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A L � l , 

Your passion for power matched 
to our passion fOr engineering. 

Driving the Saab Turbo puts the power of 
the future in your hands. T he experience 
is both visceral and cerebral. Even a pro 
like Car and Driver's Steve T hompson felt 
it. He said, " ... Saab Turbo ... a genuine 
Fourth-of-July driving experience, full of 
sudden pleasure and high spirit ... " 

The Turbo is the culmination of years of 
our engineering passion. We'll highlight 
just a few of the many engineering de
tails of this amazing machine. 
The Saab Turbo-Charged System: 
Turbo-charging is the process that cap
tures the energy normally lost through 

the exhaust and puts the en
ergy back into 

the work 
process to 
obtain extra 
power. 
Our break
through was 

designing a turbo-charging system able 
to function at low speeds. That means 
our 2-litre, overhead cam fuel-injected 
engine has extra power for you to com
mand in daily driving situations. To pass, 
a surge of turbo power shoots you 
ahead. Or when you're moving on to a 
busy highway, count on turbo power to 
supply the big thrust. 

~ 
We Pioneered Front Wheel Drive: 
We realized that front wheel drive sup
plied the superior traction needed for all 
sorts of road surfaces; snow, mud, etc. 
It's been a standard feature on all our 
cars. And an integral feature of the Saab 
Turbo. 
Rack and Pinion Steering for Confident 
Control: 

This steering system 
provides direct, pre
cise control with in-
stant wheel response. 

You can react instantly to 
bumps, potholes and the 

like. It allows you to feel the 
keen pleasure of maneuvering 
a superb power machine like 
the Saab Turbo, confidently, 
through glove-tight turns. 

seats and innovative interior design are 
proof we know that people need plenty of 
room for their feet, shoulders, elbows 
and heads. Even the people who sit in 
the back. 

The Saab Turbo luggage space is an
other example of practical space engi
neering. Just fold down the rear seat-Io 
and behold! - the area converts into 53 

cubic feet of cargo space. That's practi
cally like having a station wagon at your 
command. 

We manifested our passion by creat
ing the finest performance production 
turbo for every day driving. It's your turn. 
Unleash your passion. At least, test the 
SaabTurbo. 

T he Saab Turbo: $10,498* 

Interior Space Honestly Designed 'The manufacturers sussested retail W.E. price forth. 5MB 
for People: Turbo includes d.e:aler prepa�e.tion: taxes, title, destination 
Five adults seated in the Saab Turbo are charses and options ore.ddltlOnol. . .  
sitting pretty T he orthopedically-created �!��� =�!:".'l
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SAAB IS THE COMMAND PERFORMANCE CAR 
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Announcing an inexpensive 
practical method for conserving 
energy in summer and winter. 

SUMMER Mitsubishi Electric has 
come up with a series of 
elegantly simple total-heat 
exchangers that the average 
home, building, or factory 

• Fresh warm air II Dirty warm air 0 Fresh cool air Dirty cool air 
owner can easily afford . 

Capable of exchanging 
both sensible heat (temperature) and latent heat (humidity), these Lossnays 
effectively use the permeating properties of specially treated paper. 

The basic element is constructed entirely of paper, is totally static, and 
remarkably easy to maintain. 

No mixing of intake and exhaust air occurs in a Lossnay heat exchanger. 
And yet the average rate of total-heat exchange is a high 70%. With the 
price of energy today, it's definitely worth 

INDOORS OUTDOORS 

getting the exact figures for your building. Intake Exhausted 
(exchanged) air (exchanged) air 

Mitsubishi makes dozens of models to 
accommodate any size facility, with air-flow 
capacities ranging from 60 to 60,OOOCFM. 

Moreover, they're sold at prices you can 
afford. 

For more information, please write to us 
at the address below. Lossnays will be also 

Exhaust 
(unchanged) air 

shown at the 6th International Heat Transfer �------'----------' 
Mitsubishi Lossnay Heat exchangers efficiently 

Conference and Industrial Exposition, conserve heating and cooling energy normally lost through 
ventilation. The Lossnay system is a simple, practical 

Sheraton Centre, Toronto, August 7-11,1978. way to reduce energy costs with a low initial investment. 

• MITSUBISHI 
� ELECTRIC 

For more information, contact MITSUBISHI ELECTRIC CORPORATION,2-3. Marunouchi 2-chome. Chiyoda-ku, Tokyo 100. TELEX: J24532 CABLE: MELCO TOKYO 

7806-X01-A9-38 
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New research findingL:...:....:. 

ON WALKING . . .  nature's own 

amazlng "anti-age antibiotic"! 
Not running, not jogging, but walking 

is your most efficient form of exercise 
and the only one you can safely 
follow all the years of your life! 

Today, after some 2000 years, modern medical re
searchers are demonstrating (somewhat to their sur
prise) that Hippocrates, "the father of medicine" was 
right ... walking is man's best "medicine"! 

(3) Exercised bones do not demineralize. As a re
sult they are far less likely to break or lose their range 
of motion. 

(4) Exercised lungs still exhibit the emphysema
like changes of age, but are far less diminished in their 
capacity compared to the lungs of sedentary people. 

(5) Exercised cardiovascular systems show a simi
lar maximum preservation of function. 

Take one example. At a three-day conference on 
Exercise in Aging-Its Role in Prevention of Physical 
Decline (held October 27-29, 1977, at the National 
Institute of Health, Bethesda, Maryland) researchers 
from across the United States, Canada and Western 
Europe presented papers on this (until now) largely 
neglected area of research. As their papers were pre
sented, these important points of agreement emerged: 

(6) The benefits of exercise in preventing or cor
recting obesity are striking. 

(7) Late-onset diabetes is almost entirely revers
ible by exercise if you are overweight. 

(1) Walking is the most efficient form of exercise 
. . and the only one you can safely follow all the 

years of your life. 

(8) Daily exercise permits greater food intake and 
better blood circulation, thus improving each body 
cell's nourishment while preventing obesity. 

(2) Exercise can enable your body to maintain a 
vital reserve which has a protective effect during stress. 

(9) The physically impaired, particularly the arth
ritic, can perhaps benefit the most from exercise ... 

SIR HANS KREBS. M.D .• F.R.C.P. (England). 
Nobel Laureate in Physiology and Medicine. 
Emeritus Professor of Biochemistry, Oxford Un i
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,"HOW LONG WILL I LIVE?" 
Discover what research scientists now know about how to take 

the best care you can of the only body you will ever have! 

The errors of our younger years are 
drafts upon our older years, payable 
(with interest) some 30 years from 
date. 

The so-called "diseases of old age" 
are essentially the diseases of 50 to 
70 ... "the dangerous years!" 

Research scientists find that people 
who sllrvive 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 find out, 
some careful studies have now been 
made of these extraordinarily long
lived individuals. 

May we suggest that you get the 
benefit of these new research studies 
for yourself? Do as so many thousands 
of executives do. Subscribe to Execu
tive Health Report. The members of 
our Editorial Board are among the 
world's most distinguished authorities 
on preventive medicine. Their wise 
advice can help you not only live 
longer but enjoy those extra years! 
(Note their high qualifications as 
shown on opposite 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. 820 a year in 
Canada and Mexico. Individual reo 
ports (back issues) $1.50 per copy. 
All other countries $26 by surface 
mail, $30 by air mail. (Only Inter. 
national Money Order or check cash. 
able on U.S. bank will be acceptable.) 

Subscribe now under this unusual 
introductory offer: 

(l ) Your choice of any three of 
the reports listed below ($1.50 each) 
FREE! 

(2) If you are not completel,. sat. 
isfied with your first issue, your money 
will be promptl,. refunded. 

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 "tomorrow" 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: 

New research findings On Walking • • •  

nature's own amazing "anti-age anti· 
biotic"! 

Albert Szent Gyorgyi, M.D., Ph.D.: 
How new understandings about the 
biological function of ascorbic acid 
may profoundly affect our lives. 

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 quar
ter as much illness and chance of 
dying as those who do not take extra 
vitamin C. 

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 or 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. 

Alexander Leaf, M.D.: On the phys. 
ical fitness of men who live to a 
I:'reat age. 

Linus Pauling, Ph.D.: On vitamin C 
and heart disease. Can vitamin C pro
tect you, and how much should you 
take? 

James F. Toole, M.D.: On Strokes and 
"Little Strokes" . . . their causes and 
what you should know about them to 
help protect yourself! 

Sir Hans Krebs, M.D.: On the Overuse 
and Misuse of Medication. 

Alton Ochsner, M.D.: "On the Role 
of Vitamins C and E in Medicine." A 
world-famous surgeon tells you how 
he uses these two essential vitamins. 

John K. Lattimer, M.D., Sc.D.: On 
That Treacherous Gland • • •  Your 
Prostate. 

John Yudkin, M.D.: On "This Slim· 
ing 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. 
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. 

Mark D. Altschule, M.D.: Is It True 
What They Say About Cholesterol? 

Mark D. Altschule, M.D.: What Causes 
Your Arteries to Harden? 

Alton Ochsner, M.D.: On "The Chair 
Disease" . . . Why blood clots in 
your veins are a little-realized occu· 
pational hazard of desk-bound execu· 
tives. 

Hans Selye, M.D.: On Stress With· 
out Distress. Your mind can make 
or break you! 

Hardin B. Jones, Ph.D.: On The Prob. 
lems Executives Must Anticipate With 
the Growth of Marijuana Smoking. 
The Senior Scientist at the world
renowned Donner Laboratory of Med
ical Research, University of Califor
nia, Berkeley, explains some little
u n d e r s t o o d  f a c t s  t h a t  executives 
should know as the growth of mari
juana use continues among employees. 

The B Vitamins • • •  Part II. On Vita
min B. (Pyridoxine) "The Sleeping 
Giant of Nutrition." 

Stephen R. Elek, M.D.: On "The 
Hurry.Up Disease." Why it may be 
a key factor that triggers heart attacks 
as early as age 40. 
Please use the coupon below under 
our special money-back guarantee. 

EXECUTIVE HEALTH, Pickfair 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 if I am not com
pletely satisfied with my first issue, my money will be promptly refunded. 
In addition, I would appreciate your sending me a complete list of your 101 other 
reports because among them may be some from which I might greatly benefit 
and would otherwise miss. 

NAME (please print) ___________________ _ 

ADDRESS, _________________________________________ _ 

STATEjCOUNTRY ______________________ ZIP, _______ SA-12 
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Now when Captain Jasper is away from his phone, 
his phone knows where to reach him. 

In remote Bayou Lafourche, Louisiana, you 
could never be sure of reaching Capt. Jasper 
Plaisance. 

He might be off on his trawler somewhere 
on a job And if you tried phoning him, it could 
be hours before you and the good captain 
got together. 

No more. T he Lafourche Telephone 
Company now has an advanced sWitching 
system that can keep track of Captain Jasper's 
whereabouts. 

It remembers when he's away from his 
usual phone, and instantly forwards his calls to 
wherever he is. 

The people of ITT created this unique 
switching system. It was the first fully electronic, 
computer-controlled exchange in any rural 
phone company 

And it can handle a lot of other sophisticated 
things you wouldn' t expect in a Louisiana 
bayou. From conference calls to push-button 
telephones. 

With ITT's electronic switching, Captain 
Plaisance and his neighbors have big city phone 
service, miles from any city. 

The best ideas are the Imm 
ideas that help people. ..L..L 

© 1978 International Telephone and Telegraph Corporahon, 320 Park Avenue, New York, NY 10022 
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THE COVER 

The fruits assembled in the painting on the cover are the mature berries of 10 
varieties of the tomato plant (Lycopersicon esculentum, except for the tiny cur
rant tomato near the top left, which is L. pimpinellifolium). Innovative breed
ing has helped to make the tomato a major commercial food crop in the U.S. 
(see "The Tomato," by Charles M. Rick, page 76), but most of the tomatoes 
on the cover are grown by home gardeners. Cultivars in top row are (left to 
right) cherry and currant tomatoes, the orange Jubilee and the "square round" 
processing tomato, which has been developed recently for mechanized harvest
ing. In the second row are the San Marzano paste variety, Yellow Pear, a typi
cal commercial or home-garden Fl hybrid and the pale yellow Snowball. In 
the bottom row are Oxheart and Ponderosa, two so-called beefsteak cultivars. 
Colors that differ from the normal red color are controlled by specific reces
sive genes: r, for yellow flesh, in Yellow Pear and Snowball; t, for orange flesh, 
in Jubilee, and y, for colorless skin, in Snowball, Oxheart and Ponderosa. 

THE ILLUSTRATIONS 

Cover painting by Enid Kotschnig 

Page Source Page Source 

18 James Young 84 The John Henry 
19-22 IIil Arbel Company (top), 

24 Ilil Arbel (top), IIil Arbel (bottom) 

Ikuo Sakurai (bottom) 86 IIil Arbel 

25 IIil Arbel 90-99 Gabor Kiss 

28 Jerome Kuhl 103 Patricia J. Wynne 
38 U.S. Department of 104 Patricia J. Wynne (top), 

Energy Albert Miller (bottom) 

39-43 Allen Beechel 105-112 Albert Miller 
45 C. Roger Lynds, 117 John A. O'Keefe 

Leo Goldberg and 118 Adolph E. Brotman 
Jack Harvey 119 Institute of Geology, 

46 Armin J. Deutsch U.S.S.R. Academy of 
47-48 Dan Todd Sciences (top); Robert F. 
49 Ray J. Weymann Fudali (bottom) 

50 Dan Todd 120 NERC ©, Institute of 

51 Ray J. Weymann Geological Sciences, 
London (top); 52 Dan Todd Smithsonian Institution 

55 Koobi Fora Research Project (middle); Billy 
56 National Aeronautics and P. Glass (bottom) 

Space Administration 121 Adolph E. Brotman 
57-58 Bunji Tagawa 122 Dean R. Chapman 
59-61 Tom Prentiss 123-125 Adolph E. Brotman 
62-63 Bunji Tagawa 129-130 Lorelle M. Raboni 
64-66 Tom Prentiss 131 Albert H. Markhart 
72 James E. Harris III (top), Lorelle 
76 Enid Kotschnig M. Raboni (bottom) 

78-79 IIil Arbel 132-134 Lorelle M. Raboni 

80 Charles M. Rick (top), 135 Ben Rose 
Ilil Arbel (bottom) 139 Lorelle M. Raboni 

81-82 Ilil Arbel 140-143 Michael Goodman 

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: $.40 
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: $.40 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 re.1ating the ar

ticles to one another and to formal 
course work. Write for catalogue. 

W. H. Freeman and Company 
660 Market Street, San Francisco, Cal94104 

Please send me Offprints: 

Title of Article Quantity 

Total 

Multiply by $ .40 

Payment Enclosed ::.$ __ -,-_ 

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

o Please send free Offprint catalogue 

Name 

Address 

City and Stale Zip 
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Model Your Cost Model Your Cost 
TI59 $208.95 TlI680 25.95 
PC 100A 145.95 TI25lCO 26.95 
TI58 87.95 Money Manager 19.95 
Tl57 54.95 TlI700 Data Clip 27.95 
Programmer 48.95 Data Man 19.95 
SR 51·2 49.95 liItle Professor 12.50 
TI55 49.95 TI30 SP 16.95 
TI1790 Datachron 39.95 TI25lCD 26.95 
MBA 62.95 Tl5040 P/O B9.95 
SR 40 19.95 Tl5050 M 76.95 
TI2550-3 23.25 TI5015 62.95 
TII050 11.95 TI 5100 36.00 
TI 58/59 libraries 28.95 TI1025 10.95 

TI Accessones at discount prices 

One flet! TI 503·1 digital watch with single purchase order of $650+ from this ad. 

All TI units come complete, fully guaranteed by TI. 

HEWLETT-PACKARD 
Model 
HP91 
HP92 
HP 80 
HP29C 

Your Cost HP61 
5 84 .95 HP91 

399.95 HPIO 
233.95 HPl9C 
1 5195 HP2 5 C  

35295 
2 59.95 
13795 

26 895 
12 5 95 �����rt.1 

HP accessones at discount pllces One year guarantee b� 
We will 

SPECIALS 
Model 
Nore!co;;185 
riore\co·Phlllips95 
NOlelco ;; 88 
NorelcoNTI 

YOUI Cost 
99.95 
14995 

242.95 
164.95 

29895 
4 0995 

Model YOUI Cost 
Pearlcolder All models & speeds from 129.95 
RC'ASelectavlsion 799.95 
Sony Betamu 86 00 Call u s  
Zenith Video Recordel 829.95 

Noreleo ;;91 DletITransc 
Noreleo ;;980ictITransc 
Norelco Mini Casseltes 
C,alg2706A-2625·2629 
Sanyo TRC8000A 
SanyoTRC BOIOA 

2 .95 
Call us 
19995 
1 5995 

Sony 1919 TV's Best deal 
RtA TVs. all models from 19.95 
ZenrthTYs. all models from8795 
3M d fJpholocopler 1 7.95 
AtanVldeo Game 35995 
Victorpnnter305 9995 
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NOOfle can beat OlympIC Sales Co. prrcn and fast service. TfJus. 
Prrces aref.o.b,LA. Goods sublect to avallabllity, Ask lor OUI famou s catalol. 

We...,11I beat anyprrce il ttle competlti(m has ttle goods Orthand. 
Add $4 95 for shipping hand·held calculatOfs. Calrl. residents add 6% sales lu 

VISA and MASTERCHARGE cards accepted. 

Journal 
of 
Field 
Archaeology 

Taxonomists 
in all branches of botany, zoology, 

and medicine are needed to identify 

archaeological finds. The Journal of 
Field Archaeology is preparing a list 

of taxonomic specialists who are able 

to 'classify plant (seeds, pollen, fibers, 

wood, etc.), animal (insects, shells, 

bones, hair, teeth, leather, etc.), and 

human remains from current 

archaeological excavations. If you 

are willing to participate in such 

inter-disciplinary work, please send 

your name, address and the materials 

you are competent to identify to: 

Curt W. Beck 

Vassar College, Box 92 

Poughkeepsie, N. Y. 12601 

LETTERS 
Sirs: 

In their article "Deinstitutionalization 
and Mental Health Services" [SCIENTIF
IC AMERICAN, February] Dr. EIlen L. 
Bassuk and Mr. Samuel Gerson discuss 
a very important problem and indicate 
quite accurately that this issue is very 
complex, involving the interaction of 
social, political and economic forces. 
Some of their assumptions, interpreta
tions and explanations, however, are 
questionable and some of their data are 
misleading. 

There is the implication that the 
Community Mental Health Centers 
(CMHC) Construction Act of 1963 and 
the subsequent development of compre
hensive CMHC's to implement it are re
sponsible for the large numbers of pa
tients discharged from state mental hos
pitals. Furthermore, the authors seem to 
imply that CMHC's were created to 
take care of these discharges in the com
munity and have failed to do so. In actu
ality, as the authors indicate, the trend 
toward increased discharges from state 
mental hospitals started in 1955. This 
was approximately eight years before 
legislation was enacted and 11 years be
fore the first CMHC was operational. 

The authors at times refer to commu
nity mental health care as a philosophy 
and at other times as a CMHC. They 
indicate that the philosophy of commu-
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nity-based mental health care is respon
sible for the de institutionalization that 
prod uced the increase in discharges from 
state mental hospitals. The assumption 
is questionable. The primary reason for 
the increased discharges was probably 
financial. With the advent of Medicare 
and Medicaid, and recently Supplemen
tal Security Income (Title XX), the cost 
of caring for the mental patient could 
be shifted from state support to Federal 
support. The cause of deinstitutionali
zation is therefore probably more eco
nomic than philosophical. 

The objective of community-based 
services is to serve persons where they 
live. CMHC's serve those persons who 
reside within specifically designated ar
eas (catchment areas), and for those per
sons CMHC's have proved to be a via
ble alternative to state mental hospital 
care. A number of studies have shown 
that the rate of first admissions and 
readmissions to state mental hospitals 
from catchment areas with CMHC's is 
lower than it is from other areas in the 
same state. Thus CMHC's, where they 
exist, are reducing the flow of patients 
into state mental hospitals. The authors 
of the article obscure this in their discus
sion of admissions by not differentiating 
between areas served by CMHC's and 
other areas. 

Federal, state and local funds for 
CMHC's support mental health treat
ment, not housing, welfare and other 
community services. CMHC's are not 
expected to care primarily for the per
son being returned from the state mental 
hospital to the community. Their man
date is much broader and is based on the 
catchment-area concept. They must at
tend to the full range of mental health 
needs of all ages and conditions of per
sons residing in their service area. In
deed, one of the reasons the National 
Institute of Mental Health developed 
the Community Support Program, re
ferred to by the authors, is the recogni
tion that CMHC's could not become 
comprehensive psychosocial rehabilita
tion centers. The support system in the 
community that former mental hospital 
patients require includes shelter and so
cial and economic assistance as well as 
intensive clinical service. 

The main criticism of the article must 
be directed at its pessimism about com
munity-based mental health care that 
is not supported by data and the au
thors' failure to differentiate between 
the Community Mental Health Centers 
program and community socioeconom
ic-rehabilitative supports that are be
yond the mental health system's author
ity and responsibility. 

If any of your readers are interested in 
a more detailed critique of the Bassuk 
and Gerson article, they may obtain it 
from Fred E. Spaner, Ph.D., Commu
nity Mental Health Services Support 
Branch, Division of Mental Health 
Service Programs, National Institute of 
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This new LCD Chronograph is truly extraordinary. 11 
does more, and does tt better, than any other watch. 
Wnh a strong, bold appearance that reflects this un
common ability. The only little things about tt are tts 
thickness and its selling price, which is a real break
through at $200.00 less than you'd pay for the only 
other watch even close to tts functions and uses. 
Quartz Crystal Tlme . . . 1t gives you accuracy to ± 60 
seconds a year. A yearl Quartz Crystal accuracy that 
would have been considered sensational per month in 
early micro-electronic watches. Accuracy which is still 
not available in many digttals that sell for $500 or 
$I,ooo.OO! 
Electronic Calendar .. . so, you always hava exactly 
the right time on display-:-wtthout pushing a button
in hours, minutes and running seconds. Then, at the 
touch of a button you can replace the seconds wtth the 
date or the day of the week, wtth the electronic calen
dar adjusting automatically for the number of days in 
any month. And you just li�ht up the face to see 
perfectly when tt's dim or you re in the dark. 
24 Hour Alarm 

You can set this alarm for any minute of any hour of 
the day or night. In all, 1440 posttions are possible. 

To wake you, remind you of an appointmen� phone 
call or meeting (or to break one up that's been going 
on too long), The alarm will sound at the same time 
each day, unless you deactivate or change n. It will call 
you wtth an insistent, modulated beep, for a full minute 
unless you shut it off wtth a touch of the button sooner; 
and you can check to see if the alann is set. 

Is tt any wonder that of all the features available in 
digttal watches, a wrist alarm like this is the one that's 
most wanted? Really tt's important enough to warrant 
your buying a new watch. And remarkable as tt may 
seem, wtth this offer from Douglas Dunhill, it's like 
getting the alarm freel 
Three Different Chronographs 

As to the chronograph, tts precision is so fine, tt 
borders on the infinttesimal. Splitting each second into 
a hundred parts! Actually you have three different 
chronographs, or stop action modes of measuring. So 
you can time any event in tts entirety, stopping during 
pauses or breaks in the action, You can time an event, 
like a race, from beginning to end, getting the finishing 
time of each participant in the race, or interim times, 
for the quarter, say, while timing of the event con
tinues, 

And you can time portions of a continuing event, 
like each lap in a relay race or segment of a complex, 
continuing manufacturing operation. 

All this, wtth a few of the possible uses, is explained 
in detail below. Even from this brief description, 
though, the extraordinary sophistication of the mi
crocomputer chip of the LCD Alarm Chronograph is 
apparent. 
An Extraordinary Value 

Right now, probably the only watch wtth all these 
features, its incredible accuracy, multiple function 
chronograph and wrist alarm, is the Seiko. And it 
regularly sells for $200.00 morel $299.95, even 
though the Seiko Chronograph is accurate to only a 
tenth of a second. 

This extraordinary value is what convinced us, and 
we're one of the nation's oldest and largest mail mer
chandising firms, to secure the exclusive marketing 
rights. (After exhausting testing by our quality control 
experts.) We explained there was no way you would 
walk into a store and select a new brand from an 
unknown manufacturer. 

How could you possibly be expected to appreciate 
tts quality? Would you be in any posttion to understand 
and evaluate tts virtually unique 3-function chrono
graph? Would you believe a sales clerk who told you tt 
was really a finer, more accurate fully electronic, solid 
state watch than many that sell for as much as 
$1,ooo,OO? 
Wear It for 30 Days
Without Risk or ObUgatlon 

Wrth us, buying by maif, you not only get all the 
facts, enjoy significant savings made possible by 
eliminating normal advertising and distribution costs, 
you can also try tt for 30 days wtthout risking one 
penny. We'll not only refund your money, but do so 
cheerfully. 

You can wear the Advance LCD Chronograph 
Alarm for thirty days! Time to confirm the fact tt won't 
gain or lose five seconds a month. To put the alarm to 
the test in your daily schedule. To satisfy yourseW that 
the chronograph is as useful as tt is easy to operate. 
More, to compare tt wtth any watch at any price iri any 
store. And to send tt back if the value isn't as great as 
we say, if tt doesn't win the admiration and fascination 
of your friends, earn your own pleasure Md deep 
satisfaction. 

Imagine, you can have one of the world's finest, 
most versatile watches for just SIOO.OO.That's com
plete, including shipping, handling, insurance and a 
handsome gift or presentation case. An exceptional 
bargain, Choose the chrome plated stainless steel 
model or gold-plated stainless steel one, each with a 
matching, extremely comfortable adjustable band. 

Remember, your satisfaction is guaranteed. Your 
watch comes to you wtth a full ONE YEAR limited 
Warranty. And you have our promise to service tt to 
your satisfaction at any time. Remembe, too printed 
circuitry eliminates all moving parts and' normal ser
vicing, and will provide you with year after year after 
year of trouble-free performance. 

With the LCD Alarm Chronograph you'll have the 
precise time, absolute control over time, plus ample 
warning when it's time to do anything. And the pride 
that comes wtth wearing a watch that's second to 
none. 

Send your check (Illinois residents add 5% sales 
tax) to Douglas Dunhill, Dept. 78-2502 4225 Frontage 
Road, Oak Forest, IL 60452. Be sure to specify stain
less steel or gold plate. 

CREDIT CARD BUYERS 
may call our toll free number 

800-621-8318 
(Illinois residents call 800-972-8308) 

Call now for your no-risk, no obligation 30-day trial. 

3 Way Chronograph 
The micro' electronic revolution has turned the 

chronograph from a bulky ,p?cket watch or cumber
some wrist watch for specialists into a sleek, super 
sophisticated instrument that's become the preferred 
timepiece for doctors, pilots, motion picture photog
raphers, sound and efficiency engineers, skiers and 
sportsmen, and ever-increasing number of executives 
and others who enjoy spit second accuracy and the 
ability to command time to stand still, 

No other instrument, at any price, gives you greater 
precision than the l/100th of a second accuracy of the 
LCD Alarm Chronograph or greater flexibility in timing 
an event from a fraction of a second to one full hour. 
Add Time ... is the stop watch mode you'll use for 
everything from timing a phone call to the length of a 
meeting; now long your car's been at a parking meter, 
the time you've been running, jogging or exercising, 
even the time It takes for a quarterback to set up and 
throw, Then, because you can stop tt when necessary 
and start counting again when the action begins 
again, you'll use tt to prepare your speeches, time 
games or other events in which you want the actual 
accumulated times exclusive of any breaks in the 
action. 
Spilt Time ... is the mode you'll use to get the time for 
the 1/4 and 1/2, 3/4 in a race, and the individual times 
of each contestant across the finish line, Think of ttl 
Stopping for split times does not stop the timing of the 
event ttseW from continuing, It's actually stopped and 
running at the same time, so you can use tt to figure 
out the time of ptt stop, for example, and still get the 
over-all running time of the race, 
Lap Time " , is even more ingenious, It stops to mea
sure an event and simultaneously starts again from 
zero. In a relay race, for example, you stop the 
chronograph the instant the runner passes the baton; 
this gives you his time while the lap timer automatically 
starts counting the next runner's time, Similarly, in a 
football game, you can get the exact time tt takes a 
punter to kick the bell, the time the ball's in the air, and 
then the time of the run back of the punt. Any event, 
from a rocket launch to a production process, can be 
split into tts component parts this way. Separating the 
time of elements that cannot be separated in any other 
way! 

Wrthin minutes you'll be able to use each of these 
modes of operation perfectly, Wrthin days, find innu
merable uses in both business and your personal life, 

o\'p<S DUn",/� 

:<>�D''>� 
\y Cf/J �IyOn 00" 

Dept. 78-2502 eST pt:t 
4225 Frontage Road. Oak Fores� IL 60452 
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Bring your camera or field glasses and catch an 
eagle swooping from its eyrie for a salmon kill. 

The trip for 
the e.clectic 

collector 
If you haven't travelled British Colum
bia's Inside Passage, do it this year. It's 
the "Year of Discovery", honouring Cap
tain James Cook's visit to Northwest 
America 200 years ago. You may find 
some of the rare trysts of the endangered 
bald eagle, see a killer whale pod, pick 
up a unique and valuable Indian mask, 
carving or gold bracelet, visit a Hud
son's Bay trading post, pan for gold. But 
bring your camera ... so you'll know it 
wasn't a dream. The Queen of Prince 
Rupert sails in every season. Send us 
this coupon and we'll even provide a 
bibliography of books to read before 
you come aboard. Summer or winter, 
our fares will amaze you. We make spe
cial arrangements for groups too! Ask 

your travel agent or send 
for our colourful kit. 

"Queen of Prince Rupert" 
registered in Canada 

h.:� N ,:_ .. 
_ 

���;.:' � .. - - �- - - - - - - --

BRITISH COLUMBIA 
FERRY CORPORATION 
1045 Howe Street 
Vancouver, B.C., Canada V6Z 2A9 

Name ____________ _ 

Address ________ __ � 

--------------�SCBH 

o Please include information on your package tours 
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Mental Health, Room 11C-06, 5600 
Fishers Lane, Rockville, Md. 20852. 

FRED E. SPANER, PH.D. 

STEVEN S. SHARFSTEIN, M.D. 

CARL A. TAUBE 

National Institute of Mental Health 
Rockville, Md. 

