your weight increases by - 2  
X - 3  = 6 grams. 

"Imagine a town where good people 
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The pegboard that keeps track of signs 

are moving in and out," wrote Roy Du­
bisch (The Mathematics Teacher. Decem­
ber. 197 1). "and bad people are also 
moving in and out. Obviously. a good 
person is + and a bad person - .  Equal­
ly obvious. moving in is + and moving 
out is - .  Still further, it is evident that a 
good person moving into town is a + for 
the town; a good person leaving town is 
a - ;  a bad person moving into town is a 
- ;  and, finally. a bad person leaving 
town is a + ." If three pairs of bad people 
move out. the town gains - 2 X -3 = 6 
points. One can model the situation with 
poker chips of two colors and a spot to 
represent the town. 

Other models for teaching children 
the operations that can be done on the 
ring of integers have been proposed. 

+ 
o 

+ 
o 

+ 
o 

+ 
o 

+ 
o 

+ 
o 

+ 
o 

+ 
o 

+ 
o 

+ 
o 

Here is one of my own, so simple that 
others have surely thought of it before. 
It consists of a square board one centi­
meter thick in which 100 holes have 
been drilled in a square array. Each hole 
is fitted with a peg one centimeter long. 
The peg can be in one of three positions; 
flush with the board (0). projecting up­
ward half a centimeter ( +  1) or project­
ing downward half a centimeter ( - 1). If 
all the pegs are flush. the board is in state 
O. If k pegs are up. it is in state k; if k pegs 
are down. it is in state - k. 

To add n to the state of the board. 
push n pegs up. always pushing down 
pegs up (if there are any down pegs) be­
fore moving to flush pegs. To subtract n 
from the board's state. push n pegs 
down. taking first the up pegs (if there 

Switchboard model for the law of signs 
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are any) before moving to flush pegs. 
To multiply the state of the board by 

n. duplicate the state n times. If the state 
is O. there is nothing to do. If k pegs are 
up. push up n - 1 more sets of k pegs. If 
k pegs are down. push down n - 1 more 
sets of k pegs. To multiply the board's 
state by - n. first multiply by n (as 
above) and then turn the board over. 

A model that is probably easier to 
make is a board with little switches that 
can be in the up ( + ), middle (0) or down 
(- 1) position. In this case multiplying 
by a negative number ends with rotating 
the board 180 degrees. 

If Aristotle were alive today and had 
20 years to study modern algebra, he 
might still prefer to use "number" only 
for the counting numbers greater than 1. 
(There is a sense in which all "artificial 
numbers" are no more than construc­
tions of the natural numbers.) This is 
one of those arguments over words that 
get nowhere. The point is that rings and 
fields. in which every element has its in­
verse or negative twin. are applicable to 
an enormous variety of natural objects 
and phenomena. 

We may get into serious trouble trying 
to apply negative numbers and the law 
of signs to cubes and other "things" in 
the real world, as in J. A. Lindon's poem 
on page 132, but sometimes the applica­
tion is unexpectedly appropriate. Ignor­
ing radiation. the pegboard is not a bad 
model of P. A. M. Dirac's famous theo­
ry about particles and antiparticles, a 
theory that predicted the existence of 
the positron! 

One of last month's questions con­
cerned the game of three men. 

three red hats and two black hats. The 
men are seated in chairs so that A sees B 
and C. B sees only C and C sees no one. 
An umpire puts any three hats (from the 
set of five) on their heads. Each man is 
asked (in the order A. B. C) if he knows 
his hat's color. Will one of them always 
answer yes? 

The answer is yes. An analysis of all 
color combinations will show that if the 
ABC order of hats is RRR. RBR. BRR or 
BBR. then C will say yes. If the order is 
RRB or BRB. then Band C will say yes. 

If it is RBB. all three will say yes. This 
analysis generalizes to n men with n red 
and n - I black hats. Consider n = 4. D. 
the "blind" man. reasons: "If my hat is 
black. the other three men will see it and 
know that only two black hats are left 
for them. The case will then be the same 
as the preceding one. which has been 
solved. If no one says yes, it can only be 
because my hat is red. and so I will say 
yes." And so on for any n. The first per­
son to say yes is always the first one 
asked wearing a red hat and seeing no 
red hat. 

John Erbland, a mathematics student 
at Northeastern University. thought of 
an amusing variant. Suppose there are n 
men, n - 1 black hats and only one red 
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hat. Conditions are the same as before. 
Will the man with the red hat always say 
yes? If not, at what positions will he 
know the color of his hat? I shall discuss 
this problem next month. 

The game of consecutive numbers on 
the foreheads of two men is analyzed as 
follows. Let H stand for the man with 
the higher number, L for the man with 
the lower one and Qn for the question 
number. 

Suppose the numbers are 1 and 2. If H 
is asked first, he answers yes to Ql. If L is 
asked first, he says no. Then H. seeing 
the 1, says yes to Q2. 

Suppose the numbers are 2 and 3. If H 
is asked first, he says no. L also says no. 
His answer proves that he does not see 1 
on H. and so H knows that he is 3 and 
says yes to Q3. If L is asked first, he says 
no. As before, this answer tells Hthat his 
number is 3, and so he says yes to Q2. 