Sirs: 
In the few months since our arti

cle "De institutionalization and Mental 
Health Services" appeared we have 
received a broad range of comments 
about the successes and failures of com
munity-based care for formerly hospi
talized mental patients. Although the re
sponses reflect diverse opinions and ide
ologies, all of them share a passionate 
commitment to one or another treat
ment approach. Increasingly these posi
tions are being argued in the political 
arena and in the national media of com
munication. Under the glare of this at
tention it is not surprising that discus
sions about de institutionalization and 
community-based care tend to be polar
ized into positions of advocacy and op
position. In such a process any recogni
tion of substantial problems is perceived 
as a condemnation of an entire ap
proach by those whose focus is limited 
to the positive· elements. Furthermore, 
there seems to be a growing tendency 
for all parties involved in the delivery of 
mental health services to maintain that 
areas of neglect are not their responsi
bility. The letter from Dr. Spaner, Dr. 
Sharfstein and Mr. Taube appears to 
us to be a reflection of these trends. 
Their comments are shaped throughout 
by disclaimers of responsibility for the 
growth of de institutionalization and for 
the care of discharged mental patients. 
They begin their critique by noting that 
since the census of hospitalized patients 
began" to decrease eight years prior to 
the passage of the Community Men
tal Health Centers Construction Act in 
1963, deinstitutionalization proceeded 
independently of the community men
tal health movement. They further state 
that de institutionalization was a func
tion of economic realities rather than 
philosophical changes in the approach 
to treatment. To us both of these argu
ments appear specious. First, the bulk 
of deinstitutionalization (85 percent) oc
curred after 1963. Second, we believe 
that massive releases of patients from 
mental hospitals could not have been 
effected without a receptive theoretical 
framework among mental health care 
planners. This framework, in its broad
est outlines, is that processes of chronic
ity are environmentally based and could 
therefore be ameliorated by means of a 
shift in the locus of treatment and alter
ations in the patients' social network. 

This view was, and remains, a funda
mental aspect of the community mental 
health movement, and as such it contin
ues to offer a theoretical basis for de
institutionalization. 

As we stated in our article and in our 
reply to the letter from Dr. John C. 
Wolfe ["Letters," SCIENTIFIC AMERICAN, 
June], it is in the translation of this theo
retical perspective into an operational. 
system 'of community-based services 
that major difficulties have occurred. 
Dr. Spaner, Dr. Sharfstein and Mr. 
Taube, in failing to acknowledge any 
problem areas, would have us believe 
all is well. They refer to a number of 
studies showing how well-functioning 
CMHC's have reduced the number of 
state-hospital admissions, and they take 
deserved credit for these successes. 
They do not, however, mention the rela
tively low number of such facilities in 
relation to the overall need, nor do they 
speak of their shortcomings in commu
nity mental health services for severely 
disturbed individuals. Instead they ar
gue that the basic life-support needs of 
the chronically disabled patients go be
yond their domain. Although we are 
probably in general agreement on this 
point, it should be noted that the current 
problems facing deinstitutionalized and 
chronically disabled patients exist in 
part because the theoretical basis of the 
community mental health movement 
has led mental health planners to be
lieve improvement could occur solely 
through a new approach to treatment. 
It is therefore ironic that Dr. Spaner, 
Dr. Sharfstein and Mr. Taube decry 
our "pessimism" about this assumption 
when they concur in the view that the 
mental health care system alone is un
able to adequately provide for the needs 
of chronically disabled mental patients. 

It appears to us that Dr. Spaner, Dr. 
Sharfstein and Mr. Taube perceive our 
discussion as an attack on the entire 
community mental health network of 
services rather than as a call for a recog
nition of the fact that theories and po
lemics have not met, and cannot ad
equately meet, the myriad needs of 
severely disturbed individuals. As Dr. 
Wolfe stated in his letter, the time has 
come for all involved in the care of the 
chronically disabled to assume a corpo
rate responsibility. We believe this can 
best be realized by an acknowledgment 
of current and previous areas of neglect 
rather than by statements that seek to 
obscure these difficulties and take any 
mention of them as "pessimistic." 

ELLEN L. BASSUK 

Harvard Medical School 
Boston 

Cambridge Hospital 
Cambridge, Mass. 

SAMUEL GERSON 
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Mercedes-Benz unveils a new- kind of 
perfonnance autofilobile: 

the 300 SD Turbodiesel Sedan 
Its turbocharged engine boosts power and torque and tratJdorms Diesel performance, 

yet fuel appetite is actually cut. And this advance is matched by the car itself-
the most capable, most sumptuous Diesel in Mercedes-Benz history. 

The 300 SD 1Urbodiesel Sedan: the boldest forward stride since Mercedes-Benz 
built the world'sfirst production Diesel automobile 42 years ago. 

M
cwing with the smooth ease and 
eager response you might 

expect only from a gasoline engine, 
the new Mercedes-Benz 300SD 
Turbodiesel Sedan responds vividly 
to your throttle foot even at low 
speeds ... even in highway passing 
... even on long uphill climbs. 

Meanwhile, the Turbodiesel 
retains that workhorse efficiency 
you can only expect from a Diesel
sipping the cheapest automotive 
fuel sold in America, devoid of 
spark plugs and carburetors and 

points, all but immune to conven
tional tune-ups. 

In a single technical master
stroke, the most desirable traits of a 
gasoline and a Diesel engine have 
been blended into one. An advance 
significant enough to make this not 
just a new kind of Diesel but a 
unique new kind of car. 

Five supercharged cylinders 

T hat masterstroke is turbocharging 
of the 300 SD's five-cylinder engine. 

Named after the turbine princi-

pIe it follows, a turbocharger har
nesses the engine's own exhaust 
gases to radically increase the sup
ply of air fed into the cylinders
literally supercharging them with air 
for more volatile combustion. 

Turbochargers have appeared on 
many types of engines, but never un
til now on the engine of a Diesel au
tomobile. T he effect is amaZing. 
Maximum power is boosted by 43 
percent, for example, and maxi
mum torque by 46 percent. 

And the driving experience 
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makes even those numbers pale. 
T hat old Diesel stigma of feeble 
torque and leisurely pickup has 
vanished in a burst of turbocharged 
energy. T his is one Diesel that can 
break away from stoplights and 
tollbooths with the traffic, not 
behind it. T hat extra thrust you need 
on freeway entrance ramps can 
be found. You can sustain a normal 
driving pace on the Interstates, 
hour after hour. 

Mercedes-Benz test data show 
that although 400 pounds heavier 
than its lively 300 D Sedan stable
mate, the Turbodiesel can zip from 
zero to 55 mph in 2.6 seconds less 
time- placing it among the quickest 
Diesel cars in history. 

No minor feat for an engine of 
only three liters or 183.0 cubic 
inches in capacity; yet no great sur
prise for an engine so efficient that it 
produces .601 horsepower per cubic 
inch of displacement- the best ratio 
of power to engine size of any 
Diesel passenger car power plant 
in the world. 

Fuel appetite down 
Startling as it may seem, this extra 
performance helped reduce the 
Turbodiesel engine's normal appe
tite for fuel. 

Turbocharging so handily solved 
the Diesel need for power that it 
freed the engineers to specify a 
more economical rear-axle ratio- in 
effect, gearing the car to go further 
on the power produced by a given 
gallon of fuel. 

Consider the Turbodiesel's per
formance. T hen consider that EPA 

Amazing turbocharger device weighs 
only 17 pounds but boosts horsepower by 
43 percent. 

Each piston in the 5-cylinder 7Urbodiesel 

engine is cooled by a fine spray of oil 

injectedfrom below. 

estimates show 29 mpg in highway 
driving and 24 mpg in the city. Natu
rally, your mileage will depend on 
the condition and equipment of 
your car and on where and how 
you drive. 

Record-breaking reliability 

T his breakthrough has hardly been 
rushed to the market. Mercedes
Benz placed the 300SD Turbodiesel 
engine in production only after 5 
years of testing - and only after plac
ing it in the reliability record books. 

Fitted with a modified version of 
this engine, a C-111-3 research car 
went out on April 30, 1978 and set 
nine world records- including one 
stint of 2,345 miles in twelve hours 
at an average speed of 195.39 mph. 
For the entire record run, the engi
neers report a fuel mileage figure of 
14.7 mpg. 

A car apart 

T he Diesel turbocharging trail 
tlazed by Mercedes-Benz with the 
Turbodiesel may some day be fol
lowed by others. But no Diesel en
gine will ever share the privilege of 
propelling a comparable car. It is 
the unique combination of that en
gine and this automobile that truly 
sets the Turbodiesel apart. 

As befits the most elegant Diesel 
Mercedes-Benz has ever built, the 
Turbodiesel sits on the longest 
wheelbase of any Diesel car pro
duced by the company in modern 
times. \et its turning circle is a tight 
38 feet and its crisp handling lets 
you nip through traffic. 

Fastidious engineering is every
where. You glide along on a suspen
sion that is neither spongy nor harsh, 
but designed to provide both ride 
comfort and roadholding. T he key is 
the independent suspension of all 
four wheels, allowing each wheel to 
individually react to the road surface. 

Each shock absorber is gas pres
surized to help cushion even minor 
ripples. T h� automatic transmission 
provides not three but four speeds, 
and the option of shifting for your
self if you prefer. From a mono
coque body shell to ll-inch disc 
brakes at all four wheels, nothing 
from the vast store of Mercedes
Benz technical expertise has been 
held back. 

This turbocharged five-cylinder Mercedes-Benz 
Diesel research car just shattered nine world 
speed records - including one lap (lI an aver
age speed of 203.3 7 mph. 

Inside, you and your passengers 
are a coddled group: surrounded by 
thick padding, velour carpet under
foot, cradled in spacious seats front 
and rear. Bi-Ievel climate control, 
electric windows, automatic cruise 
control, central vacuum locking 
system and AM/FM stereo radio are 
all built in. 

Also built into your 300 SD Turbo
diesel: 120 .safety features, perhaps 
the most attractive fact of them all. 

Summing it up 

In 1886, the gasoline-powered auto
mobile was pioneered by the two 
men who founded Mercedes-Benz. 
In 1936 came the world's first pro
duction Diesel passenger car, again 
from Mercedes-Benz. And now in 
1978 begins the era of the turbo
charged Diesel passen-
ger car. 

0 And once again, the in-
novator is Mercedes-Benz. 

4:)1978 Mercedes-Benz 
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Pour Ilh oz. Seagram's Extra Dry Gin 
over cubes, fill with Schweppes Bitter lorl,2.ilO1tish 

with orange slice, and you're ready to serve an ace. 

Seagram's Extra Dry. The Perfect Martini Gin. Perfect all ways. 
For an authentic British Bobby's whistle with chain, send check for 52.SO, name and address to Wimbledon Whistle Offer, P. O. Box 11558, Newington, cr 06111. 
Conn. residents add 7% tax. Offer good while supply lasts. Void where prohibited. Seagram Distillers Co., N.Y.C.80 proof. Distilled dry gin. Distilled from grain. 
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50 AND 100 

YEARS AGO 

AUGUST, 1928: "Two trends are 
likely to have robbed the railroads of 
all but a fraction of their passenger traf
fic before another decade has rolled 
around. Since 1920. although the nation 
has increased 13 per cent in population, 
there has been a decline in railroad pas
senger traffic of about a third. This is 
attributable to the private automobile 
and more recently the motor coach. The 
trend is now toward the highway for lo
cal travel. while the long journeys con
tinue to be made by rail. But do we now 
espy on the distant horizon the competi
tor that is destined also to take away 
a share of the remaining long-distance 
passenger hauling? What of the airplane 
now coming on apace? Overland jour
neys are soon to be made alternately by 
rail (at night) and by airplane (in day
light), the entire coast-to-coast journey 
thus being cut to 48 hours. How much 
longer will it be at the present rate of 
progress in commercial aviation before 
the entire journey will regularly be ac
complished in a single leap?" 

"According to recent press notices. 
interplanetary transportation must re
main impossible until atomic energy can 
be obtained and controlled. This atti
tude is much like that of the scientists of 
30 years ago, who declared that an air
plane could not operate unless the force 
of gravity could be neutralized. If atom
ic energy were available, it would be a 
very convenient means of propelling an 
interplanetary rocket. Atomic energy is 
not, however, necessary. as an interplan
etary flight is possible with means even 
now at our disposal. If a propellant of 
high-energy content, such as hydrogen 
together with oxygen, is used with high 
effiCiency and in the proper way, an in
terplanetary flight is possible in a rocket 
that is neither tremendously bulky nor 
unwieldy." . 

"The death within one year, at Akkra 
in South Africa. of three workers in yel
low fever adds to the long roll of the 
martyrs of medicine, to the list of physi
cians and investigators who have died as 
a result of disease incurred during re
search for methods to relieve suffering 
and to prevent death. Last September, 
Dr. Adrian Stokes died of yellow fever 
at only 40 years of age. He had already 
contributed greatly to medicine, partic
ularly in the field of bacteriology, and he 
had shown the possibility of inoculating 
rhesus monkeys with yellow fever. On 

May 21 Dr. Hideyo Noguchi, a noted 
Japanese investigator, died of yellow fe
ver in the same place while in the midst 
of researches attempting to identify the 
South American form of the disease. On 
May 30 Dr. William Alexander Young, 
a third member of the investigating par
ty, also succumbed to yellow fever." 

"Within recent years great strides 
have been made in the perfection of the 
chromium-plating process. Almost 75 

years have elapsed since Robert Wil
helm Bunsen first obtained metallic 
chromium by the electrolysis of chro
mic acid, but it is only since the World 
War that the conditions necessary for 
obtaining a satisfactory commercial 
coating of the metal have been worked 
out. Metallic chromium ranks next to 
diamond in hardness, and it is many 
times harder than the best steel. It pre
sents a high resistance to corrosive and 
tarnishing influences such as all alkalies. 
oxygen, chlorine up to 300 degrees cen
tigrade, sulfur, superheated steam and 
concentrated nitric and sulfuric acids. 
These qualities, together with its plati
num-like finish and high polish, make it 
a valuable plating metal." 

"Evidently the 'talking movie' is with 
us to stay. A research branch of the 
Western Electric Company has recent
ly announced that contracts have been 
signed indicating that the major motion
picture producers in the country will 
adopt one form or another of talking 
movie. But deliver us from the speaking 
voice of some of the present-day mo
tion-picture stars! What a sad disillu
sionment it is to see the sweet face of a 
popular star. only to hear when she 
speaks the coarse, harsh voice of the 
forewoman of the local hat factory. Will 
the advent of the talking movie mean 
that a new set of stars will rise in the 
firmament of moviedom? Or will 'ghost 
talkers' spring up in the industry?" 

AUGUST, 1878: "There are two 
principal systems proposed for aerial 
navigation: first, devices lighter than air, 
or aerostats, which rise and maintain 
themselves at a height by reason of their 
very low density, so that it is merely nec
essary to guide and move them, and sec
ond, apparatus heavier than air, which 
must be raised, moved and guided me
chanically. This latter class has two sub
divisions: the aeroplane, consisting es
sentially of a plane moved by some kind 
of motor (such as a screw or some other 
device) and sustained by the resistance 
of the air to its movement, and appara
tus endeavoring to imitate exactly the 
flight of a bird. We shall now suppose 
an aeroplane weighing 1,000 kilograms 
and moving horizontally with a velocity 

of 10 meters per second. To have the 
least dead weight it must work at an an
gie of 54 °44', and then the work of trans
lation would be 14,088.69 kilograms, or 
about 187 horse power. Such a system 
would demand a propelling force much 
greater than is possible with known or 
probable motors. What can American 
inventive genius and practical skill do in 
this important direction?" 

"The fifth publication of Behm and 
Wagner's well-known Population 0/ the 
Earth makes the number of the earth's 
human inhabitants for the current year 
1,439,145,300, an increase of 15 million 
over the estimate of last year. The in
crease is attributed partly to natural 
growth and partly to exacter knowledge 
resulting from recent censuses. The 
distribution of the population among 
the grand geographical divisions is as 
follows: Europe, 312,398,480; Asia, 
831,000,000; Africa, 205,219,500; Aus
tralia and Polynesia, 4,411,300; Ameri
ca, 86,116,000." 

"An argument for the Texas Pacific 
Railroad draws at great length upon the 
vast extent of territory to be developed 
by the road. All of western Texas, all of 
New Mexico, Arizona, southern Ne
vada, southern Utah and a large portion 
of northwestern Mexico would be tribu
tary to the road. an area of about half a 
million square miles in extent. The part 
within our own national bounds is equal 
in size to Germany and France com
bined, or enough to make 10 states the 
size of New York. in all of which there is 
not a single mile of railway. The asser
tion that there was not enough arable 
land left in the region to make a good
sized county in Wisconsin is resented 
as libel; a large part is unquestionably 
sterile, yet there remains a very consid
erable area of the highest fertility. The 
valleys of New Mexico. Arizona and 
the bordering states of Mexico are ex
ceedingly productive when irrigated or 
where the supply of moisture is suffi
cient. Areas along the Union Pacific, 
previously supposed to be beyond re
demption, now bear abdundant crops; a 
like effect would follow the building of 
the southern road." 

"Great consternation has been caused 
in the oil regions of Pennsylvania by the 
recent decline in the price of petroleum 
to less than a dollar per Darrel. It is gen
erally admitted that these ruinous prices 
are a natural and unavoidable result of 
the immense overproduction, and in 
some quarters the belief is expressed 
that if there is no other way of curbing 
the desire to sink new oil wells more 
rapidly than new markets can be found, 
a still further decline will in the end 
prove beneficial by warning all whom it 
may concern of the folly of glutting the 
market with excessive quantities of a 
product such as petroleum." 

IS 
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Garden camera 
CALCULATORS 

, Hewlett Packard 
HP 10 . ....... . $137.95 
HP 19C . .. . . ... 266.50 
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HP 97 .......... 589.95 
HP 38E .... ...... 99.95 

ALL PACS AVAIL .28.95 

Texa, In,truments 
T.!. 57 .......... $53.00 
T.!. 58 ........... 88.50 
T.!. 59 .......... 209.00 
T.!. 51 11 .... .. ... 39.50 
PC 100A ... ... . 146.50 
T.!. 5040 .. ...... . 89.95 
T.!. 5050M .... ... 76.95 

NEW' MBA PROGRAMMA8LE 
S59.95 
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SOFTWARE AVAILABLE 

Prices subject to 
change without notice 

SpeeCl your order 
TOLL FREEl :=:. 
Call I (800) 221·1810 

Or send poatage and handling to 

� fMIIIIA 
345 Seventh Avenue, N.Y., N.Y. 10001 

New York, Aluh & H.w.ii C.II: 
Tel: (212)8&8-1420 Open Weekd.ys 8:»6:00 
OPEN SUNDAYS UHp.m. Closed S.turd.ys. 

r--------------, 

Nrune ______________________ __ 

Street __________ _ 
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State ______ Zip ___ _ 

Call 617-749-7830. Or write The Talbots, Dept. YA., 
Hingham, MA 02043. Visit our stores in Hingham, 
Acton, Duxbury, Lenox, Osterville, So. Hantilton, 

Mass.; Avon and Hamden, Conn. 
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THE AUTHORS 

DONALD R. OLANDER ("The Gas 
Centrifuge") is professor of nuclear en
gineering at the University of California 
at Berkeley. He did his undergraduate 
work at Columbia University, where he 
obtained his bachelor's degrees in chem
istry and chemical engineering, the lat
ter in 1954. He then spent a year at the 
University of Paris studying chemical 
physics on a Fulbright fellowship. On 
his return he entered the doctoral pro
gram in chemical engineering at the 
Massachusetts Institute of Technology 
and did thesis research on the reprocess
ing of nuclear fuels. After receiving his 
Ph.D. in 1958, he joined the chemi
cal engineering department at Berkeley, 
moving to the newly created nuclear en
gineering department in 1961. 

R A  Y J. W E YM A N N  ("Stellar 
Winds") is professor of astronomy at the 
University of Arizona. He received his 
bachelor's degree from the California 
Institute of Technology in 1956 and his 
Ph.D. in astronomy from Princeton 
University in 1959. Having done his the
sis research on the theory of mass loss 
from red-giant stars, he pursued the sub
ject observationally for the next two 
years as a postdoctoral fellow at the 
Hale Observatories. He then joined the 
Steward Observatory of the University 
of Arizona, where he served as director 
and head of the department of astrono
my from 1970 to 1975. His past research 
interests have included intergalactic 
matter and Seyfert galaxies (about 
which he wrote an article for SCIENTIFIC 
AMERICAN), and he is currently interest
ed in the origins and properties of the 
absorption lines in the spectra of qua
sars. Weymann has also been heavily in
volved in the joint Smithsonian-Arizona 
multiple-mirror-telescope project. 

ALAN WALKER and RICHARD E. 
F. LEAKEY ("The Hominids of East 
Turkana") have collaborated on efforts 
to reconstruct and interpret the fossil 
skulls of ancient hominids. Walker is 
professor of cell biology and anatomy at 
the Johns Hopkins School of Medicine. 
Born in England, he studied geology and 
zoology at the University of Cambridge 
and obtained his Ph.D. from the Univer
sity of London. In 1965 he went to East 
Africa to teach anatomy at the Make
rere Medical School in Uganda. From 
there he moved to the University of Nai
robi Medical School, where he began his 
collaboration with Leakey. Since 1973 
Walker has taught anatomy in the U.S., 
but he continues to make frequent visits 
to Kenya to work on the East Turkana 
fossils. Leakey, the son of Louis and 
Mary Leakey, is director of the Nation
al Museums of Kenya and chairman of 
the Foundation for Research into the 

Origins of Man. His first expedition to 
the East Turkana fossil localities was in 
1968. Since then the Koobi Fora Re
search Project has expanded into an in
ternational team of investigators. 

CHARLES M. RICK ("The Toma
to") is professor in the department of 
vegetable crops at the College of Agri
cultural and Environmental Sciences of 
the University of California at Davis. 
He was graduated from Pennsylvania 
State University, and after a summer 
working as an assistant plant breeder for 
the W. Atlee Burpee Company in Cali
fornia he went on to do graduate work in 
plant genetics at Harvard University. 
After receiving his Ph.D. in 1940, he 
joined the Davis faculty, where he has 
remained except for trips to the Andes 
to collect tomato varieties and do re
search on them. Rick writes: "I was bit
ten by the gardening bug in my grade 
school days and have not recovered 
since. I remember the excitement I felt 
when placing my first mail order for 
seeds and how I did everything wrong in 
sowing and handling the seedlings. Lat
er, while still at home, I spent every 
available hour working in the orchard 
my father managed. It was clear even 
then that my career would deal with 
plants." 

WARREN G. PROCTOR ("Negative 
Absolute Temperatures") is guest sci
entist at the Center for Nuclear Studies 
at Grenoble. He did his undergraduate 
work in electrical engineering at the 
California Institute of Technology and 
obtained his Ph.D. in physics from Stan
ford University in 1950. After a few 
years on the faculty of the University 
of Washington he joined Varian Asso
ciates in Palo Alto, where over the next 
20 years his research focused on investi
gations of nuclear magnetic resonance 
in solids. This latter period was inter
spersed with leaves of absence at vari
ous institutions, and it was during a so
journ at the Saclay Nuclear Research 
Center that the work described in his 
article was done in collaboration with 
Anatole Abragam. "In recent years," 
Proctor writes, "I can best be described 
as a scientific vagabond, having just fin
ished a two-year appointment as guest 
professor at the University of Helsin
ki, where I became .very interested in 
the lifetimes of excited states of impu
rities in semiconductors. I am current
ly working on this problem here in Gre
noble." 

H. CRAIG HELLER, LARRY I. 
CRAWSHAW and HAROLD T. 
HAMMEL ("The Thermostat of Ver
tebrate Animals") met when Heller and 
Crawshaw were postdoctoral fellows 
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studying temperature regulation in 
Hammel's laboratory at the Scripps In
stitution of Oceanography of the Uni
versity of California at San Diego. Hel
ler is associate professor of biology at 
Stanford University. He was graduated 
from Ursinus College in Pennsylvania 
and received his Ph.D. from Yale Uni
versity in 1970. Crawshaw is associate 
professor of biology at Portland State 
University in Oregon. He did his under
graduate work at the University of Cali
fornia at Los Angeles and obtained his 
Ph.D. from the University of California 
at Santa Barbara in 1970. Hammel is 
professor of physiology at the Scripps 
Institution and associate director of its 
Physiological Research Laboratory. He 
received his bachelor's degree in phys
ics from Purdue University in 1943 and 
then joined the Los Alamos Scientific 
Laboratory, where from 1944 to 1946 
he was junior physicist in the Manhat
tan Engineer District. He then did grad
uate work at Cornell University, obtain
ing his master's degree in physics and 
his Ph.D. in zoology, the latter in 1953. 
After eight years on the faculty of the 
University of Pennsylvania School of 
Medicine and six years at the Yale 
School of Medicine, he joined the 
Scripps Institution. 

JOHN A. O'KEEFE ("The Tektite 
Problem") is a geophysicist at the God
dard Space Flight Center of the Nation
al Aeronautics and Space Administra
tion. He did his undergraduate work at 
Harvard College and received his Ph.D. 
in astronomy from the University of 
Chicago in 194 1 with a thesis on dark 
clouds in our galaxy. After two years as 
professor of physical sciences at Brenau 
College in Gainesville, Ga., he joined 
the Army Corps of Engineers as a math
ematician specializing in geodesy (the 
study of the size and shape of the earth) 
and served as chief of the Research and 
Analysis Branch of the U.S. Army Map 
Service. In 1958 he joined NASA as as
sistant chief of the Theoretical Division, 
and soon afterward he discovered the 
pear-shaped component (the third zonal 
harmonic) of the earth's shape. O'Keefe 
has been fascinated with tektites since 
1954 and has edited one book and writ
ten another on their nature and possi
ble origin. 

STEVEN VOGEL ("Organisms That 
Capture Currents") is associate profes
sor of zoology at Duke University. He 
obtained his bachelor's degree from 
Tufts University and his Ph.D. from 
Harvard University in 1966 with a thesis 
on insect flight; he then joined the Duke 
faculty. Vogel writes: "My interest in 
flight expanded to a general concern 
with the adaptations of organisms to the 
moving fluids around them and to my 
current fascination with induced flow 
and ventilatory processes in sponges, 
leaves, burrows and mounds." 

ChronTrol is the new micro-compu
ter time controller • • •  offering the 
logical approach to time control. 

ChronTrol has the capability to con
trol the wide range of time variations 
needed in your activities, operations 
and experiments ... at the touch of a 
finger. 

What does this mean to you? Con
sider the following: 
• ChronTrol will operate up to 10 separate on·off 

programs, with repetition rates from two sec
onds (one second on, one second off), up to 24 
hours or one week. 

• Multiple outlet models are available, with twa 
or four independently controllable outlets. The 
four outlet model allows you to control four op
erations, separately or coordinately. You can 
time control manufacturing, light, heat, chem
ical or any regular or repetitive operation. 

• In horticulture and indoor gardening, Chron
Trol can simulate the natural photoperiodic 
light variations that are one of the most impor· 
tant elements in plant growth and devel
opment. Multiple outlet models enable you to 
vary the intensity of light ... further enhancing 
your indoor gardening. 

• Chran T ral is an energy conserver ... it can 
control heating and air conditioning, turning 
the units off when no one is at home, and on 
again so that your home is comfortable when 

about 
timE ... 
A logical approach 
to time control. 

you arrive .. _ and Chron T rol Can be pro
grammed to easily handle daily variations in 
your schedule. 

• Chron T ral is an ideal co-worker with home 
video cossette recorders ... and a valuable 
ally in home security systems. 

• ChronTral has a skip-a-day feature, which 
allows for an-off operation to be omitted on 
any day or days of the week. 

• ChronTrol on and lor off times con be inde
pendently programmed to advance or retard 
eoch cycle-for example, to track sunrise or 
sunset, or to progressively lengthen or shorten 
an on or off cycle. 

• ChronTrol's lock feature prevents accidental 
entries. 

• Chron Trol is availoble with a battery-powered 
memory protection system which takes over 
during power outoges. This option is highly rec
ommended in areas subject to power inter
ruption and is a reliable safeguard against 
program loss, which will occur when there is an 
interruption in the power supply. 

• ChronTrol operates off a standard 120 volt 
power supply and will control up to 15 
amperes. ChronTrol is conveniently sized for 
use anywhere-S" wide by 5" deep. 

ChronTrol's uses ore limited only by the 
borders of your imagination ... and we'd like to 
take advantage of your thinking. We'd 
appreciate hearing obout the different ways you 
use Chron Trol ... your input would be helpful. 
If iI's got a plug, you can ChronTrol it. 

Two-outlet unit Four-outlet unit 
ChronTrol-onother timely product from Lindburg Enterprises, 4898 Ronson Court, Son Diego, (A 92111 7141292-9292 r-------------, 

Dept. 8 

I Send --- basic ChronTrol single outlet uni�sJ at $69.95 each $ I Send ___ two-outlet ChronTrol uni�sl at $87.50 each $ ____ _ 

Send ___ four-outlet ChronTrol uni�s) at $99.95 each. $ ____ _ 

I Include memory protection at $9.95 per ChronTrol unit $ I 19 volt battery not included) 

I 
Enclose $5.00 per unit for shipping and handling 

I (Calif. residents add 6% sales tax.) 
TOTAL ENCLOSED 

I Please charge to my -- BankAmericard -- Master Charge -- Visa account I 
I Exp;rot;on dote . Signature I 
I 

--- You've stimulated my curiosity, please send mare information. 

I Name ____________________________________________________________ _ 

I 
A��. 

I City State Zip ____ _ 

I 
Send wllh (he1:k, money order or (horge o((oonl informolion, to: Lindburg Enlerprises, 4898 Ronson CI .• Son Diego, CA 92111 

I ChronTrol has 0 complete 3D-doy money bock guaranlee'if you are nol (Ompletely solisfied, return ChronTrol withIn 30 days and gel your money bock Pons ond 
labor are guaronteed fOf one year ogoinsl defeelS. Please allow 4-6 weeks for delivery. 

L..: _____________ .--I 

17 

© 1978 SCIENTIFIC AMERICAN, INC



MATHEMATICAL 
GAMES 

A Mobius band has a finite thickness, 
and so it is actually a twisted prism 

by Mar�in Gardner 

The well-known Mobius band. 
formed by giving a paper strip a 
half twist and joining the ends. is a 

model of an abstract surface of zero 
thickness. No paper. however. is zero 
thick. The cross section of a Mobius 
band actually is a rectangle. very much 
longer than it is wide. The band itself 
may be regarded as a four-sided prism. 
twisted so that one end has rotated 180 
degrees before the two ends are joined. 
Viewed in this way it is a solid ring with 
two distinct ·'faces." One face is the flat 
surface of the band. which circles the 
ring twice. The other is the band's nar
row but also flat edge. which also circles 
the ring twice. 

Over the past 15 years I have received 
dozens of letters from readers who inde
pendently noticed that models of Mobi
us bands actually are twisted pri ms and 
who generalized such rings by consider
ing prisms with cross sections that are 
regular polygons with any number of 
sides. Although such structures have 
many strange properties. surprisingly 
little is known about them. Indeed. the 
only reference I know in English is the 
1972 article "Some Novel Mobius 
Strips," listed in the bibliography of this 
issue [page 148]. 

There is no agreed-on name for these 
structures. and so let us call them pris
matic rings. Let n be the number of sides 

A twisted prismatic rillg with olle face alld olle edge 
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of the polygon cross section. and let k be 
the number of 1/ n turns the prism is 
given before its ends are joined. If the 
prism is not twisted, then k = O. If it is 
twisted (in either direction) so that each 
side joins an adjacent side, then k = 1. If 
each side joins the next side but one. 
then k = 2, and so on. 

The easiest prismatic ring to visualize 
is the ring with a square cross section. If 
k = 0 (no twists), the ring obviously has 
four sides and four edges. If k = 1. we 
get the beautiful solid in the illustration 
on this page. (It is a photograph of a 
wood carving by Roger I. Canfield. who 
sent it to me after reading my December 
1968 column on Mobius bands.) Like 
the Mobius surface. it has only one 
"face" and only one edge. 

I first encountered the n = 4 ring 
about 25 years ago in a science-fiction 
story. I have forgotten the author. but as 
I remember the episode it involved a 
man who found himself walking inside a 
prismatic square ring that had been giv
en one twist. There was no gravity. but 
the man wore shoes that attached him 
magnetically to the floor. He noticed a 
mark on the floor. and he was puzzled 
when he returned to the same place and 
found the mark on one wall. Another 
circuit put the mark on the ceiling, a 
third put it on the other wall and a 
fourth brought it back to the floor again. 

When the sq uare prism is twisted 
twice. it becomes topologically equiva
lent to the familiar Mobius band viewed 
as a solid: two-faced and two-edged. 
Three twists (like one twist the other 
way) produce one face and one edge. 
and four twists bring the structure back 
to four faces and four edges. On all pris
matic rings the faces equal the edges in 
number, and so henceforth we shall con
sider faces only. The sequence of num
bers for the faces repeats periodically 
when the twists exceed n. Thus a square 
prism with five twists has the same num
ber of faces as one with a single twist. 
Note also that all twisted rings are mir
ror-asymmetric and therefore have mir
ror-image counterparts. 

Let us generalize to prismatic rings 
with cross sections that are regular poly
gons of n sides. Given k twists it is easy 
to predict the number of faces. It is the 
GCD (greatest common divisor) of n 
and k. From this fact several interesting 
properties follow. If the cross section 
has a prime number of sides, the number 
of faces is n only when k (the number of 
twists) is 0 or any multiple of n. Other
wise the ring has only one face. If n is not 
prime. the ring has one face only when n 
and k are prime to each other (have no 
common divisor). The table at the top of 
the opposite page (sent to me in 1964 by 
John Steefel) gives the number of faces 
on prismatic rings with cross sections 
that have two through 15 sides and that 
have been given zero through 15 twists. 
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Note that the Mobius strip appears here 
as a degenerate prismatic ring with a 
two-sided cross section. 

Now the fun begins. We all know that 
crazy things happen to twisted bands 
when they are cut down the middle. 
Equally crazy things happen when twist
ed prismatic rings are cut in various 
ways. The middle illustration on this 
page shows eight ways a ring with a 
square cross section can be cut. 

Consider the first way, a simple bisec
tion down the middle. If k = 0, the re
sult obviously is two separate rings, 
each with four faces and no twists. If 
k = 1, the cutting goes twice around the 
ring, and the result is the same as if two 
perpendicular cuts are made as shown in 
the second diagram in the middle illus
tration. This operatioq forms a single 
ring four times as long as the original, 
with four faces and 16 twists of 90 de
grees each. 

When k = 2, the cutting forms a sin
gle ring with four faces and eight twists, 
but now the ring is only twice the size of 
the original. When k = 3, the cutting 
goes around a second time to produce 
a knotted single ring four times as long 
as the original. It has four faces and 
24 twists. Two interlocked rings result 
when k = 4, each the same size as the 
original and each with four faces and 
four twists. 

The cases of k = 2 and k = 4 can 
be modeled with paper strips, viewing 
them as solids. As we have seen, when 
k = 2, we have the familiar Mobius 
band, and k = 4 is a paper band with 
two half twists. Simply cut the strips 
down the middle, then examine the re
sults, remembering that the edges are 
considered faces. To experiment with 
k = 1 or k = 3 an actual solid model is 
helpful. As Charles J. Matthews sug
gests in the article mentioned above, the 
simplest way to make such a model is 
with "salt ceramic": a mixture of one 
cup of table salt, half a cup of corn
starch and three-fourths of a cup of 
cold water. Put it in a double boiler, 
heat it and stir it until it thickens and 
follows the spoon. Let it cool on wax 
paper. Knead out the lumps and shape 
the substance into strips about eight 
inches long, with four faces about half 
an inch wide. Form into the desired ring, 
smooth out the cracks with water and let 
dry. If you like, Matthews writes, you 
can paint each face a different color be
fore you start cutting. 

As we have seen, when k = 1 or k = 3, 
the methods of cutting in the first two 
diagrams are the same. When k = 2 or 
k = 4, they are not the same. Here again 
we can model the double cut of the sec
ond diagram easily with paper strips. 
Simply put one strip on another and give 
the double strip either one half twist 
or two before joining the edges. Such 
strips, viewed as solids, are the same as 

k = NUMBER OF TWISTS 

o 2 

2 

3 t�te 
2 

4 4 2 

5 5 1 1 
z 0 
f= 6 6 1 2 
0 
w 
(fJ 
(fJ 7 7 1 
(fJ 
0 

8 a: 
0 8 1 2 
u. 
0 9 9 1 1 (fJ 
w 
0 

10 iii 10 

co 11 1 

12 1 

13 13 1 

14 1 

15 15 1 

3 4 

2 

1 4 

1 1 

3 2 

1 

4 

3 1 

2 

1 

3 

1 

1 

5 

1 

1 

5 

1 

1 

1 

5 

1 

1 

1 

5 

6 7 

2 

3 1 

2 1 

1 1 

6 1 

1 7 

2 1 

2 1 

1 

1 1 

7 

1 

8 9 10 11 12 13 14 15 

2 1 2 2 2 

1 1 1 3 1 1 

4 2 4 1 2 1 

1 1 5 1 1 1 1 

2 3 2 2 

1 1 1 1 1 1 7 1 

8 1 2 4 2 1 

9 1 3 1 1 

2 1 10 1 2 1 2 5 

1 11 1 1 1 1 

4 3 2 1 1 2 3 

1 1 1 1 1 1 

2 1 2 1 2 1 14 1 

1 3 5 1 3 5 

A table showing the number of faces when nand k are known 

rings with two or four quarter twists that 
have been bisected. Cutting these rings 
down the middle is then the same as add
ing a second cut perpendicular to the 
first one. In this way we see that if k = 2, 
and the ring is bisected both ways, the 
result is two interlocked rings (one ring 

is twisted twice around the other), each 
four-faced, twice as long as the original 
and twisted eight times. If k = 4, the re
sult is four rings, all interlocked. Each is 
the same size as the original, with four 
faces and four twists. 

Interested readers may wish to exper-

OJEEElLSJ 

Some ways to cut an n = 4 ring 

Some ways to CIII an n = 3 rillg 
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"WE SPENT SO MUCH TIME 

TEST DRMNG THE AUDI 5000 
IN AMERICA, I ACQUIRED 

A TASTE FOR CHEESEBURGERS�' 
DR. HANS SASSOR, CHIEF OF NORTH AMERICAN TEST PROGRAM 

How do you 
like them? Rare, 
mediu m or well? 

Sassor: Medium to rare. But that's not 
the same thing everywhere in the U.S. 
In San Francisco, medium-rare came 

out rare. In Texas, they really cook the meat. But on the 
EastCoast,1 got medium-rare more oftenYourburgers 
are as different as your driving conditions. 

How many <:ars 
did you test 
here? And for 
how long? 

SassorThetestcars were here fornine 
months in 1977. T hese 100 prototypes 
were driven for one and a half million 
miles all over America and Canada. It 

was all very tiring, but exhilarating. North America is 
such a magnificent continent. 

What did you 
fin d different 
about driving 
in America? 

Sassor The wea ther conditions North 
America has greater temperature var
iations than we have. It gets terribly 
hot in the southern states. Justthinking 

of Texas makes me warm. T hat kind of extreme heat 
affects the engine, transmission, brakes and cooling 
system. After driving the test cars in the southwestern 
deserts, we modified the engine cooling system for the 
severe heat. On the other hand, the cold weather of 
Canada and the northern states can be just as hard on a 
car. When we saw that you put much more salt on the 
roads than we do in winter; we developed a heavy-duty 
undercoating for the car. 

So how did the Sassor: Very well. It proved extremely 
Au di 5000 do in durable. And we were delighted with 
its American test? our 5-cylinder engine . It's as powerful 
and responsive as the engineers said it would be. We also 

made a point to test the car on the roughest roads we 
could find to make sure the suspension could withstand 
them. And it did. I hope the people of New York won't 
be. offended if] say the potholes there were some bap
tism for the prototype Audi 5000s. We made over 50 
modifications as a result of the tests. 

Why did Audi 
gotoall 

Sassor: We're well aware of what some 
Americans say about imported cars: 

this troubl e? "Beautifully made, but very tempera
mentaI:' We don't want that said about the Audi 5000. 
We feel if you want to sell it here, test it here. I believe it's 
the only imported car ever to be tested so thoroughly in 
the U.s. From what we learned, we made an excellent 
car even better. 

On that point, we realize the current exchange rate 
between the Deutsche mark and the U.S. dollar. We 
know Americans are becoming conscious of getting 
good value, especially in German cars. The fact is that 
some German luxury cars have gone out of reach of 
most Americans. So we wanted to give people here a 
well engineered car they would like and be able to afford. 
We didThe Audi 5000 is the largest German luxury car 
for the money; it's underS9,000':' 

Did your test 
cars cause 

a stir here? 

Sassor: Well, you know, we took off the 
insignia and nameplates. So nobody 
knew what the car was. And it's not the 

kind of car that stops traffic, any way. It's quietly elegant. 
And very beautiful. In fact, a man in Chicago thought 
it was a new Mercedes prototype. We didn't mind. 

>:'5uggested 197R retail price under $9,000 P.O.E., transp., local taxes, and dealer delivery charges, additional. Come in and test-drive the Audi 5000 at your Porsch{'+Aucii de<ller. 
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iment with some higher values for k. 
If k = 6. for example. and the ring is 
bisected. the result is a single ring tied 
in an overhand knot. Also open to ex
ploration are the other ways of cut
ting the n = 4 ring. and the cutting of 
rings with cross sections that are other 
than square. Triangular-cross-section 
rings are easily made with salt ceramic. 
and the bottom illustration on page 19 
shows four ways to cut them. Rings with 
pentagonal and still more complex cross 
sections are too difficult to model and 
cut. but they can be investigated. as 
Matthews explains. by using appropri
ate diagrams. 

A prismatic olle-sided rillg made with 22 cubes 
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All impossible polyhedron 

Are there formulas that. given nand k 
and the method of cutting. will predict 
the number of twists in the resulting ring 
or rings? Undoubtedly there are. but I 
know of nothing published along such 
lines. 

So far we have considered only pris
matic rings bent into circular shapes. 
We can. however. form them in such a 
way that they are toroidal polyhedrons. 
What we have called a ring's "face" will 
then consist of fiat four-sided polygons 
that are joined along their edges in a 
circular chain. For example. the upper 
illustration on this page shows a pris
matic ring (n = 4) of this type. The illus
tration is based on a photograph in a 
1974 article in Spanish on such struc
tures by Gonzalo Velez Jahn of the ar
chitecture department of the Central 
University of Venezuela. The ring has a 
single twist; therefore it models a pris
matic ring of square cross section that 
has one face (in our former meaning of 
"face") and one edge. 

Such polyhedral prismatic rings sug
gest a variety of difficult problems that 
are only beginning to be explored. Scott 
Kim. for example. has proved a number 
of remarkable theorems. not yet pub
lished. about polyhedral rings. They are 
closely related to a class of "impossible 
objects." such as the Penrose triangle 
shown at the left in the top illustration 
on page 24 and its rectangular version 
at the right. 

It is conceivable that figures such as 
these are not really impossible but are 
drawings of twisted polyhedral prismat
ic (II = 4) rings. D. A. Huffman. in his 
paper "Impossible Objects as Nonsense 
Sentences" (in Machine Intelligence. Vol. 
6. edited by Bernard Meltzer and Don
ald Michie. 197 1). was the first to devise 
algorithms for proving whether or not 
such figures are possible. 

There are informal proofs for specific 
figures. Here. for instance. is Huffman's 
impossibility proof for the Penrose tri
angle. We first make some reasonable 
assumptions: 

1. The straight lines in the drawing are 
straight lines on the actual model. 

2. Regions that appear flat in the 
drawing actually are plane surfaces. 

3. Surfaces A and B intersect at line I. 
surfaces Band C intersect at line 2 and 
surfaces C and A intersect at line 3. 

Three planes. no two of them parallel. 
must intersect at a common point P. 
Therefore each of the three intersection 
lines must pass through P. Note. how
ever. that lines I. 2 and 3-the three 
lines of intersection-cannot meet at one 
point. Therefore the figure is not possi
ble. It is amazing that this simple proof 
requires no information about the hid
den faces or edges of the picture. A simi
lar argument will show the impossibility 
of the rectangular "window." 

Kim called my attention to the figure 

in the lower illustration on this page, 
one of several simple impossible poly
hedrons considered by Huffman. Here 
line 1 is common to surfaces A and B. 
line 2 is common to surface B and the 
hidden back surface. and line 3 is com
mon to the hidden surface C and surface 
A. On the basis of the same argument as 
before these three lines must meet at a 
common point. As the dotted extensions 
indicate. however. they do not. Hence 
the figure is impossible. It is strange. 
Kim observes. that this figure looks so 
clearly possible in contrast to the Pen
rose triangle. although the reason for 
the impossibility of the two figures is the 
same. Huffman develops a general algo
rithm. based on directed graphs. for test
ing all such figures. 

The problem of distinguishing possi
ble from impossible polyhedral "win
dows" has also been investigated. along 
different lines. by Thaddeus M. Cowan. 
a psychologist. Basing his analysis on 
braid theory. Cowan has devised a sys
tematic way of generating and classify
ing such figures and demonstrating vari
ous properties. (See "The Theory of 
Braids and the Analysis of Impossible 
Figures" in Journal 0/ Mathematical Psy
chology, Vol. 1 1. No. 3, August. 1974. 
pages 190-2 12. and "Organizing the 
Properties of Impossible Figures" in Per
ception, Vol: 6. 1977. pages 4 1- 56 .) 

Polyhedral prismatic rings that have 
square cross sections are easily built 
from unit cubes. One can rubber-ce
ment together sugar cubes or children's 
wood blocks. or use the plastic snap-to
gether cubes available from such supply 
houses for mathematical teaching aids 
as Creative Publications, 1 101 Antonio 
Road, Mountain View, Calif. 94303. 
Here is a delightful problem suggested 
by Kim that makes use of unit cubes. I 
shall answer it next month. 

The prismatic ring in the upper illus
tration on this page clearly can be con
structed with 22 unit cubes as indicated. 
Our problem is to model a figure with 
the same properties-one "face" and 
one "edge"-but to do it with the small
est possible number of cubes. 

Each cube must have just two faces 
joined to other cubes to form the pris
matic chain. The light lines, which indi
cate these joins. are not of course part of 
the model's edge. The single face of the 
ring circles the polyhedral torus four 
times. and it is bounded by a single edge 
that also circles the ring four times. We 
make one proviso:.no point on the edge 
may touch any other point on the edge. 
This is to keep the toroid's hole from 
being partly or entirely closed. 

The bottom illustration on page 24 
shows a beautiful wood model of a poly
hedral ring. of square cross section. in 
the shape of a triangle. It was made by 
Ikuo Sakurai of Tokyo. A section of the 
model can be twisted to four positions. 
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Rediscover the past 
in The Story of Civilization. 

"Our 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 Life of Greece. Explores all facets of Greek 
life from prehistoric times to the Roman conquest. 
III. Caes'ar and Christ. The rise of Rome and 
Christianity and the collapse of classic civilization. 

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

V. The Renaissance. Italy's golden age, 1304 to 1576. 
A turbulent world of intrigue and great art. 

V I. The Reformation. Europe's religious conflicts, 
from two centuries before, Luther to Calvin. 

VII. The Age of Reason Begins. Europe, 1558·1646. 
The age of Shakespeare. Rembrandt. Galileo. 

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

IX. The Age of Voltaire. Europe from 1715 to 1756. 
The world of Frederick the Great. Wesley, Bach. 

X. Rousseau and Revolution. Europe 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 
Revolution to Napoleon's defeat at Waterloo. A 
history of European civilization from 1789 to 1815. 

Will and Ariel Durant's masterpiece 
is now offered as your first benefit of membership 

in the Book-of-the-Month Club. 

The complete $"')0 
ll-volume set: � 
Publisher's price: $24855 
You simply agree to buy four books within a year. 

Since the first volume of this remark· 
able work appeared forty·three years 
ago, it has been hailed both as a great 
literary achievement and an epic his· 

tory of mankind. To read it is to enjoy 
the past made live with excitement and 
power. To own it is to have at your fin
gertips a reference work of undisputed 
authority. It is hard to imagine a more 
valuable set of books for your home 
library. 

Beginning with this special opportu
nity to own The Story oj Civilization at 
the extraordinary saving of more than 
85% (including postage and handling 
charges), you'll enjoy continuing bene
fits on the best and most important 
books published today. As a Club mem-

ber, you always get bookstore quality at 
book-club savings. Every book is iden
tical in size, paper, type and binding to 
those sold in stores. You never settle for 
the altered or inferior editions that 
some book clubs send their members. 
And when you remain a member after 
the short trial period, each book you 
buy earns Book-Dividend® credits . 
T hese entitle you to enormous savings 
on current art books, reference sets, lIt
erary classics, records, and children's 
books. Join now, and shop for books the 
civilized way-in America's Bookstore. 

BOOK-OF-lHE-MONlH CLUB® 
Camp Hill, Pen nsylvania 17012 

AMERICA'S BOOKSTORE' 
Since 1926, 330 million books in 15 million homes. 
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Two impossible polyhedral prismotic rillgs 

Down the middle of each face runs a 
groove inside which a red marble is 
trapped. Thus the model can be set for 
any of its four forms. Then by tipping 
the triangle you can roll the marble 
once, twice or four times around the 
toroid. 

Howard P. Lyons once proposed the 
following prismatic ring. It is hollow 
with an outside surface that has a square 
cross section with one twist. The interior 
hole that circles the ring also has a 
square cross section with one twist. but 
the twist goes the other way. In a letter 
to me Lyons wonders what properties 
this bizarre ring has. I take my cue from 
Mark Twain. He once responded to a 

man who had asked an unusually com
plicated question about the speed of a 
cannonball by writing. "I don't know." 

The 27-dice problem given in Febru
ary was to build a cube with the dice 

so that the sum of the 54 products of the 
54 pairs of touching faces is (1) a mini
mum and (2) a maximum. 

Four readers found what almost cer
tainly are the solutions: the minimum is 
294 and the maximum is 1.028. The so
lutions are shown in the illustration on 
the opposite page. The minimum is 
unique except for two possible orienta
tions of the central die. The maximum 
has many variations. 

A Japanese model of a polyhedral torus adjusted to display a single side and a single edge 
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The first reader to send correct sol u
tions was Kenneth Jackson. His com
puter program was not exhaustive. so 
that he could not guarantee his answers. 
A program by Paul Stevens also has this 
feature. The same solutions were found 
by hand. also without proof. by Leonard 
Lupow. 

Dave Vanderschel originally tried to 
solve the problem by computer. After 
encountering horrendous difficulties in 
writing a program that would examine 
all the possibilities in a reasonable time 
he tackled the problem by hand and 
eventually found a lengthy. complex 
proof for 294 and 1.028 that he believes 
is airtight. 

Tetters of unusual interest about Bell 
L numbers (my topic for May) are 
still coming in. I had raised the question 
of whether the number of Bell primes is 
infinite or finite. Many readers pointed 
out that in addition to the first three Bell 
primes. B2• B3 and B7• the 13th Bell. 
27.644,437. is also prime. A conjecture 
that all Bell primes have prime sub
scripts was shot down by Vaughan Pratt 
of the Laboratory for Computer Science 
at the Massachusetts Institute of Tech
nology. His fast program. which tested 
Bells through B161 (a number of more 
than 200 digits). found the next two Bell 
primes. B42 and B55• Pratt conjectures 
that there are infinitely many Bell 
primes but that he will learn of at most 
one new one in his lifetime. B42 has 38 
digits; B55 has 54. Incidentally. my state
ment that BlOO has 126 digits was incor
rect. The number is 116. 

Sin Hitotumatu. who translates this 
department for Saiensu. the Japanese 
edition of Scientific American. has pro
vided more details on the Lady Mura
saki diagrams. In 1600 Japanese noble
men and ladies played a game called 
Genji-ko or Monko. An umpire ran
domly selected sticks of incense from 
a supply that contained five different 
kinds. Players sniffed the burning sticks 
and tried to guess which were the same 
and which were different. The 52 possi
ble selections were diagrammed by the 
players as was explained in my May 
article. 

In the early 17th century Japanese 
mathematicians assigned a mnemonic 
name to each diagram. using the names 
of the 52 chapters (between the first and 
the last) of Lady Murasaki's novel Tale 
0/ Genji. It is not known whether this as
signment of diagrams to chapters was 
random or was based on some pattern 
or perhaps a fancied correlation with 
the characters and events of each chap
ter. In the late 19th century printed 
editions of Tale 0/ Genji began to car
ry the Murasaki diagrams as chapter 
headings. 

Andrew Lenard of Indiana University 
reported success in proving the follow-
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ing curious property of Bell numbers. 
(The property had been noticed but not 
established.) The first 2n Bells can be 
arranged in a square matrix for n = 3: 

1 
1 
2 
5 

1 2 
2 5 
5 1 5  
15 52 

5 
15 
52 
203 

What is the determinant of such a ma
trix? It is given by an astonishingly sim-
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pIe formula: (1 !)(2!)(3!) ... (n!). In this 
case 203 is the sixth Bell; n = 3, and the 
formula gives 1 X 2 X 6 = 12 as the de
terminant's value. 

Readers who enjoy solving crypta
rithms of the SEND + MORE = MONEY 
type will enjoy Steven Kahan's paper
back Have Some Sums to Solve. It has just 
been published by the Baywood Pub
lishing Company of Farmingdale, N.Y., 
the publishers of the quarterly Journal of 
Recreational Mathematics. 
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The 27-dice problem. Millimum, 294 (left); maximum, 1,028. Bottom Ilumbers are absellt 

It's Speed Learningl 
Have you ever wished you could read and learn 
faster? Do you have too much to read and too 
little time? 

Speed Learning can teach you to read and 
learn faster and better. The average person 
becomes '08% more efficient. The ability to 
read-comprehend-remember and use twice as 
much knowledge and information is very 
important to you. 

Speed Learning has been approved with high
est honors and used by schools, colleges, 
universities, corporations and branches of the 
U.S. Government. 

A 'teacher on casettes' and excitingly different 
study books will teach you a completely new 
way to read and think. You'll learn, step-by
proven-step, how to increase your reading 
skills and speed so that you understand more, 
remember more and use more of everyth ing 
you read. 

Whether you're 17 or 70 you'll find Speed 
Learning exciting because it's easy to learn, 
logical, practical and the benefits last a life
time. Within two weeks you'll be truly 
impressed with how much you've learned 
and how differently you read. 

EARN PROFESSIONAL & COLLEGE CREDITS 
Speed Learning is approved for credit by the following pro
fessional and educational institutions: 

• Foundation for Accountint Education 
20 CPi Credit Hours 

• American Management Association 
1.9 Continuing Education Units 

• Netionel Society of Public Accountants 
20 Continuing Education Hours 

• College Credit 
3 credits from the National College of Business 

Details and registration forms included With each program. 

OFFERED INTERNATIONALLY BY 
• Institute of Electral &: Electronics Engin .. rs 
• Am.iean Chemical Society 
• National Association of Life Underwriters 

learn 
INCORPORATED 

113 Gaither Drive 
Building S 
Mt. Laurel, N.J. 08054 

DYES! Ship one Speed Learning program 
at $79.95 plus $3.00 for handling and in
sured delivery. 
I understand that. if after 10 days FREE 
examination I am not delighted in every 
way, I may return the materials and all 
money will be refunded or credit card 
charges cancelled. 

DCheck or Money Order Enclosed 
DCharge my Credit Card: D Bank DMaster DDiners DAmerican 

Americard Charge Club Express 
Interbank II ______ _ 

Card 1I _______ Exp. ------

Name ______________ _ 

Address---------------

City _____ State ___ Zip __ _ 

N J resldenlS add 5'" sales lax • Subject 10 crod.I approval 

L Tax deductible under most Circumstances 
-- - ------- � 
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CUSTOMER INFORMATION FROM GENERAL MOTORS 

BOW WEIGHT AFFECTS GAS MILEAGE 
THE SAVINGS CAN BE DOUBLED IF WEIGHT IS REMOVED IN THE DESIGN STAGE. 

A designer can reduce the But if you take the same 100 corrosion-resistant materials 
exterior dimensions of a car pounds out of a car in the are used. Routine mainte-
by a few inches and turn it design stage, you won't need nance schedules have been 
into a major improvement in as large an engine, transmis- stretched out, and the need 
gas mileage. That's because sion, and other components for certain kinds of mainte-
smaller is usually lighter, and to get good performance. So nance has been eliminated 
a lighter car doesn't need as you can make components entirely. We've done this, in 
much gasoline to go a given smaller and more than dou- our opinion, with no sacrifice 
distance as a heavier one. ble the gas savings. That's in passenger comfort or use-

It's really a process of what we try to do. able space in the trunk. 
multiplication, and it works In redesigning our cars to Most important is the 
like this: once the exterior take advantage of this effect, simple f a c t  t h a t  s a v i n g  
dimensions are trimmed, the we made extended use of weight saves gasoline. 
bumpers won't have to be lighter, highly durable mate- Our goal is to build cars 
quite as big, the frame won't rials such ·as aluminum and that are more and more effi-
have to be quite as long, and plastic , adding up to a n  cient, to design them to meet 
so on. This saves weight, and average weight-saving of 685 our customers' needs, and to 
the savings begin to multiply. pounds. As a rule of thumb, sell them at prices the av-
Wheels, axles, as well as t h i s  c o u l d  s a v e  on t h e  erage American can afford. 
other components, can often average about 75 gallons of That's the only way we can 
be smaller. gas in an ordinary year of succeed in our competitive 

We used the multiplier driving (10,000 miles). business. 
effect when we designed our But weight isn't the only 

This advertisement is part of 
current 1978 midsize cars. To thing that affects mileage. 

our continuing effort to give cus-
illustrate how this works: if Tire inflation pressures are 
you were to take 100 pounds important, so are lubricants. tomers useful information about 

their cars and trucks and the 
of golf clubs out of your And an engine has to be 

company that builds them. 
trunk, you might, depending properly maintained: one 
on the car, save about five defective spark plug can General Motors 
gallons of gas in 10,000 miles. knock down mileage by as People building transportation 

much as ten percent. And to serve people 
remember, keep a light foot 
on the gas pedal; the way you 
drive may still be the most 
important thing of all. 

So far, in our new resized 
cars ,  we've been a b l e  t o  
reduce weight while still 
meeting all the safety stan-
dards. In these new cars more 
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BOOKS 

The art ofinterpreting artifacts; 

the state offo od and agriculture 

by Philip Morrison 

E
XPLORATIONS IN ETHNOARCHAEOL

OGY, edited by Richard A. Gould. 
University of New Mexico Press 

($17.50). Ethnography is where you find 
it. Informants take shortcuts: ask an 
amateur handyman what a screwdriver 
is for and if he has a whimsical turn 
of mind he may explain how to test 
for hot circuits in a junction box. In
deed. the little blemishes left on quite 
a few screwdrivers by arcs will tend to 
confirm his account. Just this kind of 
thi�g happened when an Australian in
formant, an Aljawara, was asked about 
a curious class of quartzite blades. They 
were spoons for eating sweet potatoes. 
he said. Many of the blades, however. 
bore marks indicating that their pri
mary function was scraping. This prob
lem was easy. but if you are puzzling 
out a tool dug from a trench into a de
posit going back 10,000 years. that wear 
mark can deceive. 

In this volume (reporting a recent 
Santa Fe meeting) nine anthropologist
archaeologists offer a nutritious blend 
of provocative approaches to method 
and striking specific results. The empha
sis on material evidence and on the 
strong need for controls. in a domain 
where Occam's razor is often taboo, is 
healthgiving. Archaeology has been ex
traordinarily self-conscious in the past 
decade. full of concern for hypothesis
testing and logical levels. These field
wise authors. rather more hard-boiled 
than the computer fans and the logicians 
of inference, show an engaging lack of 
cant and a more than frank disdain for 
"charismatic manifestoes." If their stud
ies are often based on human material 
discards, these workers are plainly set to 
defy the old cynicism. Even if garbage is 
literally what goes in. honest conclu
sions can come out. 