Suppose the numbers are 3 and 4. If H 
is asked first, he says no. L also says no. 
H can now reason: "If I am 2, the game 
is reduced to the preceding case of 2,3, 
with L asked first. Therefore L would 
say yes to Q2. Since Lsaid no, it proves I 
am 4." Therefore Hsays yes to Q3. If L 
is asked first, he says no. H says no to Q2, 
which reduces the situation to the previ­
ous case, as before. L's no to Q3 tells H 
that he is 4, and so he says yes to Q 4. 

Continuing in this way, the situation 
always reduces to a previously solved 
case. Let n be the higher number. H al­
ways wins. If he is asked first, he wins on 
Q(n - 1) if n is even and on QII if n is 
odd. If he is asked second, he wins on Qn 
if 11 is even and on Q(n - 1) if n is odd. 
Note the curious fact that if the rule is 
that a player answer yes only if he 
knows he has the lower number, the 
game never ends! 

Now for the seeming paradox. In the 
case of three men, all with red hats, it is 
true that both Band C know in advance 
that A will say no. But-and this is the 
easily overlooked and crucial point-C 
does not know before the first question 
is asked that B knows that A will answer 
no. Before the questioning starts, for all 
C knows his own hat may be black. If 

that is the case, B has no way of knowing 
whether A will say yes or no. Not until A 
says no does C know that B knew in 
advance of the question that A had to 
say no. Therefore the first question does 
add new information that is essential to 
C's reasoning even though C knows in 

advance how A will answer. 
Once this relation is understood it is 

not hard to see how the paradox is re­
solved for the Gale and Conway games. 
Suppose you are a player in Gale's 
game. Each new "No" in a game of arbi­
trary length gives you necessary new in­
formation in the general form of "1 now 
know that you know that I know . . .  that 
you don't know my number." It is the 
same for Conway's game. Each "No" 
provides each player with similar infor­
mation about what the others know. 
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BOOKS 

Stanislaw Vlam, unusual abodes, the earth 

from above and the history ofV.S. farming 

by Philip Morrison 

A
VENTURES OF A MATHEMATICIAN, 

by S. M. Ulam. Charles Scrib­
ner's Sons ($14.95). In 1949 ra­

dioactivity from the first Russian fis­
sion-bomb test contaminated the filters 
of an Air Force reconnaissance plane. 
Soon the theorists were set hard at work 
at Los Alamos and at Princeton: Could 
a fusion bomb be made? At Los Alamos 
"we started to work each day for four to 
six hours with slide rule, pencil, and pa­
per." At Princeton the brand-new com­
puter MANIAC was trying to catch up 
with the Los Alamos mathematician 
pair, the witty Stan Ulam and his taci­
turn partner of prewar days, Cornelius 
Everett. (Everett "used to say, 'I never 
make mistakes' and this was true . . . .  " 
Once when Edward Teller maintained 
that Everett had made an error of a fac­
tor of 104, Everett became annoyed; 
eventually "Edward had to admit that it 
was he who was at fault.") Nothing 
worked; the device on paper would not 
ignite. Enrico Fermi and Ulam next 
showed that the paper explosion would 
not spread, and John von Neumann 
soon reported MANIAC'S concurrence: 
"Icicles are forming." After a year's 
elaboration of the basic theory of ther­
monuclear explosion around a design 
that could not work Ulam had an ex­
traordinary idea. He proposed a new 
scheme (which is still classified today), 
"a repetition of certain arrangements " 
that became the turning point for H­
bomb work, and perhaps for all of us. A 
similar iterative scheme has presumably 
since been hit on in secrecy by ingenious 
people in four other countries. 

Three distinguished mathematicians 
of our time have written well-known au­
tobiographies in English: G. H. Hardy, 
Norbert Wiener and now ··f.S'tanislaw 
Ulam. Ulam, the youngest, \�ew both 
of the others. Hardy's donnish disdain 
for the applications of mathematics and 
his enthusiasm for both cricket and mili­
tant atheism, like Wiener's touching ex­
pression of the life of an ex-prodigy who 
was childishly in need of repeated reas­
surance of his ability, display almost to­
tal eccentricity of style and thought. 
Ulam is not an eccentric but an urbane 
original; some of his mathematical in­
ventions have led to profound conse-
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quences, one might say to the choice be­
tween life and death. 

What Ulam tells us of his mind and 
his times is generally fascinating. He 
makes little effort to draw us into the 
mathematical content of his deep and 
varied work. He is, however, transpar­
ently honest, and he is effective in por­
traying his impatient, ironic and quizzi­
cal style, his ambitions, his estimates of 
others, his interests and his opinions 
with "a frankness and truthfulness 
which are sometimes a little strong but 
never really shocking." 

His wordplay and comment draw 
now on the Latin of his excellent classi­
cal studies, now on the logical Jewish 
jokes of Central European cafes. When 
it was mentioned that Fermi would soon 
come to wartime Los Alamos, "immedi­
ately I intoned: 'Annuncio vobis gaudi­
urn maximum, papam habemus,''' as 
they say in St. Peter's when the white 
smoke heralds the election of a pope. 
Was not Fermi the infallible pope of the 
physicists? Later, when some mathema­
ticians seeking Government contracts 
asserted the clear utility of their beloved 
work for national security, Ulam was 
reminded of the Jew who wanted to pray 
on Yom Kippur but tried to sneak in 
without paying for his seat on that 
crowded occasion by explaining he 
wanted only to deliver an urgent mes­
sage. "But the guard refused, telling 
him: 'Ganev, Sie wollen beten' ['You 
thief! You really want to pray']. This, we 
like to think, was a nice abstract ill ustra­
tion of the point." A score of such tales 
enliven Ulam's book, as they embel­
lished the speech of Ulam and von Neu­
mann throughout the years. Stefan Ba­
nach, Enrico Fermi, George Gamow 
and above all von Neumann were 
friends and colleagues of Ulam's. Ba­
nach was the master of his youth as a 
gifted student in Lwow, one of the cen­
ters of the great blossoming of Polish 
mathematics between the wars. "I recall 
a session with Mazur and Banach at the 
Scottish Cafe which lasted seventeen 
hours without interruption except for 
meals." Ideas and proofs flowed from 
those conversations. Then the decision 
came to leave war-threateried Europe. 
(Of more than one of his Lwow group 

Ulam writes: "Murdered by the Ger­
mans.") Ulam was first a Harvard re­
search fellow and then a faculty mem­
ber at Wisconsin, a rising mathematical 
worker. 

It is von Neumann who came closest 
to Ulam. They had met first in Warsaw 
well before the war, and they were part­
ed only by von Neumann's death. The 
two men were congenial, complementa­
ry, intimate. Von Neumann displayed a 
not uncommon "admiration for people 
who had power"; indeed, Ulam thinks 
that in von Neumann there lay "a hid­
den admiration for people or organiza­
tions that could be tough and ruthless." 
During von Neumann's last days Ulam 
would read to him, in Greek, Thucydi­
des' gripping tale of the expedition 
against Melos, "a story he liked espe­
cially." Von Neumann was "remarkably 
universal " and yet avoided "tangents 
from the main edifice of mathematics." 
He died too young of cancer, a strict 
Catholic near death although he had 
been an agnostic in life, with an enor­
mous reputation and every honor of the 
mathematical world, yet "not entirely 
...  a mathematician's mathematician." 

A mathematician such as Ulam works 
without external aids: no props, no 
equipment. Without chalk or pencil he 
may be at work even while walking, eat­
ing or talking. He seeks analogies be­
tween analogies. Such a person lives by 
this inner search and by the aid and the 
appraisal of a small set of peers. No 
wonder there is a certain detachment, a 
self-centered world view, an echo of fa­
talism. A few generous friendships of 
the kind that are candidly shared here 
with us are given to the lucky ones, but a 
certain coolness informs Ulam's esti­
mate of men he found unclear, includ­
ing Niels Bohr and Robert Oppenhei­
mer. Most touching is the moment when 
Ulam, grievously ill with a virus inflam­
mation of the brain, slowly recovers 
consciousness and speech. "One morn­
ing the surgeon asked me what 13 plus 8 
were. The fact that he asked such a ques­
tion embarrassed me so much that I just 
shook my head. Then he asked me what 
the square root of twenty was, and I re­
plied: about 4.4. He kept silent, then I 
asked, 'Isn't it?' I remember Dr. Rainey 
laughing,. visibly relieved, and saying 'I 
don't know.' '' 

Readers owe Ulam a debt for a book 
of reminiscent perceptions that have 
rarely been matched. A plausible con­
jecture suggests that we owe its coher­
ence of form largely to an acute and 
sensitive Parisienne, Fran<;:oise Ulam. 

EXTERNAL CONSTRUCTION BY ANI­
MALS, edited by Nicholas E. Collias 

and Elsie C. Collias. Dowden, Hutchin­
son and Ross, Inc. Distributed by Hal­
sted Press, John Wiley & Sons, Inc. 
($27). ALL THEIR OWN: PEOPLE AND THE 
PLACES THEY BUILD, by Jan Wampler. 
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Schenkman Publishing Company. Dis­
tributed by Halsted Press, John Wiley & 

Sons, Inc. ($ 19.95). The 2 1  papers or 
excerpts in the first of these books, by 
two Los Angeles behavioral ecologists, 
are dead serious, but the subject matter 
enforces a humor all its own. One Swed­
ish ethologist watched beavers (the Eu­
ropean species) at work, both in the for­
est and under controlled conditions in a 
big stream tank. When he came to draw 
from life "the beaver .. .  on its hind 
legs ...  carrying the bundle, walking bi­
pedally, " he produced a cheerful buck­
toothed fellow, arms full, who would 
grace any new edition of The Wind in the 
Willows. 

The papers, by careful observers and 
experimenters from Charles Darwin 
and J. H. Fabre to Jane Van Lawick­
Goodall and later workers, are arranged 
to bring out three themes: the evolution­
ary sequences that can be inferred from 
the behavior frozen in animal architec­
ture; the economics of the inherited in­
vestments, expressed generally in terms 
of work, and the mechanisms by which 
the complex environmental manipula­
tion is managed. Already in The Origin 0/ 
Species Darwin reported on his use of 
vermilion wax as a tracer for the cell­
building action of the honeybee. Here 
the net thrown over the species is both 
wide and fine-meshed, with plenty of 
markers, thermal measurements and 
simulated environments. Bees, ants, ter­
mites, caddisworms, several species of 
birds, mice, caterpillars, chimpanzees, 
spiders and the beaver are included, 
with the focus on their homes. 