At the University of Arizona they 
take in modern garbage. The project is 
an effort to get quantitatively reliable 
data on household food input and out
put. Some of the earlier results are strik
ing. Poor people interviewed in Tucson 
say they never buy beer. but their gar
bage gives them away. The point is that 
beer cannot be lawfully acquired with 
food stamps. (One is glad to see that 

elaborate precautions were taken to 
conceal the identity of the households 
studied.) Student volunteers, dressed 
and immunized for the task. sort and 
code the garbage into many categories, 
from fish to special-interest magazines .. 
The garbage of Tucson, unlike the trash 
pits dear to archaeology. does not con
tain many sherds, but 60 percent by 
weight of the refuse is packaging. What 
that style of waste has bought the econo
my of the modern culture is freedom 
from food spoilage: "It seems fair to say 
that packaging (along with other tech
nological changes) has cut household 
food discard from 20 to 25 percent of 
total input by volume during World 
War II" to about half that today. To fix 
the trade-off of oil and iron for renew
able crops would require further study. 

The middens of the coastal Tasmani
ans are all that remain to tell us of those 
haunting people. The last Tasmanian 
died a century ago. About 4.000 of them 
lived along the shore when first the ex
plorers and then the settlers came. The 
people had been island-locked and alone 
since the melting glaciers caused the sea 
to rise some 12,000 years ago. They 
lived on seal. shellfish and small game. 
One ethnographer of goodwill stayed 
among them for some years. His jour
nal was published only after a century: 
it confirms the less intimate accounts. 
These skilled divers and knowing coast 
dwellers never ate fish during the brief 
time of direct ethnographic contact. Yet 
down deep in the middens at many 
points on the island fish bones abound. 
Below 4.000 years ago 60 percent of the 
bones are fishbones. Above 3.500 years 
ago there is only one fish bone among 
thousands, and that single vertebra may 
have been in the gut of a seal or a cor
morant. In the old days. Rhys Jones 
shows. the winter staple was probably 
fish, a steady supplement to the bonanza 
of a seal every once in a while. Why this 
total revolution in habits. the sacrifice 
of an ecologically valuable resource? 

It was not the disappearance of the 
fish: they are plentiful even today. swim
ming within reach of the rocks off the 
midden as they must have when Tasma
nians took them easily long ago. It is 

also clear that the technology was once 
there. "I feel." Jones writes, "that the 
Tasmanians made an intellectual deci
sion that had the result of constricting 
their ecological universe." There are 
strangely related events: they stopped 
making bone tools. although less sud
denly. at about the time they stopped 
fishing. They did not use water craft. 
"nor apparently did they know (or want 
to know) how to make them." even 
though boats would plainly have been 
of use in crossing rivers and bays. 

Why did all those shore people for all 
those years take no fish? They used no 
wood boomerangs or barbed spears. no 
hafted stone tools or edge-ground axes. 
although on the Australian mainland 
these implements were ancient and 
widespread. It looks as though it might 
have been cultural drift: the small. lone
ly population formed an island of cul
ture whose cultural species was an im
poverished, haphazard sample. evolv
ing curiously under little pressure. The 
dwarf deer and giant tortoises of other 
islands are the analogues to the fish
avoiding practices of our Tasmanian kin. 

THE STATE OF FOOD AND AGRICUL
TURE 1976, by the Food and Agricul

ture Organization of the United Na
tions. FAO Agriculture Series No. 4. 
Unipub, Box 433. Murray Hill Station. 
New York, N.Y. 10016 ($11.75). In 
1975 the summer monsoon in the Far 
East was "outstandingly good" and the 
winter rains were sufficient. Those hap
py circumstances continued at least 
marginally through 1976. and in addi
tion there was a real recovery in the 
U.S.S.R. from the "prolonged and se
vere drought" of 1975. In other words. 
we were lucky two years in a row. South 
American countries had an excellent 
crop of wheat. and there was a bumper 
crop in Turkey. Iran and the Mahgreb. 
Even reckoning per head (there was a 
good crop of babies too) the world held 
its own. Meat is in oversupply and fish
eries show medium-term prospects for 
increase. via sq uid and sardines. 

In this large paperbound annual re
port the United Nations Food and Agri
culture Organization thus summarizes 
the strength of the staff of life world
wide. A world review looks at crops and 
prices. at fertilizer. pesticides and prod
uct. at stocks and nutrition. A regional 
review adds detail. particularly with re
spect to agricultural policy in all the 
main regions. Forty pages of tables 
country by country complete the vol
ume. a knowing and cool look that lives 
up to the title. (It is useful to point out 
that the numbers in the FAO Production 
Yearbook, an austerely statistical collec

tion of computer printout tables giving 
even more detail. do not always agree 
with those in the somewhat earlier re
port reviewed here. The variations are 
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FLOW OF ENERGY IN THE U,S. FOOD CHAIN, wbicb is dia
grammed in The State of Food alld Agriculture 1976, indicates tbat 
tbe largest energy inputs come after food production (small horiZOIl-

lal black arrows ahore the humall figure at the hOI/om). Tbe numbers 
are billions of joules. Tbe diagram is based on a study conducted by F. 
C. Stickler, W. C. Burrows and L. F. Nelson of Deere & Company. 
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only of a percent or two; they represent 
the noise behind this urgent signal.) 

It is a surprise to read of world re
serves policy. Even after the 1976 Inter
national Undertaking on World Food 
Security the ice remains thin. Although 
we still count on the wayward torrents 
of the monsoon to feed the poorest and 
most abundant people. we can manage a 
world stockpile of only about seven 
weeks' consumption of grain of all 
kinds. well under the 10 weeks the F AO 
has set as a goal. Most of these stocks 
are held in the exporting countries. And 
not all countries are above the margin. 
Most children are still too thin for their 
height in and out of the camps in the 
drought-visited Sahel; all East Africa. 
from the Horn straight south, reports 
a losing struggle with nutritional mini
mums. Sri Lanka and Honduras share 
the problem; behind every rubric in 50 
tables there is a long and complex story. 

Like many such annuals. this FAO 
document devotes a section to a mono
graphic review of one important sub
ject. This year it is the role of energy in 
agriculture. The single topic of most in
terest here, still awaiting more compre
hensive FAO study, is the use of wood 
and plant and animal wastes as energy 
resources by the developing countries. 
The developing world and the devel
oped one make about equal harvests 
of roundwood (logs, as distinct from 
pulpwood), but the developing coun
tries burn 86 percent of theirs for fuel 
and the developed countries burn only 
an eighth. Fuelwood is "the dominant 
source of energy for low-income fami
lies," giving more than a billion people 
their daily kitchen fire and much of their 
home heating. and supplying energy for 
the drying and curing of foodstuffs, 
bricks, tea, tobacco and rubber. Most of 
the wood is collected by the hardwork
ing women, young and old, of the fami
lies that burn it, and the daily chore is 
being made harder by steady depletion. 
All over Asia and Africa wood is sup
plemented by the burning of dried cattle 
dung, amounting to about 150 million 
tons per year, or 13 percent of the fuel
wood energy, but it is a loss to the soil. 
The biogas generation of methane by 
the anaerobic digestion of dung saves 
the plant nutrients and supplies energy. 
but at a capital cost too high for the 
poorest villages. The burning of char
coal, now about 5 percent of the fuel
wood energy, should grow; its efficiency 
as a fuel and its light weight allow trans
port over distance. 

A striking discussion (based on a pub
lication by engineers at Deere & Compa
ny) analyzes the energy used in the en
tire food chain of the U.S., say for 1975. 
It is true that we produce our food. feed 
and fiber by pouring on the fertilizer. the 
gasoline and machinery supplied by fos
sil fuels. By such means we capture 

Fermentation: The birth 
of a fine red wine. 

Despite the wealth of sophisticated 
equipment available today, there is no 
substitute for the judgment and care of a 
dedicated winemaker. 

At no time is this more apparent than 
during the critical days of fermentation, 
for it is at this stage, the birth of the wine, 
that taste, character, bouquet, body and 
color are in large part determined. 

Our Winemaker's Role 
Consider just a few of our wine

maker's responsibilities during the 
vinting of a fine red wine, such as our 
Zinfandel. 

When the grapes arrive at our crusher, 
a State Agricultural Inspector measures 
sugar content and physical condition. 
But, in addition, our winemaker checks 
and tastes for grape quality. 

If our winemaker feels 'a particular lot 
of grapes does not measure up to our 
requirements, he will divest them. 

Those grapes which he approves 
move directly to our "crusher-stemmer " 
which removes the stems and then 
gently "crushes" the fruit. 

The Right Yeast 
Since fermentation results from the 

natural interaction of yeast with the 
sugars and acids in the juice of the grape, 
the selection of the right yeast from the 
many available to our winemaker is very 
important. 

Not only is it up to the winemaker to 
determine the proper yeast strain to 
begin the process of fermentation, but he 
must also select the precise quantity. Too 
little, and the juice will ferment too slowly 
and the wild yeasts naturally present on 
the skins may again become active. Too 
much, and the juice will ferment too 
rapidly and develop a "yeasty taste7 The 
wine maker must select the right yeast, in 
the proper quantity, to yield a wine with 
all the desirable taste characteristics in 
balance. 

The Constant Vigil 
Now begins a vigil that will remain 

unbroken for several days. 
Because fermentation creates heat 

which could irrevocably destroy the 
delicacy of the wine, the temperature 
must be carefully monitored. Should it 
approach the upper limit of the range 
which we consider ideal for a wine of 
true excellence, our winemaker is able to 

protect his vintage with a sensitive 
cooling system. 

As the liquid ferments in the presence 
of the skins, each passing hour brings 
changes in flavor, in color, in bouquet, 
and in body which the wine maker 
monitors constantly, par tially with 
sophisticated instruments, but primarily 
through his own highly developed sense 
of taste and smell. At each tasting, our 
wine maker must be able to call to mind 
all the various vintages of his past and 
how they tasted at each particular stage. 
He must mentally compare them and 
predict precisely how this Zinfandel will 
taste when fully mature. This talent we 
have found to be more than an acquired 
skill; it is, rather, a rare gift. 

Flavor: Skin Deep and More 
As the juice ferments, skins and pulp 

float to the top, forming a "cap" vital to 
the wine's development. This is because 
the skins are the repository of the cells 
which eventually determine the charac
ter of the finished wine. 

If the wine is to achieve its true peak of 
flavor, color, body and bouquet, the cap 
must not be permitted to dry out and 
harden. Therefore, we use a system that 
circulates the fermenting wine over the 
entire surface of the cap. The winemaker 
must determine exactly how often and 
for what duration the fermenting wine 
will be circulated over the cap. These are 
critical decisions-too much circulation 
will draw less desirable flavors from the 
skins, too little will cause the wine to be 
lacking in body and color. 

When his tasting tells him the wine is 
fermented to the precise degree that 
augurs a superb Zinfandel, he has the 
wine carefully drawn off and removed to 
the cooperage for aging. 

Now, finally, the wine can rest. And so, 
for the moment, can our winemaker. 

Our Goal 
The same meticulous attention to 

detail so evident during the fermentation 
process is given at every step of our 
winemaking process. Here at the winery 
of Ernest and Julio Gallo, our purpose is 
to bring you the finest wine that skill and 
care can produce. 

Ernest and Julio Gallo. Modesto. California 

Write/or "The Art oj Creating Fine Wines" 
E & J Gallo Wlne'll. Dept.lO. Modesto. Co. 95353 
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some seven times the energy input from 
sunlight. But farm production is by no 
means the most important consumer of 
energy in the chain before it ends at the 
table. It takes only a fourth of the total. 
The largest single category of energy 
consumption, easily double the total use 
on the farm, is cooking and refrigera
tion, two-thirds of it in the home and a 
third commercial. Even allowing an off
set for home heating by the leakage of 
heat from the stove and the refrigerator, 
this is a big bite, and it suggests that 
economies in the recipes, pots and appli
ances of American kitchens would do 
more for the energy budget than any 
practical forswearing of fertilizer. 

The fertilizer price curves show a big 
bump in the years 1971 to 1975, peaking 
at four times the level of 1965. The in
dex was back down to the 120 range by 
late 1976, after that desperate excur
sion, which one must hope will not be 
repeated. 

DECONSTRUCTION FOLLOWING DISAS
ft TER, edited by J. Eugene Haas, 
Robert W. Kates and Martyn J. Bow
den. The MIT Press ($12.95). The pa
thology of our cities is much in the pub
lic mind. This joint study deals, from the 
viewpoint of a dozen sociologists and 
geographers, with the convalescence 
of cities after life-threatening accidents. 
Against a brief survey of the long histo
ry of cities dead or maimed by war and 
natural disaster the authors develop in 
some detail the recovery of three cities 
hard hit by earthq uake and of one small 
city whose recent trauma was a sudden 
flood. 

The work presents a plausible model 
of the sequence of the recovery, a care
ful comparison of the regrowth of jobs 
and homes, seen both as from the tem
porary city hall and at a family scale 
from the ruined living room. Four sce
narios of a cautionary kind are offered, 
one for each case, to show how it might 
have been if planning had been better. A 
chapter of recommendations and con
clusions ends with a worried prognosis. 

Wrecked cities are rarely relocated. 
After the earthquake of 1773 the capital 
city of Guatemala moved to Guatemala 
la Nueva, 30 miles away. The new city 
in turn suffered heavily from an earth
quake only three years ago. Mostly the 
remaining structures, the underground 
and surface investments, the natural 
features and the survivors are patched 
up and go on. Twentieth-century experi
ence confirms the less precise informa
tion from the long past. The time to re
covery is a multiple of the time of emer
gency action, that first period reflecting 
both the magnitude of the loss and the 
resources available. The recovery time 
is a fairly well-defined if steep function 
of the loss of life and capital stocks. 

The authors mark four overlapping 
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periods of recovery. The first is the time 
of emergency aid, of coping with disas
ter. The symptoms of the end of this 
period are the end of search and rescue. 
and the clearance of the main arteries of 
traffic. The second stage is restoration. 
with the patching up of what can be re
paired and the beginning of more or less 
normal function. Its completion is sig
naled by the return of those refugees 
who want to return and by the substan
tial clearance of rubble. The third stage 
is reconstruction, marked by a restora
tion of the original number of inhabi
tants and the working provision of their 
normal needs. Finally, the stage of com
memorative, developmental reconstruc
tion arrives. 

Both the second stage and the third 
last 10 times longer than the preceding 
one; the final stage lasts perhaps only a 
couple of times longer than reconstruc
tion proper. The actual times for An
chorage, Alaska (struck in 1964 by an 
earthquake of magnitude 8.5 on the 
Richter scale, about as high an energy as 
has ever been recorded in North Ameri
ca), were in emergency about a week, in 
restoration 10 weeks, in recovery 100 
weeks and in the final urban renewal of a 
business area totally destroyed by land
slides 10 years. Anchorage was lucky: 
few were killed, plenty of Federal mon
ey came, housing stock was in surplus 
and the city soon took off as a new oil 
capital. 

The other cities studied are San Fran
cisco, after the earthquake of 1906; Ma
nagua, Nicaragua, earthq uake-struck 
late in 1972, and Rapid City, S.D., dev
astated by a terrible flash flood in 1972. 
The simple model of four stages fits 
these cases rather well, with the main 
reconstruction period simply scaled to 
end respectively five, four and two times 
later than Anchorage. (The empirical 
model is of course only logarithmically 
reliable; variations of factors of two or 
so are typical.) Before 1800 all recover
ies in matching cases were slower by a 
factor of about five. The tempo is faster 
nowadays. Indeed, the past fixes the re
covery. Growing cities recover rapidly; 
stagnant ones recover slowly or even de
cline still more. Among modern dam
aged cities only the completely ash-en
gulfed St.-Pierre on Martinique has not 
been rebuilt. 

The mechanisms of recovery are ex
amined here in some detail. For exam
ple, a table offers the change in mean 
distance of travel to work by social class 
after the San Francisco earthq uake. The 
data were obtained by sampling city 
directories to find address changes of 
named people. The old low-rent loft 
buildings suffer heavily, and no one re
builds them. Their small, often margin
al, occupants fail or move away. The 
low-paid blue-collar workers must go a 
long way for work; their choices are to 

leave the region or to remain and scrab
ble for odd jobs. The pattern is statisti
cally clear, and it is reinforced by the 
individual families presented in exam
ples. Generalizing, the social structure 
is shaken no less than the walls; the in
secure members fail, the slides follow 
the lines of easy trend. The planners' 
hopes for improvements and a new equi
ty fail of accomplishment; the uncertain
ties and delays they entail come at a high 
postdisaster cost. After all, there is al
ready complete "a plan for reconstruc
tion, indelibly stamped in the precept ion 
of each resident-the plan of the pre-di
saster city. " 

San Francisco seems open to another 
awful shake along the great fault. The 
scenario foreseen begins with the death 
of several thousands, the number de
pending on the time of day. "The myri
ad vested interests of the survivors will 
ensure San Francisco's recovery" even if 
fire by mischance brings much greater 
direct damage than the $6 billion

' 
esti

mated. The tallest buildings and the big 
residential tracts will be little hurt. It is 
the uniqueness of San Francisco that 
will suffer most: the low skyline and the 
human scale of the laissez faire rebuild
ing after 1906. Then renewal by fire 
gave the city a new downtown. Now we 
can expect shifts back to the norms: 
toward Washington style, wide streets 
and monumental scale, like the present 
San Francisco Civic Center; toward Mi
ami style, high-priced and commercial
ized, "an archipelago of sterilized hotel 
islands whence tourists take in local at
mosphere "; toward a new Manhattan 
around the financial district, since the 
tall skyscrapers will stand whereas the 
fill areas around them and their 12-story 
buildings will count some failures; fi
nally a drift toward the Los Angeles 
look. At last the distant shopping cen
ters will thrive off the middle class of the 
entire Bay Area, the wholesalers and 
printers now clustered at the borders of 
downtown will leave for new suburban 
"parks" and a safer, duller San Francis
co will degrade to one more "middle
class city with high-density enclaves of 
poverty. " 

Does it have to be that way? Not if 
modest and open but vigorous plans are 
laid in advance, for new land-use agree
ments, for a "special sensitivity to the 
small and marginal " and for transitional 
help with benefits, counseling and loans; 
not if a mobile-home area is prepared in 
advance and other prepackaged struc
tures are surveyed in wide variety; not if 
the precious nature of forethought is 
taken seriously. 

These earnest authors nowhere al
lude to the biggest disaster that lurks in 
the shadows: simultaneous radioactive 
earthquakes in 100 cities at once, the 
man-made ruin of thermonuclear war. 
Resources to cope with disaster on the 
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The land. 
America still has huge 

amounts of gas available from 
conventional underground 
sources. These include the vast 
new Alaskan gas fields, and gas 
recoverable with new deep 
drilling techniques. 

Energy experts say that 
when the next century arrives, 
we can still be getting as much 
gas out of the ground as we do 
right now. 

We not only can do it-we 
must. No other energy is now 
available in quantities large 
enough to do all the jobs that 
gas does. 

The sea. 
Some of the largest 

underground deposits lie deep 
beneath the ocean. Exploratory 
drilliI1g has already begun on 
the Atlantic's outer continental 
shell, an area that has been 
virtually untapped till now. 

Drilling under the ocean 
floor is difficult, but the tech
nologies have been developed 
and proven in the Gulf of 
Mexico. Twenty percent of our 
gas supply now comes from 
offshore, mainly the Gulf. 

Drilling platforms are also 
at work off the Pacific coast 
and in the Gulf of Alaska . 

The sun. 
Plant life has alway s cap

tured energy from the sun-now 
there may be a way to turn that 
energy into natural gas. The gas 
industry and the US. Department 
of Energy are working on test 
projects with fast-growing sea
weed, one of the most efficient 
solar converters known. 

Vast beds of this seaweed 
would be turned into gas by a pro
cess called biomass conversion. 
It's experimental now but in the 
21st century could make a real con
tribution to energy supply. Wise 
energy use will 
h I A' A American Gas 

e p, too. .........Association 
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scale of Rapid City or Anchorage are 
improving, but for the grand catastro
phe little can be offered except the assur
ance of prevention, and even that is still 
far away. 

EYE MOVEMENTS AND PSYCHOLOGICAL 
PROCESSES, edited by Richard A. 

Monty and John W. Senders. Lawrence 
Erlbaum Associates, Publishers. Dis
tributed by John Wiley & Sons, Inc. 
($35). The eye is no head-held camera, 
wavering a little around a steady gaze. 
After all, it "is sitting in a bag of fat in 
a hole in your head, and there are six 
big muscles pulling on the sides of it." 
Those muscles are the speedy effectors 
of about the most elaborated computer
controlled servo system we know, a sta
bilized-platform search system, taking 
signals and stored program out of a par
allel-processing computer system we are 
coming increasingly to admire. Four 
distinct movements are present and de
monstrable. The first remarks of this 
tight collection of 40 research and re
view papers by a cheerful and icono
clastic research community are con
vincing. Try shaking this page through 
small angles as you read, a few times a 
second. The text appears blurred. Now 
shake your head at the same rate by the 
same amount. The writing on the page 
stays clear. The same automatic stabili
zation can be shown to work in all three 
axes of rotation. 

Six semicircular canals in the bony 
labyrinth are linear-integrating angular 
accelerometers; they work in zero gravi
ty just as well as they do here below, 
because they are inertially run, strongly 
damped by viscous losses and depend 
on such small motions of the sensing 
structures that they are hard to saturate. 
On this syrup-smooth viewing platform, 
while you walk or ride, the higher pro
grams superimpose three other well
studied movements: one for pursuing 
moving targets, one for keeping the two 
separated eyes aimed in the same focal 
direction and one for generating the 
swift and mysterious saccades, which 
scan whatever we look at as surely as, 
but much more complexly than, the 
naive ceaseless scan of the television 
camera. 

We slew our gaze around by saccades 
often, a couple of times each second 
during reading, for instance. The mo
tion is the "most rapid somatic move
ment ... the body can produce," in angu
lar terms up to 400 degrees per second, 
three times faster than motion of the 
forearm, to compare similar large-angle 
movements. As a rule we do not detect 
the slewing from within although the na
ture of that suppression is itself tricky, 
inconstant and here open to much ques
tioning. Skillful use of the motions en
abled one experimenter to read the fine 
print on a whirling aircraft propeller in 
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flight, he recalls, "in the days when air
craft had propellers." 

This year is the centennial of the dis
covery of the saccades in reading; most 
of the papers here are devoted to their 
study one way or another, as clues to 
the subtle programs of the purposeful 
mind. "Psychology ... reinvents its sub
ject matter from generation to genera
tion," writes one historically minded au
thor from the University of Toronto, 
who demonstrates it by a delightful ac
count of the nearly forgotten work of 
Guy Thomas Buswell. a "data-oriented " 
empiricist at the University of Chicago 
in the 1930's. Buswell studied how peo
ple look at pictures and how children 
and adults read, by the foot-by-foot anal
ysis of continuous motion pictures (not 
exposed by frames) made by the mile. 
A silvered bead on spectacles left a base
line record of the head movements; the 
corneal reflection of a special light beam 
mapped the absolute direction of gaze 
and a fan-blade chopper provided tim
ing data. What was hardest in those days 
was data handling; where now the com
puter is turned loose on every run, then 
"heroic analysis " called for plenty of 
careful choice because the computa
tions took weeks. Buswell adds a charm
ing comment to the account of his work, 
a generation old but still enlightening. 

"Perceiving is in terms of meaning." 
The spots sampled (scattered but not 
random?) vary with the viewer, show no 
easily caught order and require the as
sembly of picture fragments or word 
gibberish. Just how the scan goes we do 
not know, although one deep study sug
gests that the same internal plans that 
somehow map what we are about to say 
are implicated, and not in a simple half
phonetic way. Periphery samples con
text, meaning guides search; there is 
need for a buffer store, selective testing 
and retention, "chunking " of words or 
scenes and susceptibility to language. 
This investigator sounds sure, if vague; 
his peers were less persuaded. 

A lot of work is based on the urgent 
search of expensive scenes, from read
ing to picking out the shadow of a tu
mor in a lung radiograph and the faint 
radar blip of an unexpected aircraft. 
Block diagrams of rabbit eye-control 
servos are offered, but the more numer
ous built-in microprocessors we homi
nids possess are still elusive. The first 
200 milliseconds of searching a chest X 
ray pretty surely offers most of the suc
cess for an expert. Expectation is almost 
all; photo interpreters who "knew there 
was an armored division in the area 
... saw tanks all over the road; if they 
didn't, they saw puddles." 

The style and the techniq ues of this 
discipline are both delightful. The inves
tigators enjoy being their own subjects, 
and they frequently cite an exception 
out of personal experience. The appara-

tus that measures the direction of gaze 
to a minute or two of arc for a head 
quite free to move is one fascinating ex
ample. The subject holds between his 
teeth what amounts to the pickup coil of 
a magnetic phonograph cartridge. One 
devoted, emphysemic, middle-aged psy
chologist, his breath held and his head 
resting in his hands, showed a steady 
drift of gaze at the rate of about three 
degrees a minute. (Rodin's The Thinker 
is figured, without documentation, to 
emphasize the truly stable.) 

QUANTUM PHARMACOLOGY, by W. G. 
Richards. Butterworth (Publish

ers) Inc., 19 Cummings Park, Woburn, 
Mass. 01801 ($24.95). "It is tempting to 
add a question mark to the title of this 
book." With this remark an Oxford the
oretical chemist disarmingly begins his 
readable, surprising small tract. By the 
final pages the author's case has been 
pretty persuasively made. "The men of 
genius who developed quantum me
chanics " 40 or 50 years back foresaw a 
chemical science entirely deductive 
from the SchrOdinger equation; that is 
not what is presented here. Rather we 
are shown a process of inference in 
pharmacology whose chief tool is the 
minicomputer, chewing on apt approxi
mations to molecular orbitals for small
ish molecules, real or projected. 

The link is this: In the nervous system 
(other topics in medicine are treated 
only lightly) we know that a limited 
number of molecules, each with only a 
few dozen atoms, specifically bridge a 
variety of tiny gaps in the circuitry, 
binding to special receptors throughout 
the central and peripheral nerve net
work. Studies of these substances and 
their antagonists and simulators have 
defined small classes of molecules that 
bind to and activate particular sites. 
Such clever tracing techniques as fluo
rescent labeling have given primary in
formation on where and how. 

Now, a ball-and-stick model of any 
such molecule is easy to make; the bond 
lengths and bond angles are today com
prehensively and accurately tabulated. 
But almost no neurotransmitter sub
stance is fully defined in space by such a 
model. These are flexible molecules, ro
tating around one bond axis or more to 
take on a wide range of shapes. Al
though the model can bend freely at its 
hinges, the real electron clouds cannot. 
Instead each conformation of positions 
of the nuclei of the atoms in the mole
cule affects the electron energy levels 
somewhat and gives a softly preferred 
set of forms to the molecule. The forms 
bow and bend until they come out right 
for the hidden sites of their receptors. 

The way is clear: compute for the 
drug in question (it does not matter if it 
has not yet been synthesized) the molec
ular energy for each conformation as a 
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function of the few degrees of geometri
cal freedom in the molecule. It is not 
hard to weight the energies appropriate
ly for the temperature involved. and so 
to calculate the relative probabilities of 
various molecular forms at equilibri
um. These patterns are available as the 
output of carefully developed comput
er programs relying on one or another 
of several clever approximations to the 
full quantum-mechanical description of 
the molecule. (Almost all the practical 
methods begin with the assignment of 
simple molecular orbitals based on hy
drogenlike wave functions for the outer
most electrons.) Initial forms. sets of 
comparison molecules and insightful 
study of the results of different approxi
mations may be more important in this 
application than big number-crunchers 
or even professional quantum theorists. 

Even more can be tried. Charge distri
butions and interaction potentials can 
be found no less than conformation en
ergies. The study of rigid molecules. 
such as morphine and its analogues. 
is better done by that approach. The 
calculated electrostatic properties are 
deeper than the simple models of local
ized charges on ions. The effects of ubiq
uitous water can be tested by a number 
of tricks. most directly by the study of 
an enlarged molecule with water hang
ing on to it at suitable places. 

Is the time ripe for applied digital ster
eochemistry? Richards thinks so. with
out being able to cite many strong suc
cesses in the style. beyond an air of rea
son and an impressive bibliography of 
some 300 papers up to 1976. arranged 
by the compounds studied. He rightly 
argues that the "best time to enter a re
search field is just too soon; just before 
the work becomes possible. " That is the 
aim of his generous and readable mis
sionary work in this book. About half of 
the book is a graceful summary of neu
ropharmacology for quantum chemists. 
a quarter of it is a compact account 
of molecular wave-function approxima
tions for pharmacologists and the rest is 
an interdisciplinary examination of how 
both could apply the new power of the 
numerical-graphical study of electron 
distributions in space. Perhaps the work 
will come to play a role like that of the 
ball-and-stick and space-filling molecu
lar models. The penetrating. if frank
ly approximate. quantum descriptions 
should in no very distant future tell their 
user more than wood balls snapped to
gether. They should do so in much the 
same way. as "an invaluable aid to 
thought and discussion or rationaliza
tion but not a field in their own right. " 
The reader wishes it strongly; one comes 
away with a grasp of what inductive 
chemistry today is like. a subject very 
different from any false dream of turn
ing the Schrodinger crank until the truth 
drops out. 

Crafted in the Orient, 
of precious jade 
and solid gold ... 

THE PENDANT 
OF THE IMPERIAL HORSE 

To be issued only during 197/J-the Year of the Horse 
in the lunar calendar of the ancient E�st 

In the ancient lunar calendar, 1_978 is the Year of the Horse. A period 
particularly auspicious for those who pursue. their purposes with 
sincerity, with love and with generosity. 

In the spirit of this tradition, Franklin Mint of Hong Kong has created 
a beautiful new pendant-'The Pendant of the Imperial Horse'-in 
14 karat gold and jade. 

Tbe image of the imperial horse at the heart of this pendant is of 
solid 14 karat gold, perfectly proportioned and carefully crafted to 
bring out all its rich beauty. -And the pendant of precious water(green 
jade provides a perfect background for the sculptured golden horse. 

Appropriately, 'The Pendant of the Imperial Horse' will be crafted 
to order by Franklin Mint of Hong Kong-the city that has been, for 
centuries, the gold and jade center of the East. The pendant is avail
able exclusively from Franklin Mint of Hong Kong and its affiliates. It 
will not be offered for original sale through any other source. 

To acquire this classically beautiful pendant, mail the 'coupon 
promptly to The Franklin Mint, the u.s. affiliate of Franklin Mint of 
Hong Kong. Your pendant will be sent to you within 8 to 10 weeks. 