Tent caterpillars owe a great deal to 
the greenhouse effect of their translu­
cent silken shelters. It is not that the 
wind has been divinely tempered to the 
harvest mouse, shorn as "with an elec­
tric clipper, " but rather that the little 
beast has quickly built an almost com­
plete sphere of shredded grass and the 
down of flower heads, deep inside which 
it quietly rests, thereby saving 25 per­
cent of its fuel bill in near-zero weather. 
(Its fur saves even more.) Nearly all 
birds incubate their embryos in the egg 
(at a temperature of 35 to 37 degrees 
Celsius) by the intermittent application 

of a vascular hot spot on their ventral 
surface, the brood patch, within the con­
text of a wide variety of nest insulations. 
It appears that the bird senses the egg's 
temperature by means of receptors in 
the brood patch and adjusts its sitting 
schedules accordingly. Bisexual incuba­
tion in shifts holds the egg temperature 
most nearly constant; the mode of for­
aging excursions during which neither 
parent is sitting requires an attention cy­
cle timed by the rate of heat loss from 
the insulated nest. Noteworthy quanti­
tative fits to the observations can be 
spun out of this kind of model with a few 
measured parameters. 

The African weaver birds are splendid 
nest builders, as the name suggests, and 
the two editors have studied the weav­
er's nest carefully. They feel that their 
own "weaver bird nest" built in 1960 was 
the first human construction of "a bird's 
nest of any real degree of complexity. " 
It is a good example, to judge from their 
photographs. The sociable weaver is 
one species that has gone to live in the 
cold, arid Kalahari. where winter tem­
peratures may drop at night to New En­
gland values. Instead of crowded sub­
urbs of little short-lived one-family bas­
kets woven of grass strips, the sociables 
occupy a big condominium that weighs 
a ton or more, accommodates 100 or 
more pairs of birds at a time and is hand­
ed down over decades or even a century. 
There is a shot of one such nest in a big 
acacia tree, looking rather like a Volks­
wagen under a scruffy tent. The mea­
sured thermal consequences are admira­
ble: 20 degrees C. warmer inside, a lega­
cy of perpetual food savings passed 
down from the hardworking early set­
tlers. The nests appear to be limited in 
size by the strength of the tree, which 
sometimes breaks under the load. On 
cold nights the birds try mUltiple occu­
pancy: as many as five birds may 
crowd into a single chamber. 

The construction tricks are varied. 
Chimpanzees make rather cruder nests, 
a soft platform for rest at night and on 
rainy days. The technique and materials 
seem to a human reader to be appealing­
ly varied and changeable. For example, 
in the Gombe Stream Reserve nests ap-

peared suddenly in the tops of oil palms. 
They had been unknown there early in 
the summer of 1960, but by the end of 
October of 196 1 they were conspicuous 
in many parts of the reserve. Such nests, 
which had been well known in other 
chimpanzee localities, were hard to 
make at first (the observer watched one 
young chimp give up trying and settle 
for another kind of tree), but they were 
high fashion. 

Other animals can make much more 
complex structures than chimpanzees 
do, but by alien methods. Solitary bees, 
for example, work by rote, their inbuilt 
rules of sequence having rather little 
flexibility; theirs are open-loop pro­
grams. Fabre watched as his mason bee, 
after a fatal leak opened in the bottom 
of a pollen cell, ignored the leak and 
worked instead on the next courses. 
("Once the provisioning begins, the cup 
is finished for good and all. ") Termites 
and beavers, on the other hand, general­
ly have programs with many closed 
loops, with feedback coming from the 
state of the work itself. The editors cite 
briefly, but do not excerpt, the study by 
Pierre Grasse on the arch-building by 
certain termites that yields a complex 
vaulted storage basement. The overall 
form, including the number and place­
ment of the arches, is governed by the 
chance location of piles of pellets made 
by individual insects at work in the dark. 
They abandon their individual collect­
ing at some point to increase coopera­
tively the piles that by chance have 
grown to be the largest. Two neighbor­
ing columns may be joined in an arch or 
may instead be abandoned for a pair 
that is even more favorable. 

Beavers work a good deal against the 
sound of running water; they will build a 
dam on top of a loudspeaker that carries 
a recorded water signal (unless the sig­
nal has been filtered to leave out the one­
to-two-kilohertz band). The Iowan, or 
mallee fowl. the "native pheasant" of 
the dry scrublands of Victoria in Aus­
tralia, places its eggs inside a big mound 
of fine soil. which it visits almost daily 
to open and ventilate in various ways. 
Direct thermal-flux measurements and 
careful controls prove that during a ma-

A beaver carries a bundle of brallches, from External Construction by Animals 
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jor part of the season incubation heat 
comes from the fermentation of a leaf 
mulch earlier placed under the eggs; an 
opening made by the birds in the morn­
ing serves during most of the season to 
cool the eggs. At the end of summer the 
mounds are left open most of the day to 
let solar heat enter. The overall control 
is excellent. We come to understand the 
long engineering by natural selection 
only through such minute particulars. 

For human beings no such simple bio­
logical understanding is to be found. A 
gene for our architecture would require 
far too many alleles. An apt comple­
ment to this fine volume on animal con­
struction is the second book. a photo­
graphic study by a professor of architec­
ture at the Massachusetts Institute of 
Technology. In color and black and 
white he has recorded for us the works 
of a score of people who have built 
homes. shrines. gardens. decorative 
bridges and monuments "all their own. " 
across the continent from British Co­
lumbia to Maine. As in the case of the 
towers of Watts. where Simon Rodia 
built beauty out of junk and his own 
mastery. these people have exerted re­
markable effort to win the home. and 
sometimes the beauty. they sought. 
Their materials. scale and ambitions 
vary. A mansion on the shores of Lake 
Kootenay in British Columbia has 

walls. towers and bridges made of iden­
tical empty one-quart embalming-fluid 
bottles-about half a million of them­
laid up in mortar like bricks. There is a 
man in a small house in Eureka. Calif.. 
who lives quite hidden behind a garden 
filled with trees. large flowers. fences 
and animals-all carved from orange­
crate ends and then painted gaily and 
wittily. "I no make things now for four 
or five years. No more room. no more 
boxes. Now all the boxes they come in 
paper. no wood. " Perhaps the most 
beautiful creation. if not the most spa­
cious or architectural. is Fred Burns's 
little cottage on Belfast Harbor in 
Maine. Made of driftwood and covered 
with leftover paint. it is a striking work 
of ordered polychrome texture that re­
sembles some striped canvases of the 
school of New York. It is the public of­
fering of a unique. solitary and loving 
artist. 

DEMOTE SENSING OF ENVIRONMEN1. 
ft. Joseph Lintz. Jr.. and David S. Si­
monett. editors. Addison-Wesley Pub­
lishing Company. Inc. ($27.50). GRAND 
DESIGN: THE EARTH FROM ABOVE, by 
Georg Gerster. Paddington Press Ltd .. 
New York and London ($50). Eyes we 
have had for a long time. and the use of 
instruments for apprehending what is 
out there is not anything new to science 

or to its applications. Remote Sensing of 
Environment. with 20 expert contrib­
utors. surveys under its somewhat ill-fit­
ting rubric an important. vigorous and 
still-forming young discipline: the use of 
electromagnetic radiation to look down 
through the atmosphere at the surface 
of this earth from above. whether from 
a cliff. an airplane or a spacecraft. Medi­
cal and production-line tasks are ex­
cluded. and (although they are more 
germane) so are all military activities. 
even though it is the development of the 
remarkable military reconnaissance 
programs that has indirectly paced 'civil­
ian technology in the postwar years. 

There is plenty to talk about in this 
heavy volume with 48 pages of refer­
ences. The work is in four fairly distinct 
parts: the foundations of radiation phys­
ics and the effects of the atmosphere; the 
bases of sensor instrumentation; cali­
bration and handling of the data flood. 
and summaries of results and promises 
in a number of fields of current applica­
tion. Eight pages of color pictures dis­
play the tricks of this art. and there are 
many drawings and tables. Integrals and 
even the Navier-Stokes equation are to 
be found. but they are chiefly for the 
purpose of careful definition. the basis 
of prose accounts that are occasionally 
rather formal. In general the mathemat­
ical level is modest. below that of the 

A mallsioll built of empty embalmillg-fluid bottles, from All Their Own: People and the Places They Build 
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engineer or physical scientist; the au­
thors are concerned that the users of the 
work include planners and managers of 
fisheries. forests. mines and highways. 

The chief theme is image: the two-di­
mensional plot of the geography of the 
surface. Sometimes the image is made 
by ambient light and sometimes the fly­
ing imager carries its own flashbulb. 
Black-and-white values are the starting 
point. but the discipline is enriched by 
color. a major topic. The "ambient 
light" includes the visible and the near 
infrared. fed by sunshine; it does not 
lack ultraviolet. which can discern fluo­
rescent markers laid out below. or the 
subtle thermal infrared at 10 microns. 
whatever the atmosphere will pass. Col­
or is stretched to include centimeter ra­
dio waves. which are intrinsic emissions 
of marshes or even snowbanks. and the 
lowest radio frequencies. valued for 
their ability to probe into the earth for 
ore bodies. "Ambient light" can include 
even the strong. very-low-frequency 
emissions of government time-signal 
and navigational stations. Such 20-kilo­
cycle waves from Australia induce cur­
rents in the rocks of Fiji. 3.600 miles 
away; the currents are weak but are still 
strong enough to make possible detailed 
mapping of the rugged surface for a 
complex of conductive properties relat­
ed to mineral deposits. Even lightning 
storms can be exploited in the same way. 
and other schemes exploit natural gam­
ma radioactivity or the luminescence of 
chlorophyll or of minerals. 

Most people have now seen the re­
markable relief mapped by side-looking 
airborne radar. A directed radar pulse in 
the centimeter band marks out a spot to 
each side of the plane as it flies along. 
The spot may be 100 feet in diameter on 
the ground; the echo delay is easy to 
record in flight. so that the system pro­
duces an image much as the scanning 
electron microscope does. with a great 
"depth of focus" and with gray values 
that represent the microwave texture 
of the surface being scanned. By this 
means it has been possible to map a 
piece of the Isthmus of Panama that had 
resisted all aerial cameras because it was 
always covered by clouds. In 1971 the 
government of Brazil organized such ra­
dar mapping of the green Brazilian 
north; an area half as big as the U.S. was 
mapped in a number of different modes 
in a very short time. Here is a clear pho­
tograph of Boston Harbor made at three 
in the morning; darkness is not much of 
a barrier for the deep infrared. A ther­
mal peek into the crater of Kilauea 
shows the arrangements in Pele's kitch­
en; another page exhibits the multiband 
spectral patterns that can distinguish 
among a dozen crops. field by field. 