-....!!!:!':!!...-----------ORDER FORM----------------

THE PENDANT OF THE IMPERIAL HORSE 
The Franklin Mint 
Franklin Center, Pennsylvania 19091 
I wish to order 'The Pendant of the Imperial 
Horse' in precious jade and solid 14 karat 
gold, at $125.* Included with my pendant 
will be a 12 karat gold-filled neckchain. 
I prefer to pay as indicated (check one): 
D In three installments. I enclose my de

posit of $25.* After shipment, I will be 
billed for the balance in two consecutive 
monthly payments of $50.* each. 

D By a single remittance of $125.*, which I 
enclose. 

D By credit card: 
( ) Master Charge ( ) BankAmericardIVISA 

Full Account No. ________ _ 

Expiration Date ____ -,--__ --,-_ 
·Plus my state sales tax 

Limit: One pendant per order. 

S i g nat u re, -."','-', o"'.::o,-;;;,,:-::.==,,""."'u .c-;"O;:;='""TO;;-:':;:;CC:-;,�;;C'� N;-;C''--. --

Mr. 
Mrs. 
Miss -----;;'''''CE7. .. �E "'''''"'' N:;CT C"-'::E.;;;'.'';'"T ----

Address ___________ _ 

City _____________ _ 

State, Zip ___________ _ 63 
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Our lowest priced Honda 
isn't so simple. 

The Honda Civic@1200 Sedan is our lowest priced Honda7We 
hope that statement doesn't put you off. 

We know that lots of people tend to be suspicious when they 
see the words "lowest priced�' Especially when it's a car. They 
immediately think of some stripped-down model calculated to 
snag the unwary buyer by means of a seductive price tag. 

That' s why we're running this ad. To let you know that, despite 
its very reasonable price, the Civic 1200 Sedan gives you such 
traditional Honda engineering refinements as transverse
mounted engine, front-wheel drive, rack and pinion steering, 
power-assisted dual-diagonal braking system with front discs, 
and four-wheel independent MacPherson strut suspension. 

And that's not all. The Civic 1200 Sedan abounds with standard 
features that other manufacturers might charge you extra for. 

"Not available in Calif. and high altitude areas. Manufacturer's suggested retail price excluding freight, tax, license, title, and options. 
©1978 American Honda Motor Co., Inc. Civic 1200 is a Honda trademark. 
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These include reclining bucket seats, adjustable head rests, 
wall-to-wall carpeting, opening rear-quarter windows, inside 
hood release, rear-seat ash tray, plus the instrument cluster 
shown opposite, a simple layout that nonetheless provides the 
added convenience of a trip odometer. 

Like our other two Honda cars - the Civic cvcc® and the Honda 
Accord® - the Civic 1200 doesn't need a catalytic converter and 
runs on unleaded or money-saving regular gasoline. 

So there you have it. The Honda Civic 1200 Sedan. Because it's 
a Honda, it's a simple car. But not so simple as its price would 
lead you to believe. 

EDm�mm 
We make it simple. 
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Add 400 to 35 
and subtract the flash. 

If you want to get more 
out of your 35mm camera, put 
Kodacolor 400 film into it. 
Kodacolor 400 film is so fast and 
versatile, you can get the kind 
of color prints you couldn't get 
before, without a flash. You 
can freeze the action in midair, 
midstride or midgallop, shoot in 
museums, theaters and arenas, 
and capture the sun from when 
it's barely a promise to when it's 
almost a memory. All in clear, 
sharp beautiful color prints with 
a grain that's surprisingly fine. 

So if you want to get it right 
in existing light with a film that's 
as fast as your camera, just add 
400 to 35. And you've got it right. 

With Kodacolor 400 film, you can take 35mm 
pictures indoors, without a flash. More natural-looking 
pictures, because you're using existing light instead 
of altering the light. 

1160 @ fl2.0. No flash needed here. 

Kodacolor 400 film . • 
Youve got what it takes. 

... 
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The Gas Centrifuge 
This machine separates the isotopes of uranium by spinning a gaseous 
uranium compound. It is expected to playa large role in the Carter 
Administration's effort to limit the proliferation of nuclear weapons 

A keystone of President Carter's efn fort to prevent the proliferation 
of nuclear weapons is his pro

gram for blocking the supply of plutoni
um that could be turned to the making 
of weapons. To that end the President 
has sought to shut down the U.S. pro
gram to develop a breeder reactor (since 
the breeder produces plutonium) and to 
"defer indefinitely" the commercial re
processing of spent nuclear fuel (since 
the depleted fuel rods from nuclear 
power plants contain plutonium that 
would be separated and recycled). A 
corollary of this policy, as stated by the 
President in the spring of last year, is 
that "we will increase U.S. production 
capacity for enriched uranium [the fuel 
for the light-water reactors of most nu
clear power plants] to provide adequate 
and timely supply of nuclear fuels for 
domestic and foreign needs." 

The "enrichment add-on" envisioned 
by the President would entail the proc
essing of more than 10,000 metric tons 
of uranium annually, an increase of 30 
percent in the country's uranium-en
richment capacity. To achieve this in
crease by the gaseous-diffusion process 
that has been the means of enrichment 
in the U.S. since the beginning of the 
nuclear age would require two large nu
clear reactors dedicated solely to satis
fying the voracious appetite of the en
richment plant for electric power. In 
view of the high cost of electricity the 
Administration has turned instead to the 
gas-centrifuge method of enrichment, a 
system that was tested at the beginning 
of the nuclear age and put aside because 
the technology of centrifugation was not 
up to the task. Now it is. Moreover, en
richment by gas centrifuge requires only 
4 percent as much power as enrichment 
by gaseous diffusion; an increase of 30 
percent in enrichment capacity can be 
handled easily by the existing electric-

by Donald R. Olander 

utility grid. As a result of the new policy 
the gas centrifuge seems certain to be
come the nucleus of a multibillion dol
lar uranium-enrichment industry. 

The purpose of any enrichment sys
tem (several in addition to gaseous 

diffusion and the gas centrifuge have 
been demonstrated, at least on a labora
tory scale) is to increase the concentra
tion of the isotope uranium 235, which 
in natural uranium is .71 percent. Urani
um 235 is the only fissionable isotope 
that exists in nature; the other 99.29 per
cent of natural uranium consists of the 
nonfissionable isotope uranium 238. 
The two isotopes differ slightly in mass, 
since the uranium-238 nucleus has three 
more neutrons than the uranium-235 
nucleus. The difference in mass provides 
a basis for separating the isotopes and 
therefore for increasing the concentra
tion of uranium 235 in a nuclear fuel. 

In gaseous diffusion the separation is 
brought about because a gaseous com
pound incorporating uranium 235 flows 
through a porous barrier slightly faster 
than the same compound incorporating 
uranium 238. In a centrifuge the separa
tion is achieved by spinning the same 
gaseous compound incorporating the 
two isotopes; the compound containing 
the heavier isotope is thrust against the 
wall of the centrifuge, leaving the inner 
core of gas enriched in the compound 
containing the lighter isotope. 

Uranium isotopes were first centrifu
gally separated in 1940 in the experi
mental centrifuges of Jesse W. Beams of 
the University of Virginia. At the time, 
however, the technology of the high
speed rotating machinery needed to pro
duce enough highly enriched uranium 
235 for the weapons program was inad
equate to the task, and the centrifuge 
method was abandoned in 1943 in favor 
of the gaseous-diffusion process. (Elec-

tricity was cheap then, and in any case 
cost would not have been a major con
sideration.) Nevertheless, the basic the
ory of the gas centrifuge was worked out 
during that period. 

Improvements in the size, speed and 
efficiency of gas centrifuges were 
achieved by W. E. Groth in Germany 
during a period of several years after 
World War II. In the late 1950's Gernot 
Zippe, who had done gas-centrifuge ex
periments in his native Germany and 
later in the U.S.S.R., became engaged in 
a small experimental program at the 
University of Virginia. He developed a 
light but durable centrifuge from which 
the modern designs are descended. 

In 1960, as a result of Zippe's work, 
the U.S. Atomic Energy Commission 
authorized a development program 
(funded at $2 million per year) aimed 
at achieving large-scale, economically 
competitive uranium enrichment based 
on gas-centrifuge technology. At about 
the same time the secrecy regulations 
that had been lifted from the program 
after World War II were reimposed, 
probably to avoid putting information 
on how to produce weapons-grade ura
nium in the public domain. For the past 
17 years the U.S. has carried on a sub
stantial classified (that is, largely secret) 
research and development program cen
tered around the Oak Ridge National 
Laboratory and the University of Vir
ginia. The present funding of this pro
gram is about $80 million per year. 
Many other industrialized countries are 
also pursuing the new separation tech
nology. The British, the Dutch and the 
West Germans have formed a tripartite 
company (URENCO) to provide en
richment by gas centrifuge on a basis 
that is economically competitive with 
enrichment by gaseous diffusion. 

The only uranium-bearing compound 
that is gas�ous at ordinary temperatures 
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ARRAY OF CENTRIFUGES is seen at the component test facility 
operated for the Department of Energy by the Union Carbide Cor
poration at the Oak Ridge National Laboratory. Each of the cylindri
cal casings contains a rotor into which the gas uranium hexafluoride 
is fed. The compound contains the fissionable isotope uranium 235, 
which is the minor constituent of natural uranium, and the nonfis
sionable isotope uranium 238, the major constituent. The gas is spun 
at high speed in the rotor, and the centrifugal force moves the heavi-
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er molecules containing uranium 238 close to the rotor wall, produc
ing a partial separation of the isotopes. Through temperature differ
ences and a stationary bottom scoop in the rotor a vertical circulation 
is set up, so that the gas enriched in uranium 235 can be withdrawn 
from the top of the centrifuge and the depleted gas can be withdrawn 
from the bottom. Only a small amount of gas can be put through one 
centrifuge, so that the machines are connected in a "cascade." Visi
ble here are connective piping and the upper part of the centrifuges. 
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is uranium hexafluoride (UF6)' Thou
sands of tons of this substance have al
ready been processed by the gaseous
diffusion plants. so that its characteris
tics (it can be highly corrosive) are well 
established. In the centrifuge process the 
feed gas is a mixture of 238UF 6 and 
235UF 6. and the slight difference in the 
molecular weights of these species is ex
ploited to separate them. The separation 
is effected by spinning the gas at very 
high rotational speeds. so that the heav
ier 238UF 6 moves to the outside and 
leaves the inner core of gas enriched in 
the lighter 235UF 6. 

The theory of the elementary separa
tion process is simple indeed: it is 

governed by the same principle that dic
tates the variation of the density of the 
atmosphere with altitude. The isotopic 
separation induced by the centrifugal 
force established in the vertical spinning 
rotor is of course radial (horizontal). 
The success of the gas centrifuge as an 
economical method of separation is at
tributable to the trick of changing the 
direction of enrichment from radial to 
axial (and considerably augmenting the 
magnitude of enrichment at the same 
time) by inducing a very weak axial cir
culation (or countercurrent flow) in the 
solid-body rotational motion of the gas. 
If it were not for this vertical circula
tion. the removal of the separated iso
topes from the centrifuge would be diffi
cult. Because of the vertical circulation 
the enriched gas can be withdrawn at the 
top of the centrifuge as the depleted gas 
goes out the bottom. 

The size and the speed of modern gas 
centrifuges are still classified. as are the 
materials employed to build them and 
the details of their mechanical design. 
The basic components. however. are 
well known. A thin-walled cylindrical 
rotor is spun at high speed inside an out
er casing. URENCO states that the pe
ripheral rotor speed of its machines is 
about 400 meters per second. Feed gas is 
injected into the rotor near the center. 
and the product and waste streams are 
continuously removed at the ends. 

The total quantity of gas in the rotor is 
limited by the condensation pressure of 
uranium hexafluoride. that is. the pres
sure at which the gas becomes a solid; at 
room temperature the condensation 
pressure is about one-sixth atmosphere. 
The gas in the rotor is highly stratified 
by the rotational motion. so that the 
pressure in the center is much lower 
than the pressure at the wall. In addition 
to the limit on the quantity of gas in the 
rotor the throughput. or feed rate. is 
limited to values that will not upset the 
delicate axial circulation established by 
a bottom scoop or by other mecha
nisms. such as a temperature gradient 
along the rotor wall or a cooled cap at 
the top. According to information made 
public by URENCO. the throughput of 
the European machines is about 100 

milligrams of uranium hexafluoride per 
second. 

The outer casing has two functions. 
First. it provides protection in the event 
of a failure of the spinning rotor. (Early 
designs failed so often that they were 
sometimes humorously referred to as 

automatic disassembly machines.) Even 
in modern machines the lifetime of the 
rotor is crucial; the economic advantage 
of the gas centrifuge over gaseous dif
fusion would be lost if the average cen
trifuge lasted only a few months instead 
of many years. Much of the develop-
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INTERIOR OF A CENTRIFUGE is shown in this cutaway drawing. The thin-walled rotor is 
driven by a small electromagnetic motor attached to the bottom of the casing. The top end of 
the rotor is held in a vertical position by a magnetic bearing and does not touch stationary com
ponents. Gas is fed into and withdrawn from the rotor through the stationary center post, which 
holds three concentric tubes for the feed, the product and the waste. The stationary bottom 
scoop protrudes into the spinning gas and provides a mechanical means for driving the vertical 
flow of gas. The top scoop, which serves to remove the enriched product, is protected from di
rect interaction with the rotating gas by the baffle, which has holes allowing the enriched gas 
to be bled into the area near the scoop. The baffle is needed to keep the top scoop from im
posing a vertical flow that would counteract the crucial one generated by the bottom scoop.-
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GAS MOVEMENT in a centrifuge begins with the effect of rotation 
(left), which drives the gas against the rotor wall in a region known as 
the Stewartson layer, where the isotope separation takes place. As a 
result of temperature differences at the top and bottom caps and the 
effect of the bottom scoop (an effect simulated mathematically by a 
disk rotating slightly slower than the rotor) a weak vertical circulation 
is set up (arrows). In addition thin gas-containing zones known as Ek
man layers, each only a fraction of a millimeter thick, are formed at 
the extremities of the Stewartson layer, where the circulatory /low 
changes direction. Countercurrent circulation and molecular trans-

port in the Stewartson layer (right) result in the enrichment of the gas. 
The thin solid arrows indicate the direction of movement of uranium-
235 molecules induced by the pressure-diffusion effect arising from 
the centrifugal force. The broken-line arrows show the directions of 
transport of uranium 235 by molecular diffusion. Convective motion 
of the gas as a whole is represented by the thick arrows. Lighter shad
ing indicates areas that have the higher concentrations of uranium 
235. The lower curve shows a typical mass-velocity profile (the units 
of mass velocity being grams per square centimeter per second) that 
characterizes the countercurrent circulation in the Stewartson layer. 

ment work at Oak Ridge is devoted to 
testing the durability of rotors at operat
ing speeds. 

The second function of the casing is to 
provide a vacuum-tight enclosure for 
the rotor. Evacuation of the space out
side the rotor greatly reduces the con
sumption of power resulting from gas 
friction when the rotor is spinning. A 
vacuum pump is connected to the casing 
for this purpose. 

The isotopic separation achieved by a 
gas centrifuge is governed by the 

conservation equations of continuum 
fluid mechanics. the branch of physics 
that seeks to describe the motion of a 
fluid (a gas or a liquid) by employing the 
principles of conservation of mass and 
momentum. (Although the uranium 
hexafluoride in the inner core of the ro
tor is at such low pressure that rarefied
gas dynamics would be more appropri
ate in this region. the amount of gas in 
the core is so small that it can be safely 
ignored.) The theoretical analysis is di
vided into two parts: hydrodynamic and 
separative. The hydrodynamic analysis 
seeks to determine the flow velocities of 
the gas in the regions close to the rotor 
wall and at the end caps. Once the veloc
ities have been found the separative 
analysis reveals how the 235UF 6 be
comes segregated from the 238UF6 as a 
consequence of the combined actions of 
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the imposed gas circulation and the cen
trifugal force that is responsible for the 
primary separative effect. 

Historically the development of the 
theory reversed this logical order. The 
mathematical description of isotope 
separation in a pressure gradient is al
most the same as that of isotope separa
tion in a temperature gradient. In the 
1940's Karl Cohen of the Manhattan 
Engineer District (the "Manhattan Proj
ect") adapted to the gas centrifuge the 
theory of the thermal-diffusion column 
developed by Wendell H. Furry. R. C. 
Jones and Lars Onsager. A separative 
analysis was thus available but the fluid
dynamical information needed to make 
use of it was not. In 1960 the Atomic 
Energy Commission organized a com
mittee (headed by Onsager) that was 
charged with rectifying this deficiency. 
The present work in the U.S. on gas-cen
trifuge hydrodynamics (guided by the 
Department of Energy) is being con
ducted by James A. Viecelli of the Law
rence Livermore Laboratory and by 
Richard A. Gentry of the Los Alamos 
Scientific Laboratory. European and 
Japanese work on the theory of the gas 
centrifuge (much of it published) has 
proceeded in parallel but in the absence 
of knowledge about the classified pro
gram in the U.S. 

If the temperature of the rotor wall 
were uniform and if the rotor contained 

no nonrotating solid objects. the gas 
would simply rotate as a solid body at 
the angular velocity of the rotor. What 
actually happens is that small non un i
formities of temperature at the end caps 
or along the rotor wall (together with 
the effect of the stationary bottom scoop 
on the gas swirling around it) perturb 
the gas and establish a vertical counter
current circulation pattern that is super
posed on the basic wheellike flow. It is 
this gentle countercurrent that is respon
sible for the favorable isotope-separa
tion properties of the gas centrifuge. 
The countercurrent must be described 
theoretically if the performance of the 
centrifuge is to be understood and pre
dicted. 

Measurement of the pattern of circu
latory flow inside the spinning rotor is 
difficult. Swedish and Japanese workers 
have been testing laser veIocimetry. a 
technique that utilizes the reflection of 
light from small particles in the flow to 
determine the magnitude and direction 
of the circulatory patterns. The reason 
for choosing such an esoteric method 
is that ordinary devices for measuring 
fluid velocity (such as a Pitot tube at
tached to the rotor wall) are structurally 
unstable in the strong centrifugal-force 
field. Even if they were usable. a system 
of noncontact telemetry would have to 
be devised to extract the information 
they were gathering. 
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The motion of the gas is analyzed by 
solving a set of rather complex equa
tions relating to the conservation of 
mass. energy and momentum. Such a 
situation is common in fluid mechanics. 
but in most instances (for example the 
flow of liquid through a round pipe or 
the flow of air over a wing) the equations 
can be drastically simplified. Unfortu
nately the dynamics of a gas in a centri
fuge offers no relief from mathematical 
rigor. This difficulty is on the verge of 
being overcome through the use of large 
computers and numerical techniques in 
the place of analytical ones. The work of 
the French and Japanese in this area is 
particularly advanced. 

The crucial axial movement of the gas 
is activated by the perturbations im

posed on the spinning fluid by the non
uniform temperature of the wall and by 
the presence in the fluid of the stationary 
bottom scoop. The way non uniformities 
of temperature along the wall influence 
the motion of the fluid can best be un
derstood by analogy with atmospheric 
physics. When gas comes into contact 
with a heated end cap. its density is re
duced as it absorbs heat; the gas pro
ceeds to rise in the "atmosphere." that is. 
it moves radially inward. Similarly. a 
cooled end plate causes the gas to sink 
toward the rotor wall. This phenome
non taking place at the end caps. which 
is termed Ekman suction. can drive the 
vertical countercurrent over the entire 
length of the machine. A similar circula
tion is produced by a continuous varia
tion of temperature along the length of 
the rotor wall; if the bottom of the rotor 
is hotter than the top. the circulation 
loops move gas upward near the center 
and downward near the rotor wall. 

The circulatory effect of the scoop is 
somewhat more complex. As a station
ary object in a stream of gas moving at 
high speed. the scoop tends to warm the 
gas passing over it by the same skin-fric
tion effect that causes the wings and 
body of a supersonic aircraft to heat up. 
The heated gas rises in the atmosphere. 
In addition the drag of the scoop reduces 
the tangential velocity of the gas. and 
the rotating gas contracts radially in or
der to maintain the same angular veloci
ty. Thus the circulation generated by a 
scoop at the bottom of the rotor is in the 
same sense as the circulation generated 
by an appropriate distribution of tem
perature along the rotor wall and on the 
end caps. although the radial shapes of 
the two types of axial circulation are 
different. 

One therefore sees that either thermal 
or mechanical stratagems can drive the 
axial countercurrent flow in the centri
fuge. The velocities imparted by the two 
types of drive can be controlled by the 
design of the centrifuge and the mode of 
operation. The thermal drive can be 
varied by controlling the extent of the 
cooling of the top of the machine and 

the heating of the bottom. The mechani
cal drive is determined by the size and 
shape of the bottom scoop and by the 
radial position of the scoop in the atmo
sphere of gas next to the wall. The object 
of the theoretical hydrodynamic analy
sis is to accurately calculate the flow 
field once the physical nature of the var
ious drives has been specified and to op
timize the circulation pattern to achieve 
the largest possible axial separation of 
the uranium isotopes in the gas. 

Once the distribution of gas velocities 
has been calculated. the final step is to 
determine the nature and extent of the 
separation of uranium isotopes in the 
gas. The task is accomplished by solving 
a conservation equation that takes ac
count of all the physical phenomena act
ing on the two isotopic species in the gas: 
the centrifugal force (also called the 
pressure-diffusion effect). which tends 
to concentrate the heavy 238UF 6 near the 
rotor wall; convection. which acts to en
hance the separation caused by pressure 
diffusion by enabling the upfiowing in
ner stream to be continuously enriched 
as it passes from the bottom to the top. 
and ordinary molecular diffusion. which 
is 11 counterseparative force. 

The net result of the interplay be
tween the separative and the convective 
process is that the light isotope (235UF 6) 
accumulates at one end of the machine 
and the gas at the opposite end is deplet
ed in that isotope. The axial separation 
is the reason the product and waste 
streams are respectively withdrawn 
from the top and the bottom of the ma
chine. even though tj1e elementary sepa
ration phenomenon is radially directed. 

One measure of the efficiency of the 

centrifuge as an isotope separator is the 
separation factor. which is the ratio of 
the amount of uranium 235 in the prod
uct stream to the amount in the waste 
stream. A typical separation factor for 
an early machine was 1.25. which means 
that if the fraction of uranium 235 in 
the feed gas is .71 percent. as it is in 
natural uranium. the product contains 
.794 percent uranium 235 and the waste 
contains .635 percent. 

At first it might seem that the separa
I\. tion factor is the natural measure of 
the ability of the centrifuge to separate 
isotopes. but it is not. An efficient cen
trifuge combines a high separation fac
tor with high throughput. A centrifuge 
(or any other device for separating iso
topes) is therefore best judged by a sin
gle measure of efficiency that takes ac
count of both factors. The measure is 
termed the separative power. a concept 
originated in the era of the Manhattan 
Project by P. A. M. Dirac and R. E. 
Peierls. 

The concept has three essential fea
tures. First. it encompasses all the phys
ics of the isotope-separation processes 
occurring in the separating unit. Second. 
it is a function of the throughput and the 
"cut" of the machine (the ratio of the 
product rate to the feed rate) and also of 
the internal factors that govern the sepa
ration phenomena. (For a centrifuge the 
factors include the temperature of the 
rotor wall and the shape and position of 
the scoop.) Third. it is not a function 
of the isotopic composition of the gas 
in the unit. 

The separative power is usually re
ported as kilograms of uranium (not 

CASCADE PRINCIPLE is employed to enrich the uranium in stages. In each centrifuge the 
uranium hexaHuoride is partly separated into gas containing the lighter uranium-235 isotope 
and gas containing the heavier uranium 238. The stream enriched in uranium 235 (color) Hows 
to the next stage, which is processing a gas of higher enrichment. The stream depleted in ura
nium 235 (gray) Hows to the next-lower stage, which is separating a gas of lower enrichment. 
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uranium hexafluoride) per year. This 
unit, called the separative work unit (per 
year), is the universally accepted mea
sure of the separative power of a single 
centrifuge device (or of an entire urani
um-enrichment plant). The real product 
of an isotope-separation plant is separa
tive work, not enriched uranium. What 
this concept reflects is the ability of a 
plant to produce either a small quantity 
of highly enriched uranium or a large 
quantity of slightly enriched uranium. 

The separative power, as one might 
expect, bears some relation to the actual 
power required to operate an isotope
separation device. It is principally this 
relation that is at the heart of the Presi
dent's announcement of the choice of 
the gas centrifuge for the next genera
tion of U.S. enrichment plants. The spe
cific energy consumption of gaseous
diffusion units is about 2,500 kilowatt
hours per separative work unit, most of 
which goes to recompressing the gas 
that has diffused through the porous 
barrier. (The gas has to be recompressed 
before it can be sent on to the next diffu
sion unit.) The centrifuge requires only 
100 kilowatt-hours per separative work 
unit. This power is expended in over
coming the friction of rotating parts, 
electrical losses due to heating of the 
motor, pressure losses when the gas is 
extracted and aerodynamic drag of the 
process gas against the scoop and the 
inner wall of the rotor (also the drag of 
the residual gas in the casing against the 
outer wall). 

If competing processes were to be 
judged solely on the basis of lowest 
power consumption, the gas centrifuge 
would be the clear winner over gaseous 
diffusion. The cost of fabricating the de
vices and the frequency of replacement 
of the separating units must also be 
considered, however, and here the ad
vantage lies with the gaseous-diffusion 
method. When the total cost of separa
tive work is calculated by the appropri
ate weighting of the contributions of 
power consumption and capital outlay 
(and a few smaller items), the gas centri
fuge emerges as the most economical 
method. 

In sum, it is not enough for an isotope
separation device to provide a large 
separation factor; it must do so at a 
throughput of sufficient magnitude to 
make the separative power acceptable. 
Although the highly touted system of 
separating isotopes by laser excitation 
may provide large separation factors, it 
has not been shown capable of achiev
ing throughputs of sufficient magnitude 
to give it a separative power per dollar 
invested that would represent an im
provement over either the gas centrifuge 
or gaseous diffusion. 

Gas-centrifuge technology is mainly a 
matter of economics. The major 

question is not whether the method will 
work but whether it will produce separa
tive work units at a lower cost than com
peting processes. Even small reductions 
in the investment per unit of installed 

PRODUCT (3 PERCENT URANIUM 235) 

SEPARATING UNITS 

FEED > (.71 PERCENT 
URANIUM 235) 

TAILS (.2 PERCENT URANIUM 235) � 
IDEAL CASCADE is made up of stages, each one consisting of a number of centrifuges oper
ating iu parallel to provide the required flow of material. The stages are connected in series to 
give the desired enrichment of the product and depletion of the waste. The largest stages are 
near the entry point of the feed gas; stages diminish in size toward the product and waste ends. 
This configuration ensures that gas streams of unequal isotopic composition are never mixed. 
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separative capacity become magnified 
into large sums of money because of the 
great size of the uranium-enrichment 
industry. 

Suppose enriching facilities providing 
25 million separative work units need to 
be constructed in the U.S. between now 
and the year 2000 in order to sustain the 
domestic nuclear-power industry and 
the foreign demand implied by the Pres
ident's policy. The capital required to 
build the new enrichment plants will 
be about $10 billion. Therefore an im
provement of 10 percent in the efficien
cy of each machine would represent a 
saving of about $1 billion. This amount 
of money is enough to justify a substan
tial research and development effort 
aimed at improving the productivity of 
the machines. 

Performance improvements are to be 
found in three aspects of gas-centrifuge 
technology: in machine design, in the 
mode of operation of the individual ma
chines and in the manner of intercon
necting the individual centrifuges. In es
sence the separative power of a gas cen
trifuge is determined by its rotational 
speed and the length of its rotor. The 
separati.;e-power increases rapidly v':ith 
rotor speed and is proportional to the 
length. 

The peripheral speed of the rotor is 
limited by the ratio of strength to densi
ty of the material it is made of. Alumi
num alloys and stainless steels are capa
ble of rotor speeds slightly in excess of 
400 meters per second. Composite ma
terials can do better than metals. Japa
nese and European studies suggest using 
fiberglass-polyester composites of the 
kind employed in flywheels designed to 
store energy; with such materials the pe
ripheral speed of the rotor can exceed 
500 meters per second. Carbon-fiber 
composites could achieve even higher 
speeds, but at present they are much too 
expensive. 

The limit to the length of the machine 
is determined in part by the difficulty of 
controlling the straightness of the rotor 
and the uniformity of the wall in mass
production manufacture and by the du
rability of the bottom bearing, which 
must support the weight of the rotor. 
Another concern with centrifuges that 
have a large length-to-diameter ratio is 
the problem of getting them up to oper
ating speed, since they may have to pass 
through critical speeds at which large
scale vibrations can occur. 

The basic objective in designing a cen
trifuge is to produce the fastest and 
longest rotor possible at the lowest cost. 
The next problem is to select the opera
tional conditions once the size and speed 
have been established. The task requires 
a judicious combining of the various 
flow-driving mechanisms that affect the 
performance of the machine. This as
pect of centrifuge technology is by no 
means trivial, because the separative 
power depends on at least six adjustable 
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FEED AND WITHDRAWAL BUILDING 

/'� / UFo VAPORIZED IN AUTOCLAVE 

FLOW DIAGRAM indicates how a gas-centrifuge plant might oper
ate. Uranium hexafluoride (UF 6) is received at the plant in 14-ton 
cylinders. They are heated to vaporize the compound, which is then 
piped to the centrifuge cascade. The product streams, consisting of 
uranium hexafluoride enriched in uranium 235, are removed from the 
cascade for final processing and put into 2'/2-ton cylinders for ship-

ment to a plant that makes the enriched compound into fuel for nu
clear reactors. The stream of depleted uranium hexafluoride is then 
condensed into 14-ton cylinders, which are put in an outside storage 
yard. A gas-centrifuge enrichment plant that is now under construc
tion at Portsmouth, Ohio, is scheduled to include eight process build
ings (each the size of four football fields) and several other buildings. 

factors that influence the internal circu
lation of the gas in the rotor. 

The final step in producing a uranium
enrichment plant is to decide how the 
individual machines should be connect
ed in the assembly �nown as a cascade. 
A cascade is simply the interconnection 
of individual separating units into a 
larger network in order to amplify the 
separation effect of each unit. The de
sign of such a network, however. is far 
from simple. 