The art is a fledgling still. Its best­
known civil exemplar is LANDSAT. 
once called ERTS. That nimble satellite 
flies over you in the morning 20 times a 

Side-looking radar mosaic of Panama, from Remote Sensing of Environment. (South is at top.) 

year. its imagers busy. The world is now 
well mapped by LANDSAT. at a reso­
lution of better than 100 meters. A map 
of the U.S. at that detail occupies only a 
few ounces of film; telemetry can bring 
it down to earth in pulsed form in an 
hour. (Narrow down the resolution to a 
couple of feet and you must reckon on a 
ton of film. a half-year of data pulses.) 
LANDSAT's best-known product is the 
result of scanning point by point in four 
bands. with photographs made avail­
able cheaply to the public through the 
National Aeronautics and Space Ad­
ministration and the U.S. Geological 
Survey. The color is not that of our vi­
sion but of a flexible code that repre­
sents the seen and unseen reflectivities 
by various groupings into mapping col­
ors. By 1980 a proposed LANDSAT-D 
satellite may map in six or even seven 
channels that are chosen to indicate the 
vigor and nature of growing green 
plants. following a lead given by aerial 
studies of corn blight. LANDSAT is an 
experimental success worldwide. and 
several other countries are considering 
launching such satellites soon. 

How to handle a ton of film? Obvious­
ly our eye-mind system will need help. 
Much effort has been put into that as­
sistance. On the one hand. nifty schemes 
are available to superpose images from 
many channels in a varietY'of colors and 
contrasts and to record what is good. 
Other work has been done on numerical 
codes. with sophisticated statistical al­
gorithms teaching the computer to sig­
nal interesting clusters of points in color 
space. a form of pattern recognition that 
is not yet easy but will in the end be 
indispensable. The keys to such schemes 
are a clear purpose and careful cali­
bration on known spots presented to the 
high lenses in exactly representative 

ways. Such calibration. known by the 
philosophical name of "ground truth." 
is a requisite; the obvious competitor. an 
image library for general comparison. 
has not yet worked promisingly. Sea and 
ice. cloud and land. hot desert and cool 
marsh. good crops and poor. texture and 
mineralogy and roughness. houses and 
engines. streetlights and much more lie 
below the radiometers. cameras and ra­
dars in satellite. helicopter and Lear jet. 
From far away our blue marble is enig­
matic and bland. perhaps four-tenths 
cloud. but from 1.000 kilometers on 
down to the rooftops and hedgerows 
more and more of all we do and all we 
have will stand on the record. 

So much for science and engineering. 
civil and military. The aerial photo­
graph can also be a work of art. In Grand 
Design: The Earth from Above the art is 
practiced at low altitude from light. 
high-wing monoplanes chartered by the 
artist in almost 60 countries. the door 
removed. the brave photographer lean­
ing out with his hand-held camera mo­
torized for split-second action. The 
sharp lenses and fine-grained films of 
our time make equipment larger than 
the 35-millimeter camera unnecessary 
even for these big full-page reproduc­
tions of 200 sites on this our earth. They 
are in color. here fully natural. and in 
black and white. They present. with re­
vealing notes of interpretation and his­
tory. six categories of views. unified by 
the I.OOO-foot scale characteristic of 
this artist. 

For each category we sample a few 
views: for the natural background. the 
San Andreas fault. quite bare. and the 
pattern of gnu trails in the Serengeti; for 
the roofs of humankind. Danish camp­
ers in their circles and the round huts of 
a Songhai village on the Niger: for in-
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d ustry, a road in red laterite slashed 
across the green Mato Grosso and a 
"large-scale Paul Klee"; salt evaporat­
ing ponds, a most unexpected category, 
offer their algal palette from San Fran­
cisco to Ethiopia; the farmer as artist 
has given us a California poppy field, a 
terraced Kyushu landscape of precise 
beauty, mixing rice fields and tangerine 
orchards, and irrigated circles of alfalfa 
in Nebraska. We see timeless Jericho 
and Jerusalem; artists new and old have 
deliberately prepared the Spanish Steps 
and Robert Smithson's encrusted spiral 
jetty in the Great Salt Lake. Finally, 
between art and worship, we steal 
a glimpse at what was limned for the 
gods: the White Horse of Uffington en­
graved across green downs, and the 
Great Serpent Mound of Ohio, curling 
over his hills. 

A decade ago Gerster contributed 
some of the finest images to a smaller 
but equally wonderful collection (The 
World from Above). The deep protective 

cups among desert dunes that shelter the 
date palms in the Souf Oasis in Algeria 
were shown, and they are here again in 
different shots. (We miss in the new 
book the data that in the earlier volume 
gave the altitude or scale for each pho­
tograph.) When Gerster's six-year-old 
said her prayers at night, she asked: "In 
the plane give him many beautiful views 
and don't let the hyenas eat him." All of 
this was granted. Those wondrous pyra­
mids of Kano stretch below us, 80 or 
100 of them, crystalline and lofty, all 
built anew each crop season by the labor 
of men working without cranes, hoists, 
wheels or ramps, each pyramid a pile of 
10,000 heavy sacks of peanuts! 