Suppose each centrifuge delivers a 
product that is 12 percent richer in ura
nium 235 than the feed. One would need 
to repeat the process 13 times in order to 
attain the uranium-235 concentration of 
3 percent (starting with the .71 percent 
in natural uranium) that is suitable as 
fuel for a nuclear reactor. The plant is 
also stripping uranium 235 from the 
feed to a concentration of about .2 per
cent in the waste. and the operation re
quires 11 more stages. 

In this simple example 24 units con
nected in series are needed in a plant 
that is to process natural uranium into 
an enriched product containing 3 per
cent uranium 235 and a waste contain
ing .2 percent. One should not imagine. 
however, that an isotope-separation 
plant consists simply of 24 centrifuges 
lined up one after the other to provide 
the necessary multiplication of the sepa
ration effect. Such a linear array of indi
vidual centrifuges would provide the 
desired enrichment. but because of the 
small throughput of each machine the 
quantity of material processed would 

be pitifully small. An enrichment plant 
of large capacity would require hun
dreds of thousands of the 24-unit linear 
arrays. 

Fortunately this simplistic method of 
connecting centrifuges is not the best 
way to construct a cascade. It was dis
covered early in the Manhattan Project 
that in order to construct the most effi
cient plant possible with a specified sep
arative capacity from a large number of 
individual units of fixed separative pow
er. the connections between units must 
be arranged in a configuration known as 
an ideal cascade. The term ideal means 
that whenever two streams are mixed 
together in the plant, the isotopic com
positions must be the same. If they are 
not, the entropy, or disorder. of the sys
tem is increased. An ideal cascade there
fore results in the highest possible cas
cade efficiency. Many types of ideal cas
cade for enriching uranium with gas 
centrifuges can be envisioned; it is the 
task of the process designer to devise the 
cascade that most effectively exploits 
the performance characteristics of the 
component centrifuges. 

No matter what particular method is 
employed for recycling gas within 

an ideal cascade, the number of individ
ual centrifuges required is the quotient 
of the specified amount of separative 
work per year of the cascade and the 
separative power of the individual cen
trifuges that make up the cascade. The 
URENCO centrifuges are believed to 
have a separative power of from two to 

20 separative work units per year. To 
construct an enrichment plant with a ca
pacity of nine million separative work 
units per year would require between 
500.000 and 5,000.000 centrifuges. 

Dixy Lee Ray. the former chairman 
of the Atomic Energy Commission who 
is now governor of Washington. has said 
that the U.S. models have 10 times the 
separative power of the URENCO cen
trifuges. Still, from 50.000 to 500.000 
centrifuges will be needed in the next 
enrichment plant scheduled to be built 
in the U.S., and it will not be the last 
plant of its size to be built. It is evident 
that the manufacture of centrifuges is 
about to become a substantial industry 
and will remain one for many years. 

The organization of a single plant 
containing a large number of centrifug
es entails many novel engineering chal
lenges. Each centrifuge must be quite 
inexpensive to avoid inordinately large 
capital costs. Hence the simplest of vac
uum pumps and valves must be utilized. 
piping runs must be held to a minimum 
and exotic materials of construction 
must be avoided. Components must be 
carefully designed to reduce power los
ses to the lowest level possible. For the 
foreseeable future. no matter how ad
vanced the individual centrifuges be
come or what ultimate configuration is 
devised for the cascade.. a gas-centrifuge 
plant for enriching uranium will involve 
large numbers of separating units con
nected by many kilometers of piping 
through which large quantities of urani
um hexafluoride circulate. 
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Stellar Winds 

Stars of various Sizes and types are observed to eject matter 

into space in a slow, steady stream. A number of mechanisms 

may be responsible for this surprisingly common phenomenon 

l1.yone who has ever watched a rock
et being launched into space can
not fail to be impressed by the 

enormous force required "to free the 
craft from the grasp of the earth's gravi
tational field. The energy needed to re
move a comparable amount of matter 
from the surface of a star would be 
hundreds or thousands of times greater. 
It may therefore come as a surprise to 
learn that almost every kind of star, in
cluding the sun, is ejecting significant 
amounts of matter into space, some
times in sporadic violent outbursts and 
at other times in a bafflingly slow, steady 
stream. 

Understanding how and at what rate 
stars shed their matter into interstellar 
space is important for several reasons. 
First, the loss of matter at certain stages 
in the life of a star may have a significant 
effect on the future evolution of the star. 
For some stars the loss of mass may in
deed be critical in determining whether 
they end their life peacefully or vio
lently. During most of its life a star 
shines by drawing on the energy liberat
ed by nuclear reactions in its core in 
which hydrogen is converted into heli
um and subsequently into heavier ele
ments. Great as this energy reserve is, it 
is finite, and sooner or later every star 
must reach a point in its life at which it 
essentially exhausts its supply of nucle
ar energy. 

Although astronomers' understand
ing of stellar evolution is far from com
plete, it seems fairly certain that there 
are basically two possibilities for the 
next stage: the star can become either a 
supernova or a white dwarf. In the first 
process the star suffers a catastrophic 
gravitational collapse accompanied by a 
violent expulsion of its outer layers .  In 
the second process the star simply shriv
els quietly into an object about the size 
of the earth and slowly radiates away 
its residual heat. It also appears fairly 
certain that the latter alternative is not 
available to stars that are at least two or 
three times more massive than the sun. 
Recent work on white dwarfs in open 
star clusters by J. Roger P. Angel and his 
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colleagues at the University of Arizona 
has confirmed the earlier suggestion that 
many stars born with a mass substan
tially greater than the maximum pos
sible for a star to become a white dwarf 
have actually ended their lives as white 
dwarfs. That these stars must have shed 
a substantial portion of their original 
mass thus seems inescapable, but· at 
what stage in the course of their evolu
tion they do so, and by what mechanism, 
is still not clear. 

Second, understanding the processes 
by which various kinds of stars eject 
matter is crucial to determining whether 
the gas in our galaxy that is not con
densed into stars is being enriched or 
depleted.  Even at present, some 15 bil
lion years after the galaxy was born and 
the oldest stars in it condensed, new 
stars are continually condensing out of 
the interstellar gas. Unmistakable evi
dence for this comes, for example, from 
the fact that embedded in huge clouds of 
gas are many massive, tremendously lu
minous stars whose rate of energy con
sumption is so high that they can live for 
only a few million years. If the inter
change of material between stars and 
gas were a one-way process (from gas to 
stars only), there would be far less mate
rial in the form of uncondensed gas than 
the 10 percent or so actually found to
day. Astrophysicists interested in study
ing the evolution of both the stellar and 
the gaseous content of galaxies (and the 
gradual change in the chemical compo
sition of the material) must have an im
proved comprehension of such mass
loss processes to understand galactic 
evolution. 

Third, the attempt to understand the 
mass-ejection process itself is forcing as
tronomers to examine more carefully 
the physical processes that take place 
in the outer layers of stars. These stud
ies involve questions about the circum
stances under which the extremely hot 
envelope of gas called the corona can 
exist around a star such as the sun, about 
the circumstances under which solid 
particles can condense in cool gas sur
rounding a star and about the correct 

interpretation of what appear to be very 
high-speed, large-scale motions of gas in 
the outer layers of very luminous stars. 

The evidence for the loss of matter 
from stars is based on direct telescopic 
photographs or (more commonly) on 
stellar spectrograms. In some instances 
the mattet: is ejected in one isolated ep
isode or possibly several: In superno
vas and ordinary novas, for example, 
the material is usually expelled in a sin
gle violent explosion. In planetary nebu
las (so named because visual inspection 
through small telescopes gave early as
tronomers the impression of a planetary 
disk) a single shell of gas has been eject
ed but in a much gentler fashion. In 
other instances the material seems to be 
streaming away continuously from the 
stellar surface, sometimes at very high 
speeds and sometimes at low speeds, 
suggesting that a variety of quite differ
ent mass-loss mechanisms are at work. 

The best-known example of such con
tinuous ejection is the sun. It is now al
most two decades since it was discov
ered that a "solar wind" is blowing from 
the sun and sweeping past the earth. In 
the remainder of this article I shall con
centrate on those mass-loss processes in 
stars other than the sun that also involve 
a steady flow of matter, describe the evi
dence for their existence and then ex
plore the question of whether the proc
ess thought to produce the solar wind 
is also responsible for producing these 
"stellar winds." 

The solar wind has been described in 
some detail in several previous arti

cles in this magazine, but a brief sum
mary of its properties and origins is 
appropriate here. The solar corona is a 
tenuous, roughly spherical halo of ex
tremely hot gas surrounding the sun. 
The processes that give rise to its high 
temperatures (between one and two mil
lion degrees Kelvin) are not well under
stood, but they are thought to involve 
the dissipation of energy propagated up
ward from the solar surface by waves of 
various types, with magnetic fields play
ing an important role in channeling the 
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energy. E. N .  Parker of the University 
of Chicago was the first to draw atten
tion to the fact that the solar corona can
not be static . The temperature of the co
ronal gas is so high that even at consid
erable distances from the sun's surface 
the sun's gravity is not able to reduce the 
pressure the gas exerts to values low 
enough for it to be confined by the pres
sure of the interstellar gas. As a result 
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the solar corona continuously expands 
into the interstellar gas and is replen
ished by new material slowly flowing up 
from lower levels of the solar atmo
sphere until it enters the zone of intense 
coronal heating. In this simplified de
scription of the solar wind the push nec
essary to lift any particle of matter free 
of the sun's gravitational field is deliv
ered continuously in the form of a grad i-

100 0 100 

ent in the pressure of the coronal gas and 
is effective because of the very high tem
perature of the gas. Such a wind is said 
to be thermally driven. 

How widespread among stars of vari
ous types might such thermally driv
en winds be? By all indications there is 
nothing exceptional about the sun, and 
it is reasonable to suppose other stars 
similar to the sun in terms of surface 
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DISTANCE FROM STAR (STELLAR RADII) 

HALO OF GAS surrounding the red-supergiant star Alpha Orionis 
(commonly known as Betelgeuse) can be seen in this computer-gen
erated image made recently by C. Roger Lynds, Leo Goldberg and 
Jack Harvey, using the spectrograph connected to the four-meter 
Mayall telescope at the Kitt Peak National Observatory. The image 
was obtained by aiming the slit of the spectrograph at several posi
tions in the vicinity of the star and recording the intensity of the radia
tion at or near the characteristic wavelength emitted by neutral potas
sium atoms. After subtracting the light from the star itself (which is 

scattered by the earth's atmosphere and by the instrument) and some 
of the radiation scattered by dust particles in the stellar envelope, the 
result is a contour map indicating the intensity of the light scattered 
by potassium atoms in the stellar envelope. As the illustration shows, 
the gas can be traced out to distances several hundred times the radius 
of the star before the scattered light becomes too faint to detect. At 
such distances the star's gravitational field is so weak that the out
ward velocity of the gas is in excess of that required for it to escape. 
The radius of the star itself is approximately 800 times that of the sun. 
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gravity and surface temperature (the 
two properties that fix most of the ob
servable characteristics of a star's at
mosphere) have coronas and attendant 
thermally driven winds. It is almost im
possible to detect such winds in asso
ciation with other sunlike stars; it is 
only through direct measurements from 
spacecraft and indirect observations of 
the effects of the wind on the tails of 
comets that one can detect the solar 
wind, and of course neither of these two 
techniques is applicable to the stars. 
M oreover, brisk as the solar wind is, the 
amount of material in it is quite small, 
and at the present rate it would take sev
eral trillion years for the sun to lose a 
substantial portion of its mass. This is 
much too slow to be of interest for stud
ies of either the evolution of the sun or 
the mass balance of the interstellar me
dium, notwithstanding the large number 
of sunlike stars. 

One of the best-established events in 
the life of a star is a very large in

crease in the size of its outer layers at 
just about the time it has exhausted the 
hydrogen in its core (its principal fuel 
for the bulk of its life). Stars with such 
vastly distended outer layers are known 
as red giants or red supergiants, because 
of their size and because their compara
tively cool surface temperature gives 
them a reddish hue. One result of their 
enormous size (the radius of some red 
supergiants is so large that the earth's 
entire orbit would fit easily inside it) is 
that the velocity required for matter to 
escape from their surface is very much 
lower than it was earlier in their life. 
This fact makes the red-giant phase a 
natural candidate to examine for a stage 

ALPHA H ERCULIS 
(YELLOW GIANT) 

ALPHA HERCULIS 

t t 

where one would expect a substantial 
loss of mass to occur. 

In 1 956 Armin J. Deutsch, a spectros
copist at the Hale Observatories, made a 
discovery indicating that the red giants 
are indeed shedding vast amounts of 
matter into space. His finding initiated 
an intensive investigation into the outer 
envelopes of these stars. To appreciate 
what Deutsch found, the following basic 
points of astronomical spectroscopy are 
useful. Spectrograms of most stars re
veal many narrow wavelength regions 
nearly devoid of light compared with 
adjacent regions of the spectrum. These 
absorption lines arise from the selective 
removal of specific wavelengths from 
the outward streams of light by atoms in 
the cooler outer layers of the star, a phe
nomenon discovered in the sun's spec
trum by Joseph von Fraunhofer in 1 8 1 4. 
It had been known since the 1 930's that 
in the spectra of many red giants an ex
tra set of absorption lines was present, 
displaced blueward in wavelength by a 
small amount from the normal set of 
lines but confined to those absorption 
lines that can be produced in a gas only 
at very low temperature and density. 
The blueward displacement is caused 
by the Doppler effect and indicates a 
net outward flow of gas from the stellar 
surface. 

Earlier spectroscopists had been re
luctant to assume that the outflow repre
sented a permanent net loss of matter 
from the star, since even from the sur
face of these red giants the energy re
quired for matter to escape is still typi
cally 1 00 times the energy associated 
with the measured velocity of the out
ward-moving gas. What Deutsch dis
covered was that much of the material is 

Sr (.4216) Ca (.4227) 

not located j ust above the stellar surface 
but is at distances several hundred times 
the radius of the star, and at such dis
tances the kinetic energy of the moving 
gas is indeed more than enough to allow 
it to escape. The discovery was made by 
analyzing spectrograms of the red-su
pergiant star Alpha Herculis. When this 
object is viewed through a telescope, it 
appears to be actually a double star, the 
companion star to the supergiant being 
itself a rather ordinary yellow giant, sep
arated in the sky from the supergiant by 
an angle sufficiently large to make it 
possible to obtain a spectrogram of the 
companion uncontaminated by the light 
from the red supergiant. 

The spectrogram of the yellow com
panion revealed a set of displaced ab
sorption lines similar to but somewhat 
weaker than those of the supergiant. 
The fact that lines such as these are not 
otherwise observed in association with 
single yellow stars of the same type was 
compelling evidence that the absorption 
lines arise from a gigantic expanding 
cloud enveloping both the red super
giant and the yellow companion, which 
is known to orbit the supergiant at a dis
tance that is more than 100 times the 
radius of the supergiant. 

The clinching evidence for this inter
pretation came from the discovery that 
the yellow companion itself is a binary 
star. The fainter star of this pair is too 
close to the yellow giant to be resolved 
from it in direct photographs, and it 
contributes an insignificant amount of 
light to the spectrum; nevertheless, its 
presence is detected by its gravitational 
field, which causes a continuous and pe
riodic Doppler shift of the light from 
the yellow giant as the yellow star and 
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Cr (.4254) 

SPECTROGRAMS OF TWO STARS in the Alpha Herculis multi
ple-star system were made in 1956 by Armin J. Deutsch of the Hale 
Observatories. The spectrograms, which are printed here as negatives, 
led to the discovery that massive stellar winds flow from the surface 
of the red supergiants. The spectrogram at the bottom is of the red
supergiant m ember of the Alpha Herculis system. The upward-point
ing arrows mark gaps in the emission spectrum of the star where light 
has been absorbed by atoms of strontium (Sr), calcium (Ca) and chro
mium (Cr) in the gas flowing from the stellar surface. (The accompa
nying numbers give the wavelengths of the absorption lines in micro
meters.) The two upper spectrograms are of the yellow-giant mem-

ber of the system; they were made several days apart. Because the 
yellow-giant star is itself locked in orbital motion around an unseen 
fainter companion, the wavelength of the light absorbed in the yel
low giant's atmosphere shifts periodically, owing to the Doppler ef
fect; slanted lines indicate typical Doppler shifts. The gas from the 
red sup'ergiant extends to such vast distances, however, that some of it 
can be detected in the spectrograms of the yellow giant; for example, 
the downward-pointing arrows mark the absorption lines produced in 
the yellow-giant spectrograms by calcium vapor in gas ejected from 
the red supergiant. The fact that these lines are not Doppler-shift
ed demonstrates that they are not associated with the yellow giant. 
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its unseen companion orbit each other. 
The gas that causes the displaced lines 
does not participate in the periodic shift, 
however; it evidently comes from a 
cloud much larger than the immediate 
neighborhood of the yellow giant. 

With the realization that the displaced 
absorption lines in the spectra of red gi
ants truly reflect a substantial loss of 
matter from s uch stars, Deutsch and 
several other investigators then sur
veyed many red giants and established 
that substantial loss of matter is a com
mon property among them. Recently 
independent evidence for these large, 
gently expanding stellar winds has been 
obtained in several ways. Radio astron
omers have found that in the very cool
est of the red giants the expanding enve
lopes are sufficiently cool and extended 
for the emission of microwaves from 
hydroxyl (OH), water (H20) and silicon 
oxide (SiO) molecules to be detectable. 
In many instances a natural maser oper
ates in these clouds to make the molec
ular emission very intense. The Dopp
ler shifts associated with the microwave 
spectral emission lines are most readily 
interpreted in terms of an expanding en
velope, and the picture derived from 
them is in general fairly consistent with 
the one obtained by the optical spectros
copists. 

Asecond item of striking independent 
evidence comes from two groups 

working at the McDonald Observatory 
and at the Kitt Peak National Observa
tory. The same atoms in the stellar enve
lope that selectively remove the out
flowing radiation from the underlying 
star by scattering it, thereby producing 
the absorption lines in the spectrum, 
simultaneously produce a faint halo of 
light around the star. Fog produces a 
faint halo around a distant streetlight in 
much the same way, except that in the 
case of the star only light in narrow 
wavelength intervals is scattered. Both 
groups of observers have now succeed
ed in detecting this glow, thereby recon
firming the enormous extent of the enve
lopes surrounding such stars. 

These observations of the red giants 
established the red-giant stage of evolu
tion as an important one from the point 
of view of mass loss. They also raised 
the question of what mechanism is re
sponsible for it. The outward velocities 
that are actually observed are in nearly 
all cases much less than those required 
for a particle of matter to escape from 
the star's gravitational field at its surface 
unless there is some extra push. What 
provides the extra push? 

It happened that Deutsch's initial dis
covery was made at j ust about the same 
time Parker's theory of a thermally driv
en solar wind was meeting with con
siderable s uccess in explaining solar 
phenomena. It was therefore widely as
sumed then (and it still is today) that the 

GEOMETRY of the Alpha Herculis multiple-star system is shown schematically in this illus
tration. The red-supergiant star is snrrounded by an envelope of fairly warm, turbulent gas, 
which is accelerated by some mechanism to form the stellar wind. This outward-flowing gas 
can be detected in the light from the supergiant star with the aid of a spectrograph. The stellar 
wind extends to such a large distance from the red supergiant that it encompasses the somewhat 
smaller yellow-giant companion and can be detected spectroscopically in the light from this 
star. The yellow giant and an even smaller unseen companion revolve around each other, but 
the gas from the red supergiant's stellar wind does not share in the motion, indicating that most 
of this gas is far from the yellow giant. Diagram is not drawn to scale; separation of the yellow 
giant from the red supergiant is actually more than lQO times the radius of the red supergiant. 
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same mass-loss mechanism must be op
erating in the red giants. Nevertheless, 
there are some serious difficulties with 
this assumption. If extremely hot coro
nas with a temperature similar to that of 
the solar corona surround such stars, it 
is hard to see why the material should 
not be streaming away from the stars at 
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a speed comparable to that of the so
lar wind. In fact, the material in the red
giant winds is moving away at a speed 
very much less than that of the solar 
wind. On the other hand, coronas of a 
more moderate temperature (but still 
hot enough to drive matter away from 
the red giants) ought to radiate away far 
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EFFECT OF STELLAR DUST on the spectral energy distribution of two comparatively cool 
stars is presented in this graph, based on a recent study conducted by K. Michael Merrill of the 
University of Minnesota. In the case of the star designated Mu Cephei (upper colored curve) 
the amount of dust in the gaseous envelope surrounding the star is rather small, and its only 
influence on the star's spectral energy distribution is a prominent "emission bump" at a wave
length of about 10 micrometers. In the absence of the dust the spectral energy distribution 
would approximate that given off by a surface at a temperature of 3,300 degrees Kelvin (bro
ken black line). In contrast the star AGL 2205 (lower colored curve) is surrounded by a shell 
of dust so thick that virtually no radiation from the star's surface can penetrate it. The distinc
tive spectral feature at about 10 micrometers now appears as an "absorption trough," and the 
radiation that em erges from the outermost layers of dust is characteristic of a surface with a 
temperature of only about 375 degrees K. The strong interaction of the dust particles with the 
stellar radiation at wavelengths of approximately 10 micrometers is an indication that silicate 
particles are an important constituent of the dust. Radiation pressure acting on such small dust 
particles probably plays an important role in mass-ejection process, particularly in cool stars. 
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more energy than they are observed to 
do. Actually the available evidence sug
gests that the coolest of the red giants do 
not have a corona at all but only a luke
warm envelope called a chromosphere, 
which is far too cool to cause any mass 
ejection. 

A new element entered the picture in 
the 1960's with the development of sen
sitive infrared detectors and telescopes 
specially designed or modified to oper
ate effectively at infrared wavelengths. 
When the infrared portions of the spec
tra of red giants were examined, many 
of them showed radiation in excess of 
that expected from the surface of the 
stars. Moreover, the spectral distribu
tion of the excess radiation frequently 
had a characteristic "bump" in it. Ed
ward P. Ney and his collaborators at the 
University of Minnesota pointed out 
that this broad spectral feature could be 
understood as infrared emission arising 
from small solid particles of silicates 
such as olivine (Mg2Si04) that con
densed in the extended outer envelopes 
surrounding the red giants. 

Several other workers then at Minne
sota, including N.· J. Woolf and R. C. 
Gilman. realized that the solid particles 
could efficiently tap the most plentiful 
source of energy available to drive the 
mass loss: radiation from the star it
self. The essence of the alternative to 
the thermally driven stellar wind that 
was proposed by Woolf and Gilman in
volves the following sequence of events. 
At even a moderate distance from the 
s urface of the star small "protograins" 
of silicates are able to radiate away 
the energy absorbed from the star with 
enough efficiency for them not to get 
hot enough to evaporate. In fact, they 
can grow larger. The radiation pressure 
exerted on the grains by the stellar ra
diation is many times greater than the 
pressure required to overcome the star's 
gravity, and the grains quickly acceler
ate. Most of the gas (mainly hydrogen 
and helium) remains uncondensed and 
therefore does not respond directly to 
this radiative force. The outward-mov
ing grains will collide with atoms of 
the uncondensed gas, however, and will 
communicate their momentum to the 
gas atoms; hence energy is quickly dis
tributed to the entire gas. In short, the 
radiative force on the grains is adequate 
to drag the uncondensed gas along with 
it and lift it away from the star. 

The key question in this otherwise 
plausible scheme is what the "mod

erate distance" above the stellar surface 
at which solid particles can condense ac
tually is. If the condensation distance is 
quite large, most of the work against 
gravity must be done by some other 
mechanism in order to get a significant 
amount of gas out to the point where it 
can condense into grains. If this is the 
case, the grains present in many of the 
envelopes of the red giants are simply a 

© 1978 SCIENTIFIC AMERICAN, INC



ALPHA ORIONIS 

I 
DELTA OPHIUCHI 
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tt 
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DIFFERENT DEGREES OF TURBULENCE in the atmospheres of 
stars of different luminosities are manifested in these two stellar spec
trograms. The spectrogram at the top is of the extremely luminous 
red supergiant Alpha Orion is; in this negative print all the bright ab
sorption lines (except tbose arising from the stellar wind itself) ap
pear diffuse and washed out, owing to large-scale motions in the stel
lar atmosphere. The corresponding absorption lines in the spectro
gram of tbe smaller, less luminous red giant Delta Ophiuchi (bottom) 
are much sharper, indicating less turbulence in tbe atmosphere of this 

star. The effect is particularly apparent in the difference between the 
widths of the dark emission lines associated with singly ionized cal
cium atoms (arrows). The close correlation between the luminosity 
of a star and the width of these emission lines was first established by 
astronomers at the Hale Observatories. The notion of "astronomical 
turbulence" associated with such spectral line widths may have lit
tle in common with the well-known phenomenon of turbulence in 
fluid dynamics; the true character of these atmospheric motions and 
their possible role in producing stellar winds are not yet understood. 

by-product of some other mechanism 
causing the ejection rather than the prin
cipal cause of the ejection. Many as
pects of the process by which solid parti
cles condense out of a gas are obscure. 
The question of the distance above the 
star's  surface at which solids can con
dense and survive involves not only the 
intensity and temperature of the ra
diation field impinging on the grain but 
also a knowledge of both the detailed 
chemical composition and the sizes of 
the grains. 

The last two properties are poorly 
known. Woolf and Gilman assumed 
that the grains are quite free of impuri
ties. In that case they will absorb a fairly 
small amount of the red and near-infra
red radiation from the star (although 
scattering it effectively enough so that a 
large radiative force is still exerted on 
the grains). but they will radiate quite 
efficiently at much longer wavelengths. 
The result is that the grains will stay 
cool enough to grow and survive fairly 
close to the surface of the star for the 
same reason that houses whose roofs are 
painted with visually reflecting but in
frared-emitting "cool white" paint stay 
fairly cool even at midday in the sum
mer. Recent work by K. Michael Mer
rill of the University of Minnesota and 
Wendy A. Hagen of the University of 
Hawaii, however, suggests that the 
grains contain enough impurities for 
them to absorb so much near-infrared 
radiation from the star that their forma
tion and survival near the surface of the 
star is impossible. If that is the case, the 
Woolf-Gilman mechanism becomes un
tenable. 

Even in the absence of such impurities 
an added push to the material is re
quired in the Woolf-Gilman model to 
supply enough material at the level of 
the grain-condensation radius so that a 
non-negligible rate of mass loss will oc
cur. Woolf and Gilman suggest that tur
bulent motions supply the additional 
required momentum. The manner in 
which the word "turbulence" has been 

used by astronomers has long caused 
chagrin among aerodynamicists, for 
whom the word has a fairly well-defined 
meaning, signifying chaotic, fl uctuating 
flow. Turbulence is suddenly encoun
tered when, for example, a smooth flow 
of fluid through a pipe exceeds a certain 
critical speed. Astrophysicists, however, 
have tended to use the word in discuss
ing stellar atmospheres to explain the 
widths of either emission or absorption 
lines whenever the widths cannot be as
cribed either to microscopic motions 
associated with the temperature of the 
gas or to organized and well-understood 
large-scale motions such as the rotation 
of the star as a whole. 

Whatever kind of gas motion this 
"astronomical turbulence" really repre
sents, it is certainly present to a high 
degree in the luminous red supergiants. 
At about the same time that Deutsch 
made his discovery in Alpha Herculis, 
Olin C. Wilson, another spectroscopist 
at the Hale Observatories, and V. K. 
Bappu, a visiting astronomer from In
dia, found a remarkable correlation be
tween the degree of turbulence in the 
outer atmosphere of a star (as manifest
ed in the widths of ionized calcium lines) 
and the total energy output of the star. 
The physical reason for the correlation 
is still not understood today, nor is the 
nature or origin of the gas motion re
sponsible for the turbulence. 

Nevertheless, suppose one simply as
sumes that the gas motions contribute to 
a "turbulent pressure" in the same way 
that the motions of individual molecules 
contribute to ordinary gas pressure. One 
can then show that the turbulent pres
s ure provides enough support of the 
gas against gravity out to the distance 
where, when condensation occurs in the 
most favorable case of impurity-free 
silicate particles, the radiation press ure 
acting on the grains will drag along the 
required amount of gas. The nature of 
these turbulent motions remains a key 
unresolved question. Fortunately, na
ture has provided a handful of objects 

that make it possible to probe into the 
structure of the outer layers of the red 
supergiants and so gain some insight 
into these motions. 

As I have mentioned, a star evolves 
into the red-giant phase after the prime 
supply of hydrogen fuel in its core has 
been consumed. The more massive the 
star is, the faster the fuel is exhausted. 
The subsequent evolution into a red gi
ant may involve an expansion of the 
star's radius by as much as 100 times. 
Almost as often as not. stars are formed 
not singly but in pairs. revolving around 
each other in orbits whose periods range 
from hours to thousands of years. If the 
masses of the two stars are unequal, 
then the less massive of the two will be 
left behind in its evolution as a small but 
hot (hence still quite luminous) compan
ion as the more massive one enters the 

. red-giant phase. Finally. if the angle at 
which astronomers on the earth view the 
orbit of the pair is almost exactly edge 
on, then eclipses of the individual stars 
will be observed. The special nature of 
such a pair means that the small, hot 
star, as it moves in its orbit behind the 
outer layer of its red-giant companion, 
provides an intense. thin beam of light 
probing successively deeper layers of 
the red giant's envelope. Because of the 
large difference in surface temperature 
between the red giant and its compan
ion, the small, hot star dominates the 
energy radiated in the violet part of the 
spectrum, and its light is not strongly 
contaminated by that from the red giant. 
Needless to say, such special circum
stances make stellar pairs of this type 
rather rare. Of all the stars in the sky, 
scarcely half a dozen are known that 
satisfy the conditions described above 
and also are bright enough to be studied 
in detail. 

Nevertheless, study of the eclipses of 
these objects. primarily by Kenneth O. 
Wright of the Dominion Astrophysical 
Observatory and his collaborators. has 
provided the following important addi
tional items of evidence on the outer 
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layers of the red supergiants and the mo
tions of the gas in them. First. the rate at 
which the gas density falls off with in
creasing distance from the red giant's 
surface ("surface" being defined as the 
level at which the gas becomes opaque) 
is quite slow. much slower than would 
be expected on the basis of ordinary gas 
pressure but about what one would ex
pect from the large-scale gas motions. 

Evidently there is something to the na
Ive concept of turbulent pressure used 
by the astronomer. Second. there is 
unambiguous evidence for very-high
speed gas motions in these outer layers. 
higher even than those measured by 
Wilson and Bappu. Third. and perhaps 
most significant. the gas detected in such 
objects is not distributed uniformly but 
is clumpy. This phenomenon is not un-

usual in astrophysics; for example. in
terstellar gas is often concentrated in 
clouds. Furthermore. the existence of 
clouds or filaments in the outermost lay
ers of the red-giant stars would hardly 
surprise students of the solar corona. 
who are thoroughly familiar with clouds 
of cool gas; the solar prominences. 
which are sometimes quiescent and 
sometimes moving at high speeds. are 

ECLIPSING DOUBLE-STAR SYSTEM, designated 31 Cygni, pro
vides astronomers with an opportunity to probe successively deeper 
layers of a red supergiant's gaseous envelope. As this schematic dia
gram shows, the system consists of a small, hot star revolving around 
a red supergiant. The system is aligned so that the earth lies in the 
plane of the orbiting star. The period of the system is only about 10 
years, making it possible to analyze all phases of the orbit. During the 
part of the orbit from A to B the light from the small star misses the 
red supergiant completely, but from C to E the light passes through 

increasingly dense layers of the large star's outer atmosphere. From 
E through Fto G the red supergiant is opaque and the small, hot star is 
completely eclipsed. Although the distance between the two stars as 
seen from the earth is so small that the light from them cannot be 
studied separately, it is known that the small, hot star contributes 
most of the light at short wavelengths. Spectroscopic analysis of the 
system during the portion of the orbit from C to E indicates that outer 
layers of the red supergiant's atmosphere are composed of a num
ber of discrete gas clouds, some of them moving at very high speeds. 
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clouds of cool gas embedded in the 
much hotter solar corona. 

The implication of these observations 
is that the mechanism producing the 
gentle winds flowing from the red giants 
is much more complex than the theoreti
cians. in their zeal to reduce nature to 

Ca (.3933) 

manageable simplicity. have s upposed. AUGUST 7 
The picture that is beginning to emerge 
is that cloud-producing activity akin to 
the processes at work in solar promi
nences (perhaps associated with a very 
hot rarefied gas that confines s uch 
clouds) and grain condensation in the 
cool clouds both play important roles AUGUST 8 
in the mass-loss process at work in the 
red giants. 

There is an entirely different class of 
stars that are also known to be con

tinuously shedding mass into interstellar 
space. although the phenomenon is in 
some respects quite different. Before I 
discuss these objects a few words are in 
order about the effects of radiation pres
sure. If radiation pressure acting on sol
id particles is indeed the correct expla
nation for the stellar winds in red giants. 
then one might ask why the very small 
fraction of gas that is condensed into 
grains-only about a tenth of 1 percent 
of the uncondensed gas-is more effec
tive than the gas itself. The explanation 
is that the abundant species of atoms in 
the atomic gaseous phase (hydrogen. 
helium. oxygen. carbon. nitrogen and 
neon) are completely transparent to ra
diation in the yellow. red and infrared 
regions of the spectrum where the red 
giants radiate most of their energy. 
These atoms are effective absorbers 
only in the ultraviolet region of the spec
trum. where the red giants radiate a neg
ligible amount of energy. In contrast. 
the grains can intercept red light and in
frared radiation with fairly high efficien
cy. The grains have the added advantage 
of being able to absorb light over a 
broad range of wavelengths rather than 
being limited to the narrow absorption 
lines characteristic of an atomic gas. 

N evertheless. these considerations 
raise the question of whether stars that 
do produce large amounts of ultraviolet 
radiation (that is. stars with very high 
surface temperatures) might not also be 
able to shed matter through the radia
tive forces exerted on the common gas 
atoms by ultraviolet radiation. The stars 
that are the obvious candidates for such 
a process are the progenitors of the very 
luminous red supergiants. stars that 
have not completely stopped b urning 
hydrogen in their core and are therefore 
on or near the "main sequence." S uch 
stars have radii that are considerably 
smaller than the red supergiants into 
which they will evolve. As a result some 
100 times more energy is required to 
remove material from their surface than 
is required for the red supergiants. but 
that is compensated for by the intense 

SEPTEMBER 11 

SEPTEMBER 22 

OCTOBER 4 

OCTOBER 22 

SPECTROGRAMS OF ECLIPSE in the 31 Cygni system were made in 1961 by Kenneth O. 
Wright of the Dominion Astrophysical Observatory. As the small, hot star moves in its orbit 
around its red-supergiant companion, it acts as a probe of the larger star's tenuous outer.layers, 
where the acceleration of the stellar wind takes place. The presence of discrete clouds of gas in 
this region, rather than a uniform, smooth flow of gas, is demonstrated by the appearance and 
disappearance of narrow absorption lines (dark lines in these positive prints), which are attrib
utable to calcium vapor (Ca) in the clouds. About two months after the last spectrogram was 
made the small, hot star moved behind the opaque body of the supergiant star. During this 
"total" phase of the stellar eclipse only light from the red supergiant's surface was recorded. 

radiation near the surface of these stars. 
For many years spectroscopists using 

ground-based telescopes had s uspected 
that substantial mass loss might be char
acteristic of such stars. The ultraviolet 
portion of the spectra. where the impor
tant absorption would be observed. 
however. is blocked by the earth's at-

mosphere. In 1967 Donald C. Morton 
of Princeton University s ucceeded in 
obtaining ultraviolet spectrograms of 
several hot stars from instruments lift
ed above the atmosphere in a rocket. 
The spectrograms showed displaced ab
sorption lines similar in character to 
those seen in the red giants. except that 
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the velocity of the outflow was 1 00 or 
200 times greater than it was in the 
red giants. These tremendous outflows 
M orton termed stellar hurricanes .  In 
contrast to the gentle breezes from the 
red giants, the winds from the hot stars 
indicate speeds high enough for matter 
to escape even if it is only j ust above 
the star's  surface. Of course, the ques
tion of what mechanism produces the 
tremendously high speeds observed, 
amounting in some cases to about 1 per
cent of the speed of light, still remains . 

As suggested above, these hot stars 
are prime candidates for examples of 
mass loss driven by radiation pressure 
acting on the absorption lines of the 
abundant elements in the extreme ul
traviolet part of the spectrum. The first 
quantitative theoretical model for this 
mechanism was developed by Leon B.  
Lucy of Columbia University and Phil
ip M. Solomon of the State University 
of New York at Stony Brook. An inter
esting feature of the mechanism is that 
the force exerted by the radiation at any 
point in the flow depends strongly on 
the velocity of the material below that 
point. The reason is that the ultraviolet 
absorption lines of the common ele
ments are so strong that they will quick
ly attenuate the radiation field at these 
selective wavelengths if all the material 
is moving at the same speed. If there is a 
sufficient gradient in the velocity of the 
material, however, then,  owing to the 
Doppler shift, atoms in successively 
higher layers will find "fresh,"  unattenu
ated radiation that can continue to ac
celerate the material . In this way the at
oms continue to escape from the "shad
ow" of the underlying particles .  Of 
course, the faster the flow is, the more 
momentum there is to be extracted from 
the star's  radiation field and used to 
drive the flow. By the same token, the 
faster the flow, the more momentum re
quired for the flow. Because of this com
pensatory feature Lucy and Solomon 
showed that the rate of mass loss attrib
utable to this mechanism can be esti
mated independently of the speed of the 
wind. It is, in fact, roughly equal to the 
number of strong ultraviolet resonance 
lines times the luminosity of the star di
vided by the square of the speed of light. 
(A resonance line is one in which the 
lower of the two energy levels from 

which the electron j umps when it ab
sorbs light is the lowest energy available 
to the electron.)  

Since the initial work of M orton and 
of Lucy and Solomon, advances in un
derstanding of the stellar hurricanes 
have been made in both theory and ob
servation. Elaborate and detailed theo
retical models based on the Lucy-Solo
mon mechanism have been constructed 
by John I .  Castor and his associates at 
the University of Colorado. Their mod
els can now be compared with detailed 
data obtained by a group at Princeton 
using the spectrometer on the Coperni
cus satellite . It seems fair to say that 
there is certainly qualitative agreement 
between the predictions of the model 
and the observations. There is, howev
er, one outstanding anomaly in the ob
servations that has become a rallying 
point for a group of astronomers,  led 
by Richard N. Thomas of the Institut 
d'Astrophysique in Paris, who are not 
convinced that the picture of mass loss 
driven by radiation pressure acting on 
the atomic absorption lines is the whole 
story, or even the most important part 
of it. The anomaly was first found in the 
star Tau Scorpio by John B. Rogerson, 
Jr . ,  and H.  Lamers, who used Coperni
cus data. 

What Rogerson and Lamers found 
were absorption lines arising from ox
ygen in a highly ionized state. This 
high degree of ionization (in which the 
outer five orbiting electrons have been 
stripped off) was indicative either of an 
anomalously large flux of radiation in 
the part of the star's spectrum corre
sponding to soft X rays (a part of the 
spectrum not accessible to Copernicus) 
or of an anomalously high temperature 
(on the order of 200,000 degrees) in 
some regions of the flow. The latter pos
sibility is reminiscent of the solar co
rona, which shows weak emission from 
highly ionized material produc;(j by a 
hot gas, which in turn plays a crucial 
role in the production of the solar wind. 
Until this discovery it was supposed 
these hot stars lacked a corona. (They 
are considered hot in the sense that tem
peratures at their visible surface range 
from 20,000 to 50,000 degrees, com
pared with the 5 , OOO-to-6,OOO-degree 
range of sunlike stars and the 2,000-to-
4,OOO-degree range of the red giants.)  

SPECTRAL PROFILES o f  the outflowing gas from the star Tau Scorpii were obtained b y  10hn 
B. Rogerson, lr., and H. Lamers, using a spectrometer on the Copernicus satellite. The vertical 
colored lines show the position that each of four pairs of atomic absorption lines would have in 
the spectrum of the star's atmosphere if the gas were at rest. (The fact that the lines come in 
pairs is an intrinsic property of these particular kinds of ions and has nothing to de with the stel
lar mass-loss phenomenon.) As is evident in the traces, the broad absorption troughs extend to 
large (negative) velocities, which in the case of triply ionized carbon (C + + + )  reach at least 
1,600 kilometers per second, well above the velocity required for matter to escape from the 
star's surface (about 1,150 kilometers per second). The absorption troughs associated with ox
ygen ions with five electrons removed (0+ + + + +) appear to indicate the presence of a compara
tively warm region near the base of the outflow; the temperature of such a region would be 
about 200,000 degrees K. The strong absorption line to left of 0+ + + + + troughs (black arrow) 
is attributable to hydrogen atoms in interstellar space and is not associated with the star itself. 

This discovery provoked a lively contro
versy over whether the high ionization 
was produced by excess soft X rays or 
by a hot corona. More recent work by 
Rogerson and Lamers presents a strong 
case for the view that the high degree 
of ionization is caused by a moderately 
hot corona through which the gas flows. 
The controversy over the question of 
whether the corona is simply a fairly in
consequential by-product of the radia
tion-pressure process proposed by Lucy 
and Solomon or whether it plays a ma
jor role in the mass-loss process,  how
ever , is still not resolved.  

To sum up, a steady outflow of mate
rial at comparable rates of mass loss 

but vastly different speeds is now known 
to be a ubiquitous phenomenon among 
both the l uminous hot stars and the lu
minous but cool red giants . The flows 
are probably massive enough in both 
cases to give' rise to significant effects on 
stellar evolution and the mass balance 
between stars and the interstellar medi
um, but estimates of the rates are still 
too uncertain to be able to say much 
more than that. The Lucy-Solomon ra
diation-pressure mechanism acting on 
the absorption lines of the gas appears 
to be the most satisfactory theory pro
posed so far for explaining mass loss 
from the hot stars, but it will have to be 
modified to explain the anomalously 
high degree of ionization found in the 
flow. The resolution of this particular 
puzzle will probably come when the sen
sitivity of telescopes using X rays, infra
red radiation and radio waves is im
proved j ust a little . The resulting obser
vations should settle the question of the 
extent to which hot stars have very hot 
coronas and clarify the role the coronas 
play in the process of mass loss. 

In the red giants the cause of the winds 
is still obscure and likely to be complex: 
radiation pressure acting on grains, 
prominencelike fountains of gas ejected 
in atmospheric activity similar to the so
lar flares, and hot, low-density coronas 
with cold lumps embedded in them may 
all play important roles.  Here too obser
vations in the new portions of the elec
tromagnetic spectrum opened up to as
tronomers in the past two decades may 
be decisive . A satellite developed by a 
European-U.S.  consortium with an ul
traviolet spectrometer yielding a signifi
cant increase in sensitivity over that on 
Copernicus has just been launched.  It will 
surely provide additional valuable in
formation on the extent of coronas 
around the red-giant stars. If this new 
tool is still not adequate to the task, then 
like so many fundamental questions be
ing asked today by astronomers, the 
question of the origin of the stellar 
winds may have to wait until the deci
sive clue is provided by the very-high
resolution spectrometer aboard the or
biting space telescope to be launched in 
the early 1 9 80's.  
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The Hominids of East Turkana 
This region on the shore of Lake Turkana in northeastern Kenya 

is a treasure trove of fossils of early members of the genus Homo 

and their close relatives dating back 1.5 million years and more 

by Alan Walker and Richard E. F. Leakey 

T
he continent of Africa is rich in the 
fossilized remains of extinct mam
mals, and one of the richest repos

itories of such remains is located in 
Kenya, near the border with Ethiopia. 
The first European to explore the area 
was a 19th-century geographer, Count 
Samuel Teleki, who reached the for
bidding eastern shore of an unmapped 
brackish lake there early in 1888. Ex
ercising the explorer's prerogative, he 
named the 2,500-square-mile body of 
water after the Austro-Hungarian em
peror Franz Josef's son and heir, the 
archduke Rudolf (who within a year 
had committed suicide in the notorious 
Mayerling episode). Teleki's party evi
dently passed a major landmark on the 
shore of the lake, the Koobi Fora prom
ontory, during the last week in March. 
They took notes on the local geology 
and even collected a few fossil shells, 
but they missed the mammal remains. 

Teleki's name has faded into history, 
and even the name bf the lake has now 
been changed by the government of 
Kenya from Lake Rudolf to Lake Tur
kana. Yet today the Koobi Fora area is 
world-famous among students of early 
man. Its mammalian fossils include the 
partial remains of some 150 individual 
hominids, early relatives of modern 
man. They represent the most abundant 
and varied assemblage of early hominid 
fossils found so far anywhere in the 
world. 

The fossil beds of East Turkana (for
merly East Rudolf) might have been 
found at any time after Teleki's recon
naissance. It was not until 1967, howev
er, that the deposits came to notice. At 
that time an international group was au
thorized by the government of Ethiopia 
to study the geology of a remote south
ern corner of the country: the valley of 
the Omo River, a tributary of Lake Tur
kana. Erosion in the area has exposed 
sedimentary strata extending backward 
in time from the Pleistocene to the Plio
cene, that is, from about one million to 
about four million years ago. 

Supplies going to the Omo camps 
were flown over the East Turkana area; 
on one such trip one of us (Leakey) no-
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ticed that part of the terrain consisted of 
sedimentary beds that had been dissect
ed by streams and that appeared to be 
potentially fossil-bearing. A brief sur
vey afterward by helicopter revealed 
that the exposed sediments contained 
not only mammalian fossils but also 
stone tools. This reconnaissance was 
followed up in 1968 by an expedition to 
the vast. hot and inhospitable area. Out 
of a total area of several thousand 
square kilometers the expedition locat
ed some 800 square kilometers of fossil
bearing sediments, mainly in the vicinity 
of Koobi Fora, Heret and to the south at 
Allia Bay. The expedition also found the 
fossil remains of many kinds of mam
mals, most of them beautifully pre
served. Only in the category of hominids 
were the finds disappointing: the total 
was only three jaws, all of them badly 
weathered. Nevertheless, the overall 
richness of the fossil deposits made it 
clear that further prospecting would be 
worthwhile. 

The large task of establishing the geo
logical context of both the fossils and 
the stone tools discovered in East Tur
kana began in 1969. The work that sea
son was highlighted by the excavation of 
the first stone tools to be found in strati
fied sequences there and by the discov
ery of two skulls of early hominids. It 
was with these discoveries that the enor
mous importance of the area for the 
study of human evolution began to be 
recognized. 

A formal organization was estab
lished: the Koobi Fora Research Proj
ect. The project operates under the joint 
leadership of one of us (Leakey) and 
Glynn Isaac of the University of Cali
fornia at Berkeley. In the years since it 
was founded the project has brought to
gether workers from many countries 
who represent many different disci
plines: geology, geophysics, paleontolo
gy, anatomy, archaeology, ecology and 
taphonomy. (Taphonomy is a new disci
pline concerned with the study of the 
processes that convert living plant and 
animal communities into collections of 
fossils.) The interaction of specialists 
has become a particular strength of the 

project as the workers have become in
creasingly aware of the particular out
look (and also the limitations) of fields 
other than their own. 

The project area extends from the 
Kenya-Ethiopia border on the north to 
a point south of Allia Bay where the land 
surface is of volcanic origin. The west
ern boundary is the lakeshore and the 
eastern is marked by another volcanic 
outcropping. The promontory of Koobi 
Fora itself, a spit of land that extends a 
few hundred meters into the lake, is the 
site of our base camp. Each of the three 
principal areas of fossil-bearing sedi
ments has its own natural boundaries; 
when these areas are seen from the air, 
they show up as pale patches among the 
darker volcanic terrain. For reference 
purposes they have been divided into 
smaller units that are identified by num
ber on the project maps and that are 
readily distinguished in the field by their 
vegetation, dry rivers and the like. 

In studies such as these it is of par
amount importance to develop a 

chronological framework that allows 
the fossil finds to be placed in their cor
rect relative positions. The construction 
of such a framework is the responsibili
ty of the project geologists and geophys
icists. The geology of East Turkana is 
straightforward in its broad outlines but 
extremely complex in many of its local 
details. Among the factors responsi
ble for its complexity are abrupt lat
eral shifts in the composition of the ex
posed sedimentary strata, discontinui
ties, faulting that involves rather small 
displacements and above all the absence 
from many of the sediments of volcanic 
tuff: layers of ash that play a key role in 
correlating the strata. 

The difficult work of geological map
ping and stratigraphic correlation has 
been carried out by many of our col
leagues but mainly by Bruce Bowen 
of Iowa State University, working in 
collaboration with Ian Findlater of the 
International Louis Leakey Memorial 
Institute for African Prehistory in Nai
robi, Kay Behrensmeyer of Yale Univer· 
sity and Carl F. Vondra of Iowa State. 
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SURFACE-SCRAPING PARTY of the Koobi Fora Research Proj
ect is seen at work in the lIeret area of East Turkana. The discovery 
of a hominid jawbone on the surface has led to the collection and 

FOSSIL JAWBONE is photographed where it was found, exposed 
on the surface by erosion of the sedimentary rock that once surround
ed it. This is the fragmented mandible of a robust member of the ge-

screening of loose topsoil and rock in the hope of locating addition
al fossil fragments. Geologists in the party simultaneously record 
the stratigraphic position of the exposure and set up a site marker. 

nus A ustralopithecus; it was preserved through chance burial in sedi
ments almost two million years ago. Mandibles such as this one are 
so sturdy that a disproportionate number have survived as fossils. 

55 

© 1978 SCIENTIFIC AMERICAN, INC



FOSSIL-RICH AREAS in East Turkana appear as pale patches in a 
satellite image of the region. The deltas of the Omo River, which rises 
in Ethiopia, appear at the northern end of Lake Turkana (formerly 
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Lake Rudolf). The short, narrow promontory that juts out from the 
eastern shore of the lake is Koobi Fora, where the base camp for proj
ect field workers is situated. Imagery is from the satellite Landsat 2. 
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The complexities have nonetheless pre
vented the accurate placement of some 
of the most important early hominid 
fossils in the stratigraphic framework 
the geologists established. In such cases 
we have provisionally assigned the spec
imens to temporal positions on the basis 
of criteria other than stratigraphic ones. 

The fossil-rich sediments are under
lain by older rocks of volcanic origin. 
The sediments themselves are of various 
kinds. laid down in such different an
cient environments as stream channels 
and their associated floodplains. lake 
bottoms. stream deltas and former lake
shores. For the most part the strata dip 
gently toward the present Lake Turka
na. In the past. extensions of various del
tas and coastal plains frequently built 
out westward into the former lake basin; 
these intrusions alternated with periods 
when the lake waters intruded eastward. 
The result is a complex interdigitation 
of lake sediments and stream sediments. 

The major basis for correlating the 
various strata is the presence of distinc
tive strata consisting of tuffs; the volcan
ic material has periodically washed into 
the lakeshore basin from the terrain to 
the north and to the east. Some of the 
tuff beds are widespread and some are 
not. The uncertainties of correlation be
tween tuff layers in different locations 
are greatest in the Koobi Fora and Allia 
Bay areas; these are the areas farthest 
from the erosional sources of the vol
canic ash. At the same time volcanic 
rocks can be dated by means of iso
tope measurements. which makes the 
ash strata particularly important. 

Jack Miller of the University of Cam
bridge and Frank J. Fitch of Birkbeck 
College in London have conducted most 
of the dating studies of the tuff (based on 
the decay of radioactive potassium into 
argon). Independent chronological data 
are also available from studies of the 
magnetic orientation of some particles 
in the volcanic ash and studies of fission 
tracks in bits of zircon in the ash. The 
various measurements are by no means 
unequivocal, but it can be stated as a 
generality that the location of a fossil 
find below one such layer of tuff and 
above another at least establishes a rela
tive chronological position for the fossil 
even if its precise age remains in doubt. 

There are five principal tuff marker 
layers. The earliest. which provides 

a boundary between the Kubi Algi sedi
ments below it and the Koobi Fora sedi
ments above it. is the Surgaei tuff. The 
next layer of tuff divides the lower mem
ber of the Koobi Fora sedimentary for
mation approximately in half; this is the 
Tulu Bor tuff. 3.2 million years old. The 
next layer. the KBS tuff. is named for the 
exposure where it was first recognized: 
the Kay Behrensmeyer site. It marks the 
boundary between the lower and upper 
members of the Koobi Fora Formation. 
and its exact age is debated. 

1-
( 
, 
"'-"/ , , , , 

• ADDIS ABABA ',_ 
-- -- .......... 

:' "
/ 'v 

/ � 
/ � 

--.... _/�:--\ 

/---" 0 
-KOPBI FORA ----I-�' 0 

\ 
I 

UGANDA) 
ZAIRE 

/ / ( 
I 
I I I I I 

I / KENYA : INDIAN 

• NAIROBI 

• OLDUVAI � 
, ...... 

I 
I 
\ , o C E AN 

TANZANIA ' ... 

KOOBI FORA REGION of East Turkana lies near the border between Kenya and Ethiopia. 
The fossil material collected there is brought back to Nairobi for preparation and analysis. 

In 1970 Miller and Fitch ran a potas
sium/ argon analysis of the KBS tuff that 
showed it to be 2.6 1 (± .26) million years 
old. They have recently made new cal
culations indicating that the tuff is 2.42 
(±.Ol) million years old. At the same 
time an age determination based on oth
er KBS samples. done by Garniss H. 
Curtis of the University of California 
at Berkeley. yields two much younger 
readings: 1.82 (± .04) million and 1.60 
(± .05) million years. 

Above the anomalous KBS tuff the 
next marker layer is the Okote tuff. 
which divides the upper member of the 
Koobi Fora sediments approximately in 
half. The Okote tuff is between 1.6 and 
1.5 million years old. The fifth and up
permost marker layer. roughly indi
cating the boundary between the Koo
bi Fora sediments and the overlying 
Guomde sediments. is the Chari-Karari 
tuff; it is between 1.3 and 1.2 million 
years old. 

We present the stratigraphy in such 
detail because most of the early hominid 
fossils discovered thus far in East Tur
kana are sandwiched between the Tulu 
Bor tuff at the most ancient end of the 
geological column and the Chari-Karari 
tuff at the most recent end. Twenty-six 
specimens. including a remarkable skull 
unearthed in 1972. designated KNM
ER 1470. come from sediments that lie 
below the KBS tuff. (The designation is 
an abbreviation of the formal accession 
number: Kenya National Museum-East 
Rudolf No. 1470.) Another 34 speci
mens. including several skulls. come 

from sediments that lie above the KBS 
tuff but below the Okote tuff. Unfortu
nately for those interested in measuring 
the rates of evolutionary change in hom
inid lineages. the difference between the 
oldest and the youngest proposed KBS
tuff dates is some 1.3 million years. 

That span of time far exceeds the pne 
allotted to the whole of human evolu
tion not many years ago. Even by to
day's standards the KBS-tuff discrepan
cy is enough to allow uncomfortably 
different evolutionary rates for various 
hypothetical hominid lineages. So far 
evidence of other kinds has not resolved 
the issue. For example. our colleagues 
John Harris of the Louis Leakey Memo
rial Institute and Timothy White of 
the University of California at Berkeley. 
who have conducted a detailed study of 
the evolution of pigs throughout Africa. 
suggest that the more recent date for 
the KBS tuff would best suit their fossil 
data. At the same time the fission-track 
studies of zircons from the KBS tuff in
dicate that the older dates are correct. 
For the time being we must accept the 
fact that the KBS tuff is either about 2. 5 
million years old or somewhere between 
1.8 and 1.6 million years old. 

Relative and absolute chronology 
apart. other kinds of investigation are 
increasing our knowledge of the differ
ent environments that were inhabited by 
the East Turkana hominids. For exam
ple. most of the hominid specimens can 
in general be placed either in the genus 
Australopithecus or in the gen us Homo. 
Behrensmeyer. Findlater and Bowen 

57 

© 1978 SCIENTIFIC AMERICAN, INC



L A K E 

TURKANA 

"I 
UPPER 

MEMBER 
KBS - � 

BASALT 

LOWER 
MEMBER 
� 

��... , ONE MILE 

'� ......-v . 
" \ I I . , . ) 
" 

EAST TURKANA FOSSILS are found in a complex interdigitation of sedimentary rocks, 
some of lakeshore and delta origin and others of streambed origin, that were laid down during 
alternating periods of lake transgression and land buildup. The major geological marker layers 
are beds of volcanic tuffs that have heen washed from the east and north across parts of the re
gion. Two of the three main fossil-hearing areas are the lJeret region (top) and the Koohi Fora 
region (bottom). Allia Bay is not shown. The map is based on the work of Ian Findlater; num
bers identify some of the hominid-fossil finds in both regions. Geological faults throughout the 
region are identified by conventional symbols; also identified (color) are sedimentary strata 
of the upper member and part of the lower memher of the Koobi Fora Formation. These strata 
are separated by two volcanic-tuff marker beds: the Okote complex and the KBS complex. 
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are engaged in microstratigraphic stud
ies that have enabled Behrensmeyer to 
associate many of the specimens with 
a specific environment of sedimentary 
burial. Preliminary analyses indicate 
that the specimens identified as Homo 
were fossilized more commonly in lake
margin sediments than in stream sedi
ments whereas the specimens identified 
as Australopithecus are equally com
mon in both sedimentary environments. 
Facts such as these promise to be of 
great help in reconstructing the lives 
of early hominids. In this instance the 
chance that an organism will be buried 
near where it spends most of its time is 
greater than the chance that it will be 
buried farther away. Thus Behrensmey
er has hypothesized that in this region of 
Africa early Homo exhibited a prefer
ence for living on the lakeshore. 

Because of the unusual circumstances 
in this badlands region it will be 

useful to describe how the hominid fos
sils have been collected. The initial 
process is one of surface prospecting. 
The Kenyan prospecting team is led by 
Bwana Kimeu Kimeu; its job is to locate 
areas where natural erosion has left 
scatterings of mammalian bones and 
teeth exposed on the arid surface of 
the sedimentary beds. Kimeu is highly 
skilled at recognizing even fragmentary 
bits of hominid bone in the general bone 
litter present in such exposures. 

Once the presence of a hominid fossil 
is established by the prospectors one of 
the project geologists determines its po
sition with respect to the local strati
graphic section and records the location. 
Thereafter one of two procedures is gen
erally followed. If the bone fragment 
has been washed completely free from 
the sedimentary matrix that held it. the 
practice is to scrape down and sieve 
the entire surrounding surface area in 
the hope of recovering additional frag
ments. As the scraping is done a watch
ful eye is kept for fragments that might 
still be in situ. that is. partly or entirely 
embedded in the rock. 

If the initial discovery is a fossil frag
ment in situ. the procedure is different. 
Excavation is begun on a near-micro
scopic scale. the tools being dental picks 
and brushes. The Turkana hominid fos
sils are often so little mineralized that 
a preservative must be applied to the 
bone as excavation progresses in order 
to keep it from fragmenting further. In
deed. sometimes the preservative fluid 
must be applied with painstaking care 
because the impact of a falling drop can 
cause breakage. 

After excavation each site is marked 
by a concrete post inscribed with an ac
cession number provided by the Kenya 
National Museum. The next task. usual
ly undertaken in the project laboratory 
in Nairobi. is piecing together the speci
mens. This is rather like doing a three
dimensional jigsaw puzzle with many of 
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the pieces missing and no picture on the 
box. Any adhering matrix is now re
moved under the microscope, most of
ten with an air-powered miniature jack
hammer. (Cleaning with acid, a com
mon laboratory method, is out of the 
question because the fossil bone is less 
resistant to the acid than the matrix.) 

------------_ ... 

Finally, the hardened pieces of bone are 
reconstructed to the extent possible by 
gluing adjacent fragments together. 

attempts to define the processes where
by communities of plants and animals 
do or do not become preserved as fos· 
sils, is beginning to provide some help· 
ful answers to the question. The biases 
that affect fossil samples are many. For 
example, circumstances may result in 
the preservation of only some parts of 

Can the East Turkana collection be 
considered representative of the homi
nid populations that occupied the area 
more than a million years ago? Taphon
omy, the relatively new discipline that 
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HOMINID FOSSILS found early in the process of collecting in East 
Turkana are illustrated. At the left is Kenya National Museum-East 
Rudolf (KNM.ER) accession No. 406, a robust cranium with well-

preserved facial bones. At right is KNM-ER 732, a fragmented crani
um that has little of the face preserved and is less robust than KNM
ER 406. Both specimens are placed in the genus Australopithecus. 
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certain individuals. Or a particular spec
imen may be severely deformed by pres
sure during its long burial. One bias that 
is easy to recognize in the East Turkana 
collection is a disproportionate num
ber of lower jaws of the early hominid 
Australopithecus robustus. This hominid 
had powerful jaws and unusually large 
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teeth; its lower jawbone is particular
ly massive. The relative abundance of 
these jaws and teeth in the East Turkana 
sediments probably results more from 
their mechanical strength, and thus their 
enhanced ability to survive fossilization, 
than from any preponderance of A. ro
bustus individuals in the population. 