WHEREBY WE THRIVE: A HISTORY OF 
AMERICAN FARMING, 1607-1972, 

by John T. Schlebecker. The Iowa State 
University Press ($12.95). THE AMERI­
CAN FARM: A PHOTOGRAPHIC HISTORY, 
by Maisie Conrat and Richard Conrat. 
Houghton Mifflin Company ($17.50). 

All oasis tOWII ill the Algeriall Sahara, from Grand Design: The Earth from Above 
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"History celebrates the battlefields 
whereon we meet our death, but scorns 
to speak of the plowed fields whereby 
we thrive. It knows the names of the 
kings' bastards but cannot tell of the ori­
gin of wheat. This is the way of human 
folly." Schlebecker, a professional his­
torian and curator of the collection of 
agricultural implements at the Smith­
sonian Institution, has given us some 
escape from those strictures of J. H. 
Fabre. His modest and readable narra­
tive offers a brief history of American 
farming, at once social, economic and 
technological. Its structure is transpar­
ent: he breaks the long span into periods 
divided by the four major wars. Within 
each period he treats land, markets and 
technology, merging other issues when 
appropriate. The work does not seek to 
break fresh ground; it is a secondary his­
tory, supported not by footnotes but by 
a good bibliography. There are many 
small illustrations (period engravings 
and photographs), mostly showing im­
plements and methods of the past. The 
complex story cannot be summarized 
here, but a few points repay the telling. 

The Indians farmed first, ably with 
hoe and stick. Their staple was maize, 
and the new European farmers emulat­
ed what they saw. To the South the Afri­
cans came, to apply their intensive gar­
den methods. Plows and heavy horse 
tillage, like the staple wheat itself, came 
rather slowly; bread grains meant more 
work and less yield, but they could be 
sold abroad. Commercial farming be­
gan in Virginia, first with tobacco, a 

Venezuelan variety worked by inden­
tured Englishmen. Slavery, the "pecu­
liar institution," arrived in about 1675; 
the Africans brought sorghum and 
probably the first rice. King Cotton 
passed tobacco in importance by 1803. 
America was a major source of industri­
al raw materials for England and Eu­
rope. The world opened to cheap cloth­
ing made of American cotton that was 
spun and woven in English mills. 

In the 1840's Joseph Dart of Buffalo 
began to use the chain-bucket elevator. 
instead of the manhandled sack of long 
tradition, to transfer grain in bulk on 
canal boats. He added steam power to 
the process, which had been invented in 
1785 by Oliver Evans. Bulk shipment 
soon made the world one market for 
grain. Minnesota and Alberta, the re­
motest plains, benefited the most from 
improvements in transport and storage, 
and the wheat trade became theirs; the 
farms of Pennsylvania and Sussex could 
not easily compete. Soon the sulky gang 
plow, with the plowman riding and two 
plow bottoms at work, brought "the rap­
id conquest of the prairie." There was 
plenty of pull in the three-horse team. In 
time the ripe fields saw the advent of the 
mechanical reaper and then of the har­
vester, the thresher and finally the com­
bine. Steam threshed the wheat. 80 per-
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A child crOll berry picker ill 1910, from The American Farm: A Photographic History 

cent of it by 1880. The combine took 
over after World War I, gasoline-pow­
ered by that time. The word "tractor" 
was first given by Charles Hart and 
Charles Parr of Iowa to their imple­
ment-hauling machine in 1906. (A 1903 
Hart-Parr in the Smithsonian still runs.) 

The U.S. farm population reached a 
broad plateau in absolute numbers in 
about 1910 and stayed level until the eve 
of World War II. Since then it has fallen 
by a third each decade. Now the farm is 
industrialized, cartelized and remark­
ably productive as measured by hours 
of labor or by acres of land. Its inputs 
are hard work. capital, education. high 
technology from anhydrous ammonia 
to maize genetics. and plenty of fuel 
B.t.u:s. The driven-spindle cotton pick­
er had become common by the 1950's, 
and so the cotton farmer sent the black 
sharecropper and his family off to the 
cities north and south with no savings 
and no city skills. Every page of this 
cool narrative holds between the lines 
both inequity and promise. 

For the second book two Califor­
nians. photographer and designer, have 
assembled the work of 80 photogra­
phers from more than 100 picture ar­
chives. The foot-wide pages bear their 
selections, a couple of hundred prints. 
filled with the look of the land and its 
people, made between 1860 and 1973. A 
man is sowing grain broadcast in Maine 

in 1885, his hand swinging wide as he 
strides his field as farmers have done for 
10 millenniums. A slave family on a 
South Carolina plantation in 1862, three 
generations in front of their cabin, look 
straight through T. H. O'Sullivan's lens 
at you, grave, intent, direct. A small boy 
builds a structure of corncobs as his 
grandfather shells corn in a New En­
gland kitchen in 1900. Here are the 
"Sooners," sod shanties, bales of cotton 
on the levee, teams of oxen, Chinese in 
conical hats tending California vines. 
even covered wagons ready to ford a 
Wyoming stream on the Oregon Trail as 
late as 1875. Here is a drought-dusty 
windrow on an abandoned Oklahoma 
farm in 1936, and a thin-armed farm 
woman, taut, worn and enduring. in 
Dorothea Lange's moving photograph. 
The silent pages seem to echo with old 
songs we all know, both the defiant and 
the sad. Toward the end the entire scale 
changes. Now we see fewer people; here 
are wide rolling fields, the heavy com­
bines busy, and airplanes above, crop­
dusting or ferrying repair parts for the 
costly machines. The Imperial Valley 
spreads out table-fiat and field-tiled; the 
crops are in meticulous array but there 
are no farmhouses. An 80-year-old 
farmer is cited for the last word: "These 
big farmers, now, they retched out and 
got all the land. The little guy don't get 
by no more." 
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Understanding Digital Electronics 
New teach-yourself courses 

Design of Digital Systems is written for the engineer seeking to learn 
more about digital electronics. Its six volumes - each 11-1/2" x 
8-1/4" are packed with information, diagrams and questions de­
signed to lead you step-by-step through number systems and Boolean 
algebra to memories, counters and simple arithmetic circuits, and 
finally to a complete understanding of the design and operation of cal­
culators and computers. 

The contents of Design of Digital Systems include: 

Book 1 Octal, hexadecimal and binary number systems; conversion 
between number systems; representation of negative numbers; com­
plementary systems; binary multiplication and division. 
Book 2 OR and AND functions; logic gates; NOT, exclusive-OR, 
NAND, NOR and exclusive-NOR functions; multiple input gates; truth 
tables; De Morgans Laws; canonical forms; logic conventions; Kar­
naugh mapping; three-state and wired logic. 
Book 3 Half adders and full adders; subtractors; serial and parallel 
adders; processors and arithmetic logic units (ALUs); multiplication 
and division systems. 
Book 4 Flip flops; shift registers; asynchronous and synchronous 
counters; ring, Johnson and exclusive-OR feedback counters; ran­
dom access memories (RAMs) and read only memories (ROMs). 
Book 5 Structure of calculators; keyboard encoding; decoding display 
data; register systems; control unit; program ROM; address 
decoding; instruction sets; instruction decoding; control program 
structure. 

Book 6 Central processing unit (CPU); memory organization; char­
acter representation; program storage; address modes; input lout­
put systems; program interrupts; interrupt priorities; programming; 
assemblers; computers; executive programs; operating systems and 
time sharing. 

Digital Computer Digital Computer Digital Computer 
Logic and Logic and Logic and 
Elect ronia Elecl ronia EIe �  __ 

. .;;,'-;�;: .. �'''''';'-----:-

-, -2::" -3.':",,:: 

Digital C omputer  
Logic and 
Elect ronics 

.... 4'::. 
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Digital Computer Logic and Electronics is designed for the beginner. 
No mathematical knowledge other than simple arithmetic is assumed, 
though the student should have an aptitude for logical thought. It con­
sists of four volumes - each 11-1/2" x 8-114" - and serves as an 
introduction to the subject of digital electronics. Everyone can learn 
from it - designer, executive, scientist, student, engineer. 

Contents include: Binary, octal and decimal number systems; con­
version between number systems; AND, OR, NOR and NAND gates 
and inverters; Boolean algebra and truth tables; De Morgans Laws; 
design of logic circuits using NOR gates; R-S and J-K flip flops; binary 
counters, shift registers and half adders. 

In the years ahead the products of digital electronics technology will 
play an important part in your life. Calculators and digital watches are 
already commonplace. Tomorrow a digital display could show your 
automobile speed and gas consumption; you could be calling people 
by entering their name into a telephone which would automatically 
look up their number and dial it for you. 

These courses were written by experts in electronics and learning 
systems so that you could teach yourself the theory and application of 
digital logic. Learning by self-instruction has the advantages of being 
faster and more thorough than classroom learning. You work at your 
own pace and must respond by answering questions on each new 
piece of information before proceeding. 

After completing these courses you will have broadened your 
career prospects and increased your fundamental understanding of 
the rapidly changing technological world around you. 

The six volumes of Design of $1988 Digital Systems cost only: 

And the four volumes of $1488 Digital Computer Logic and 
Electronics cost only: 

But if you buy both courses, $ 299 0 the total cost is only: 

a saving of over: 

SEVEN-DAY MONEY-BACK GUARANTEE: If you are not satisfied 
with your Cambridge course, return it within 7 days for a full refund. 

To order your books, complete the order form below and send it to­
gether with your check or money order to GFN Industries, Inc., 6 Com­
mercial Street, Hicksville, N.Y. 11801. 

I To: GFN INDUSTRIES, INC. 
I 6 COMMERCIAL STREET, HICKSVILLE, NY 11801 
I 

Please send me: 
I 
I 
-Sets of Design of Digital Systems $19.88 ______ _ 

_ Sets of Digital Computer Logic & Electronics $14.88 __ 

I 
_ Sets of both courses $29.90, __________ _ 

I Sales tax (N.Y. residents) ___________ _ 
I Shipping and handling $2.50 per set _______ _ 

I Enclosed is check/mo (payable to GFN Industries, Inc.) 

I 
I 
I 

Total $ ___ _ 

I 
Name ___________________ _ 

I Address __________________ _ 

I 
I 

City/State/Zip ----------------

I Prices include overseas surface mail postage. SA6B 
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Sedan A-Speed 

A-Speed 
Hatchback 

Hondamatic 
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He taught you to appreciate the finer things in life. 
Make him glad he did. 

12 YEARS OLD WORLDWIDE' BLENDED SCOTCH WHISKY ' 86 PROOF · GENERAL WINE & SPIRITS co., NEW YORK, N. Y. 
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