Another example of bias in the homi
nid-fossil collection is the dispropor
tionate representation of different parts 
of the skeleton. Teeth are by far the 
hardest parts, and so it is not surprising 
to find that teeth account for the largest 
fraction of the East Turkana sample. In 
contrast, vertebrae and hand and foot 

HOMINID FOSSILS OF DIFFERENT AGE are KNM-ER 1470, 
at left, and KNM-ER 1813, at right. The first cranium comes from 
the lower member of the Koobi Fora Formation; it cannot be less 
than 1.6 million years old and may be more than 2.5 million years old. 
It has a cranial capacity of about 775 cubic centimeters, compared 

with the Australopithecus average of about 500 c.c. The second crani
um is provisionally assigned to the upper member of the Koobi Fora 
Formation, suggesting that it is no less than 1.2 million and may be 
more than 1.6 million years old. Its cranial capacity is about 500 c.c.1t 
resembles other African hominid fossils 1.5 to two million years old. 
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bones are rarely found. Can this bias 
be attributed to the destructive proces
ses associated with burial and exposure 
alone? It seems only logical to take into 
account a third process: carnivore and 
scavenger feeding on the hominid bod
ies before the sediments covered them. 

What fraction of the hominid popula-

tion in East Turkana more than a mil
lion years ago might our fossil collec
tion represent? The answer, based on 
modern population studies of wild dogs 
and baboons, is that the fraction is ex
tremely small. Assuming an appropri
ate interval between generations, if the 
hominid population density was low, as 

it is among living wild dogs, the collec
tion represents two ten-thousandths, or 
.02 percent. of the original population. 
If the hominid population density was 
high, as it is among baboons, the frac
tion is very much smaller: two ten-mil
lionths, or .00002 percent. If we ask fur
ther what fraction of the ancient popu-

TWO SKULLS OF THE GENUS HOMO from the East Turkana 
fossil beds represent the early human species Homo erectus, a fos
sil hominid first discovered in Java and China. These are KNM-ER 
3733 and KNM-ER 3883, Both are more than 1,5 milIion years old, 
which makes them a million years older than the specimens from Chi. 

na. Their great age strongly suggests that H. erectus first evolved in 
Africa, KNM-ER 3733 has a cranial capacity of about 850 c.c.; the 
cranial capacity of KNM·ER 3883 has not yet been measured but is 
probably about the same. Some specimens of H. erectus from Af· 
rica and Java have cranial capacities that are greater than 1,000 c.c. 
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lation is represented by the relatively 
complete skulls in the collection. it may 
be smaller still: it is between a hundred
thousandth and a hundred-millionth of 
the total. The second figure is the eq uiv
alent of someone's selecting two individ
uals at random to represent the entire 
population of the U.S. today. It is on 
this small sample that our hypotheses 
concerning hominid evolution must be 
based. 

In developing such hypotheses we must 
keep in mind a number of fundamen

tal questions. One question is: How 
many different species of early hominids 
were there in East Turkana? Another 
question is whether those species. what
ever their number. existed over long pe
riods of time or were replaced by other 
species. Again. do any or all of the spe
cies show signs of evolution during this 
interval of perhaps 1.5 million years or 
perhaps only 700.000 years? If there 
was any evolutionary change. what was 
its nature? How did the early hominids 
feed themselves? Were they relative
ly low-energy herbivores or relatively 
high-energy omnivores? If indeed sever
al species were present at the same time. 
did each occupy a distinct ecological 
niche? What kept the niches separate? 

The questions do not end here. Other 
questions. more specifically anatomical. 
also call for answers. Do the hominid 
fossils possess any morphological at
tributes that might be correlated with 
the archaeological record of tool use 
and scavenger-hunter behavior in the 
area? For example. can we detect any 
evidence of significant brain evolution 
during the period? Are there any mor
phological changes suggestive of altered 
patterns of locomotion or hand use that 
might shed light on the origins of certain 
unique human attributes? (For the pur
poses of this discussion we define these 
attributes as including not only walking 
upright and making use of tools but also 
an enlarged brain and the ability to com
municate by speaking.) 

These questions and many more can 
be answered only after the first question 
in the series is disposed of. Basically tax
onomic in nature. it asks how many spe
cies are represented in the East Turka
na fossil-hominid assemblage. We have 
already said that in general two gen
era were present: Australopithecus and 
Homo. How may the two be subdivided? 

The answer to this basic and far from 
simple question is not an easy one. Con
spiring against a clear-cut response are 
such factors as the smallness of the sam-
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pie. the fragmentary condition of the in
dividual specimens. the fact that even 
among individuals of the same species a 
large degree of morphological variabili
ty is far from uncommon and. under this 
same heading. the fact that a great deal 
of variation is often found between the 
two sexes of a single species. Also not to 
be neglected is the fallibility of the ana
lyst. who is prone to human preconcep
tions. For example. the very order of 
discovery of the East Turkana hominids 
has affected our hypotheses. and we 
have had to chop and change in order to 
keep abreast of later discoveries. 

It is illuminating in this connection to 
review the sequence of hominid discov
eries in East Turkana. The first speci
mens to be identified were individuals 
of the species Australopithecus robustus. 
Fossil representatives of this species 
were first found at sites in South Africa 
decades ago. Characteristically they are 
large of face and massive of jaw; the 
molar and premolar teeth are very large. 
although the incisors and canines are 
small. about the same size as the front 
teeth of modern man. Although the fa
cial skeleton is large. the brain case is 
relatively small: the average cranial ca
pacity is about 500 cubic centimeters. 
compared with the modern human aver-

8 10 11 

e 726 
X 1465 

12 15 

UPPER 
MEMBER. .729 e 807 

FORA 
1.48-1.57 X 1463 

FORMATION 1------

. 819 
e 820 
e 1817 e 1819 
e 2595 

INVENTORY OF FOSSIL HOMINIDS from East Turkana ap
pears in this chart: specimens, identified by accession numbers, are 
listed according to the numbered area where they were found. Their 

62 

e 818 e2593 

e 727 e 2592 
e 801 e 3737 
e 802 X 1464 
el170X1823 
el171 X 1824 
e1816 X1825 
e 1818 

-----

.733 e 808 .803 -- e 1468 --- - ----
e 806 e 809 

e 406 X1591 
e 407 X1592 
e 732 

815 

___ ___ 
.1593 

• 2597.2599 
e 2598 X 2596 

1590 

positions do not indicate any relative temporal position other than a 
location between the dated tuff marker layers (or equivalent mark
ers). Such a position means that the specimen is older than the known 
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age of r.360 C.c. Because the chewing 
muscles were evidently of a size com
mensurate with the large cheek teeth 
and massive jaws. many A. robustus indi
viduals have not only extremely wide
flaring cheekbones but also a bony crest 
that runs fore and aft along the top of 
the brain case to provide a greater area 
for the attachment of chewing muscle. 

Specimens of A. robustus have also 
been found in East Africa. most notably 
by Louis and Mary Leakey at Olduvai 
Gorge. The East African examples are 
on the whole even larger than those 
from South Africa. and their cheek teeth 
are more massive. A well-known exam
ple is "Zinjanthropus." an Olduvai cra
nium now accepted by most scholars as 
being closely related to the A. robustus 
specimens from South Africa. (Some 
scholars. it should be noted. still assign 
"Zinjanthropus" to a related species of 
Australopithecus, A. boisei.) Such taxo
nomic niceties aside. the fact is that the 
East Turkana deposits have been found 
to contain a good number of fossils that 
can be placed in this hominid species. 

In the early investigations at East Tur
kana the skulls of certain smaller and 
less robust hom in ids were also discov
ered. Indeed. one such cranium. de
formed by crushing. turned up near 

118 129 130 131 

(although not in the same stratigraph
ic horizon as) a robust Australopithe
cus cranium: KNM-ER 406. When this 
crushed specimen was first discovered. it 
could not easily be given a taxonomic 
position. The finding of a second gracile 
(as opposed to robust) specimen. how
ever. suggested to us that male-female 
dimorphism might account for both 
kinds of cranium. In the second speci
men most of the right side of the brain 
case and facial skeleton and part of an 
upper-jaw premolar tooth and the roots 
of the molars were preserved. It is evi
dent that although this individual is sub
stantially less robust than KNM-ER 
406. its premolar and molar teeth were 
only a little less massive than those of 
the robust one. If among the species 
A. robustus the morphological differen
ces between males and females were as 
great as they are among gorillas. then 
the robust. crested specimens from East 
Turkana could be males and the more 
gracile specimens could be females. 

The age of these Australopithecus spec
imens is substantially greater than 

that of any previously uncovered in East 
Africa (the age of the South African 
specimens remains in question). but 
their discovery presented no taxonomic 
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problems. This happy state of simplicity 
came to an end in 1972 with the dis
covery of the cranium KNM-ER 1470. 
Bwana Bernard Ngeneo came across it 
on an exposure of older sediments be
longing to the lower member of the 
Koobi Fora Formation. When he found 
the specimen. all that could be seen was 
a scattering of bone fragments on the 
rock surface. The fragments were rela
tively fragile. which led us to assume 
that they had been washed out of the 
matrix quite recently. 

The specimen KNM-ER 1470 is a 
large. lightly built brain case with a con
siderable amount of the facial skeleton 
preserved. Our colleague Ralph L. Hol
loway. Jr .. of Columbia University has 
determined that its cranial capacity is 
about 775 c.c. The facial skeleton is very 
large. and the proportions of the front 
and cheek teeth are indicated by the pre
served tooth sockets and by both the 
sockets and the broken roots of the mo
lars. The proportions are the reverse of 
those for A. robustus; the incisors and 
canines are very large and the premolars 
and molars are only moderately large. 
Even though the tooth size suggests 
a formidable chewing apparatus. the 
brain case shows no sign of a crest 
for the attachment of heavy chewing 
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age of the tuff layer above it and younger than the known age of the 
tuff below. Numbers in color identify fossils illustrated on pages S9 
through 61. Two geological columns define sedimentary strata; note 

ages of the tuff marker layers. Broken lines show correlation be
tween Heret and Koobi Fora tuffs. Placement of specimens listed at 
the far right is provisional because marker layers are absent there. 
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muscles. Similarly. the cheekbones. al
though incomplete. do not suggest the 
same great width of face that is charac
teristic of A. Tobustus. 

Much has been written about the sig
nificance of KNM-ER 1470. We believe 
that certain hominid specimens found at 
Olduvai Gorge in broken and fragmen
tary condition are examples of the same 
kind of skull. If it is necessary to decide 
on a taxonomic term for these hominids. 
the species name may well turn out to be 
habilis. (Homo habilis is the name that 
was given to an early species of the ge
nus Homo by Louis Leakey and his col-

leagues John Napier of the University 
of London and Phillip V. Tobias of the 
University of the Witwatersrand. The 
name was not accepted unanimously by 
other students of fossil man and has 
even caused heated argument.) 

We ourselves cannot agree on a gener
ic assignment for KNM-ER 1470. One 
of us (Leakey) prefers to place the spe
cies in the genus Homo. the other (Walk
er) in Australopithecus. The disagree
ment is merely one of nomenclature; we 
are in firm agreement on the evolution
ary significance of what are now mul
tiple finds. Since 1972 two additional 

partial skulls of this large-brained. thin
vaulted kind have been found in associa
tion with strata assigned to the lower 
member of the Koobi Fora Formation. 

It was at about the time of the discov
ery of KNM-ER 1470 that we and our 
colleagues began to disagree as to the 
taxonomic position of certain well-pre
served lower jaws from the East Tur
kana region. The initial source of dis
agreement was a small cranium: KNM
ER 1813. It is the cranium of a small
brained hominid with the average Aus
tralopithecus cranial capacity: 500 C.c. It 
has a relatively large facial skeleton and 

THREE FORMS OF HOMINID are represented among the fossils 
found in the upper member of the Koobi Fora Formation. The illus
tration shows them as they would appear if they were restored; lower 
jaws are omitted. The three may be assigned to particular species in 

five different ways: all three may belong to a single highly variable 
species, or they may helong to two species in three possihle comhina
tions, or each form may be a valid species on its own. The authors sug
gest that the three-species hypothesis is the most probable of the five. 
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palate. The upper teeth preserved with 
the palate are comparatively small. 
however. and bear a striking resem
blance to the teeth of one of the Homo 
habilis specimens from Old uvai. OH-13. 
It happens that in the initial controversy 
over the original H. habilis specimens. 
o H -13 re presen ted a species that even 
skeptics agreed was nearly. if not actual
ly. identical with the species Homo erec
tus. a member in good standing of the 
genus Homo that was first recognized in 
Java and northern China. 

The resemblances between KNM-ER 
1813 and OH-13 go further than their 
teeth. In all the parts that can be com
pared-the palate as well as the teeth. 
much of the base of the skull and most 
of the back of the skull-the two speci
mens are virtually identical. This leads 
us to believe the usual reconstructions 
of OH-13. which have assumed that the 
specimen had a large cranial capacity 
and an erectus-like skull. are in error. 
That is not all. The mandible of OH-13 
was preserved; its small size and the de
tails of the teeth were major compo
nents of the evidence leading to the con
clusion that habilis was near the erectus 
line. The comparable lower jaws we 
have found at East Turkana. we can 
now see. make it clear that the OH-13 
mandible could just as well have been 
hinged to a small-brained. thin-vaulted 
skull like that of KNM-ER 1813. 

To make a final point about these 
enigmatic East Turkana specimens. we 
believe there are strong resemblances 
between them and some of the smaller 
Australopithecus specimens from sites in 
South Africa. specimens that are usually 
placed in the gracile species A. a/ricanus. 
Faced with so many possibilities. we ar
gue for caution in the making of taxo
nomic judgments. Such caution should 
prevail not only when the evidence in 
hand is a few isolated teeth but also 
when the evidence is more generous: 
lower jaws and upper jaws with the teeth 
still in place. 

In the 1975 season we discovered a re
markably complete cranium: KNM

ER 3733. The find showed unequivocal
ly that a member of our own genus was 
present in East Turkana when the early 
strata of the Koobi Fora upper member 
were formed. The skull bears a striking 
resemblance to some of the Homo erectus 
skulls found in the 1930's near Peking 
and is certainly a member of that spe
cies. The brain case is large. low and 
thick-boned. Its principal part is formed 
by the projecting occipital bone. and its 
cranial capacity is about 850 c.c. The 
brow ridges jut out over the eye or
bits. and a distinct groove is visible be
hind them where the frontal bone rises 
toward the top of the vault. 

KNM-ER 3733 has a small face 
tucked in under the brow ridges. The 
sockets of some of the upper teeth are 
preserved. The missing front teeth were 

relatively large. but the back teeth 
(some of them still in place) are of only 
modest proportions. The third molars 
are among the missing teeth. but the ev
idence is that they were quite reduced 
in size. They had been erupted long 
enough for them to wear grooves in the 
second molars in front of them. yet the 
bone forming the sockets indicates that 
their roots were very small. The point is 
important because a diminution in the 
size of this tooth is a common phenome
non in modern human populations. 

This fine example of Homo erectus 
from East Turkana predates the exam
ple of the same species found at Olduvai 
Gorge by half a million years and is 
about a million years older than the 
examples from northern China. And 
KNM-ER 3733 is not alone. Another 
erectus specimen was found shortly af
terward in Area NO. 3 of the Beret fossil 
beds. This is KNM-ER 3883. The Be
ret specimen is from approximately the 
same geological horizon as KNM-ER 
3733. It has much the same cranial con
formation. but its brow ridges. facial 
skeleton and mastoid processes are 
somewhat more massive. The cranial 
capacity of KNM-ER 3883 has not yet 
been determined. but there is no reason 
to expect that it will be much different 
from that of 3733. The similarity of the 
two East Turkana specimens to speci
mens from far away that are very much 
younger strongly suggests that Homo 
erectus was a morphologically stable 
species of man over a span of at least 
a million years. 

Leaving aside the problems presented 
by various fragmentary specimens. how 
can the new hominid finds from East 
Turkana be assessed taxonomically? 
One might simply suggest a series of 
normal taxonomic assignments in the 
light of what we see at present. acknowl
edging that as in the past the assign
ments are likely to be changed. We shall 
not do so here because we now view the 
problem of taxonomic assignment in a 
slightly different way. 

Considering only the fossils from the 
upper member of the Koobi Fora For
mation. we think we recognize speci
mens that might be assigned to three dif
ferent species. At the same time we may 
have seriously misunderstood the quan
tity and quality of variation in any one 
of the three species. In order to acknowl
edge this we should like to consider the 
following possibilities: 

1. The three forms are only artifacts 
of our imagination. Only one hominid 
species was present. and what we take to 
be distinct types are merely morphologi
cal variants within that species. 

This. of course. is the single-species 
hypothesis. Its strongest proponents 
have been Loring C. Brace and Milford 
H. Wolpoff of the University of Michi
gan. Simply put. the hypothesis states 
that ever since the human attributes of 
upright walking. a prolonged childhood. 

a large brain and small canine teeth be
came established there has been only 
one hominid species. What brought this 
about. those who favor the hypothesis 
aver. was culture. Once culture became 
the human domain-and evidence for 
this can be sought in the fossil bones by 
looking for the basic human anatomical 
attributes that developed along with cul
ture-the human ecological niche be
came so large that the species with cul
ture always had the edge over any other 
species in competition for the available 
resources. 

2. Two of the three forms represent 
one species; the third represents a sec
ond species. In this hypothesis the sepa
rate species is Homo erectus. Both of the 
other forms. then. must be members of a 
single. highly variable and sexually di
morphic species. The very robust speci
mens are males and the very gracile ones 
are females. 

To accept this version of the dimor
phic hypothesis one must postulate a 
great deal of variability. The difference 
in cranial capacity between the robust 
and the gracile specimens is within the 
limits seen in living populations of sexu
ally dimorphic apes. The difference in 
tooth size. however. is outside the ob
served limits among living apes. 

3. Two of the three forms constitute 
one species. as above. except that the 
robust forms represent one of the two 
species and the Homo erectus specimens 
and the gracile forms together represent 
another highly variable species. 

In this dimorphic hypothesis the prin
cipal postulated variation is in the size 
and shape of the brain case. The admis
sibility of the hypothesis hinges on ac
cepting the fact that among early hu
mans the cranial capacity of the females 
was roughly half that of the males. 

4. Two of the three forms constitute 
one species. as above. except that the 
gracile forms represent one of the two 
species and the highly variable second 
species consists of the robust forms and 
the Homo erectus specimens. 

In this dimorphic hypothesis the prin
cipal postulated variations involve the 
brain case. the jaws and the teeth. The 
admissibility of the hypothesis hinges on 
accepting the fact that small-brained but 
large-jawed forms and large-brained but 
small-jawed forms can be placed togeth
er in the same species. 

5. The three forms represent three 
separate species. 

Having listed the five possible hy
potheses. we can now assess the 

probability of each being correct. We 
shall do so bearing in mind both the fos
sil evidence and what is known about 
the variability of living primate popula
tions. We think the probability that the 
single-species hypothesis is correct is 
very low. First. the hypothesis involves 
accepting the fact that there is an enor
mous amount of intraspecies variabili-
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ty. Second, we think, along with others, 
that the adaptations apparent in the 
skulls of both extreme forms (Homo 
erectus and Australopithecus robustus) are 
different. In H. erectus the size of the 
brain case seems to overwhelm the 
chewing apparatus, as it does in living 
man. In A. robustus the opposite is true. 

For the same reasons we think the 
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DISPROPORTION in preservation of the re
mains of fossil hominids unearthed thus far 
in East Turkana is assessed in this illustration. 
Teeth, which are the hardest of all body parts, 
are the most uumerous remaius. Mandibles, 
most of them representiug the robust species 
of A ustralopithecus, come uext. Rarest of all 
are pelvic bones, the bones of hauds and feet, 
vertebrae and the bones of the lower arms. 
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probability that the fourth hypothesis is 
correct is very low. In addition difficul
ties other than anatomical ones stand in 
the way. One must also ask why no spec
imens of A. robustus are found in Java 
and China. where H. erectus specimens 
are comparatively abundant. If the an
swer is that such specimens were present 
but for some reason were not fossilized 
or have not yet been unearthed. then 
how is it that A. robustus is the common
est hominid in the East African fossil 
record? 

The third hypothesis is an attractive 
one. but we think the probability of its 
being correct is low. It would be difficult 
enough to account for the enormous di
morphism in brain size without having 
to supply an answer to an additional 
question: Why are these gracile forms of 
Australopithecus not found as fossils in 
Java and China? 

The second hypothesis. we think. is 
more likely to be correct than the third. 
Although the variability in the dimen
sions and proportions of the teeth can
not be matched in living dimorphic pop
ulations. there is some hint that dental 
dimorphism might have been greater in 
extinct hominoids: the superfamily that 
includes both the hominids and the apes. 
Louis de Bonis of the University of Par
is has collected a series of Miocene 
hominoid jawbones in Macedonia. His 
sample is from one small area; if the 
mandibles all belong to the same spe
cies. they represent a degree of dental 
dimorphism greater than that found in 
living anthropoid apes. 

The hypothesis with the best chance 
of being correct. we believe. is the last of 
the five: that three species are present. 
Sorted out in this way. none of the speci
mens within each group shows more 
variability in brain size and chewing ap
paratus than we see among living an
thropoids. Although the fossil record 
from the lower member of the Koobi 
Fora Formation is far less rich than that 
from the upper member. a similar three
species hypothesis could also be ad
vanced with respect to the specimens 
found in it. In this hypothesis the third 
species in addition to the robust and 
gracile ones would be represented by the 
habilis specimens. 

Several consequences follow from 
our probability assessments. For exam
ple. in our view the demonstration at 
East Turkana that Homo erectus was 
contemporaneous with some of the larg
est representatives of Australopithecus 
robustus amounts to a disproof of the 
single-species hypothesis. We believe 
both H. erectus and A. robustus had es
sentially human characteristics. If this is 
the case. it follows that they occupied 
separate ecological niches. It would 
seem either that one of the species did 
not possess culture and yet still devel 
oped human characteristics or that the 
argumenl that the advantage of cul ture 

would give the cultured hominid domi
nance within a very wide ecological 
niche is flawed. 

We prefer the first alternative. and we 
would nominate Australopithecus for the 
role of the hominid without culture. Ac
cepting this alternative requires that we 
keep searching for the natural-selection 
pressures that have been responsible for 
producing the basic human attributes. 

Where did Homo erectus come from? 
Some have suggested that the species 
arose in Asia and migrated to Africa. 
This seems to us an unnecessarily com
plicated hypothesis. For one tbing. it ne
glects habilis. Worse. it implies that a 
population of these large-brained hom i
nids. who presumably made the stone 
tools found in the early East Turkana 
strata. evolved independently in Africa 
at the right time to fit into an ancestor
descendant relation with Homo erectus 
and then came to an abrupt halt. with
out playing any further part in human 
evolution. 

It is our view that the habilis popula
tions are directly antecedent to Homo 
erectus. If the earlier range of dates for 
the strata where the habilis specimen 
KNM-ER 1 470 was found proves to be 
correct. then the transition from habilis 
to erectus could have been a gradual 
one. spanning a period of well over a 
million years. If the later dates are cor
rect. then the transition must have been 
very rapid indeed. 

We have concentrated here on giv
ing an overview of the hominid 

record in East Turkana to the neglect of 
other work in progress that promises to 
answer some of the questions we have 
raised. The Koobi Fora Research Proj
ect is continuing its field activities. and a 
number of special studies are also under 
way outside Africa. Michael H. Day of 
St. Thomas's Hospital Medical School 
in London is examining the fossil limb 
bones and associated parts from East 
Turkana to see what can be learned 
about the various species' capacity for 
upright walking . . Bernard A. Wood of 
the Middlesex Hospital Medical School 
in London is conducting a full analysis 
of the skulls and jaws in order to docu
ment the extremes and means of var
iability and dimorphism. Holloway is 
studying casts of the inside of brain cas
es in an effort to trace the evolution of 
the brain. One of us (Leakey) continues 
as codirector of the research project and 
the other (Walker) is studying the bio
mechanics of hominid mastication. ex
amining the fossil teeth from East Tur
kana with the scanning electron micro
scope in an attempt to deduce dietary 
habits from the patterns of tooth wear. 
These studies and others aim at recon
structing as much as can be reconstruct
ed about the biology of these very early 
hominids in the hope of determining 
just what it was that made us human. 
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Scientists  fre q u e n t l y  m ak e  
a m a z i n g  discoveri e s .  N o w  
they have discovered, t o  their 
own astonishment, that poster 
sessions at scientific meetings 
really work. 

Ever since the founding of 
the Royal Society in the 1 7th 
century they had assumed that 
a proper scientist communi
cates science in a formal lec
ture. In the 1 9th century 
public entertainers introduced 
lantern slides, and after only 
a generation or two slides be
came not merely respectable 
but de rigueur for scientific 
communication. 

Then, a little past the middle 
of the 20th century, the science 
fairs hit the schools that the sci
entists' children attended. Of those 
children that participated, many 
have now turned into scientists 
themselves and have now 
largely succeeded 
in convincing their 
senior coll e agues 
that the trade-fair 
format for discourse 
is not only much older 
than the Royal Society 
but fosters discourse bet
ter pitched to the needs of 
the parties communicating 
than with one-way communica
tion. Mutual stimulation is vital 
to the scientific enterprise, of 
course. 

Trouble is that the passerby at 
a poster session gets to decide at 
which presentation to stop and 
which to pass by. He who is too 
much passed by may sour on sci
ence-a pity. This must be fore
stalled. He must be warned that 
at a poster session one does not 
simply letter on the wall the words 
that would otherwise have been 
read to the colleagues from a sheet 
of paper in the gloom whilst sev
eral dozen slides crept up cau
tiously to the nub of the tale. In 
a poster presentation the nub must 

What to do 

with your 

slides at a 

poster 

presentation 

Kodachrome 
SL.DE 

hit the audience first, not last, as 
the audience is moving. 

One selects from all the slides 
one has accumulated in the course 
of the work the three or four shots 
which represent its essence in the 
most vivid, concentrated, climac
tic, tangible, curiosity-compelling 
form. The best of these is selected 

to occupy a substantial portion of 
the allotted wall space as a 1 6" x 
20" color print, the other two or 
three a little smaller beneath it, 
with succinct captioning. 

Just take those few key 

slides into a place where 

the principal business is 

p h o t o g r a p h i c . If any 

cropping or other special 

attention would help the 

prints make your point 

better, tell them. Let their 

e x p e r i e n c e  d e t e r m i n e  

whether the job should g o  to 

us. If they feel it ought to be 

done by an independent lab 

on Kodak paper, we'll still be 

happy if you are. 

Don't leave the other slides 
back home. They may be needed 
for some deep discussion. 

K o d a k  P u b l i ca t i o n  P-31 9 w i l l  of
fer m o re advice not o n l y  fo r p re
senters at poster sess i o n s  but fo r 
o rg a n i zers t h e reof a n d  even fo r 
those m e r e l y  atte n d i n g .  Drop a 
l i n e  to Kod a k ,  Dept .  41 2 L-1 1 8, 
Rochester ,  N . Y. 1 4650 if you ' d l i ke 
to h ave " Poster  Sess i o n s "  when 
ready.  N o  c h a rg e  for s i n g l e  co py. 

© Eastman Kodak Compa ny. 1 978 
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SCIENCE AND THE CITIZEN 
Baseless Missile 

The future of the U.S. program 
to develop a mobile land-based 
intercontinental ballistic missile 

(ICBM) is in doubt now that the Carter 
Administration has decided to abandon 
the Air Force's favorite "basing mode" 
for the new, improved strategic weapon 
and to slow development work on the 
project. The proposed missile, various
ly referred to as Missile Experimental. 
Missile X or just plain MX, had been 
conceived as an eventual replacement 
for the 1.000-missile, fixed-silo Minute
man force, which some military strate
gists think will become vulnerable to a 
massive surprise attack by increasingly 
accurate Russian ICBM's sometime in 
the mid-1980's. 

As of a year or so ago the Air Force 
seemed to have settled on a "concealed 
basing mode" for the MX that called for 
constructing a vast system of concrete
lined buried trenches, each 12 to 15 
miles long, on Government-owned land 
in the southwestern U. S. The missiles 
would be moved about at random inter
vals inside the tunnels, creating a diffi
cult target for an attacking missile force. 
The earth-covered roof of the tunnels, 
according to the Air Force, would have 
segmented "lid" sections that would be 
lifted by a piston-driven mechanism on 
the "transporter /launcher vehicle." The 
cost of such a system, including some 
300 of the new missiles and their nuclear 
warheads, had been estimated to run as 
high as $36 billion. 

In closed-session testimony before 
the Senate Armed Services Committee, 
however, Administration spokesmen re
vealed that they lacked "sufficient tech
nical data . .. at this point to select a 
basing mode" for the new missile, and 
that the continuous-trench approach fa
vored by the Air Force a year ago was 
"no longer viable." In the words of Lt. 
Gen. Alton D. Slay, commander of the 
Air Force Systems Command: "I think 
that since we are talking of a program 
that could exceed $25 billion, including 
operational and support costs for 10 
years, we ought to make very, very sure 
we know what we are doing on the bas
ing mode." 

The decision to scrap the MX under
ground-tunnel basing scheme came af
ter the concept had been subjected to 
mounting criticism both within and out
side of the Government. The Office of 
Management and Budget, for example, 
had taken the position that full-scale de
velopment of the MX should be delayed 
until further research could be done on 
the feasibility of the various alternative 
basing modes outlined by the Air Force. 
The Defense Science Board, an advisory 
group reporting to Secretary of Defense 
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Harold Brown, had urged that the un
derground-tunnel basing mode be re
jected for technical reasons. An inde
pendent analysis of the entire MX ques
tion by a group of non-Government 
arms-control specialists under the aus
pices of the Program in Science and 
Technology for International Security 
of the Massachusetts Institute of Tech
nology had in the meantime found that 
in certain respects the proposed MX 
tunnel system would be easier for the 
U.S.S. R. to attack successfully than the 
present system of fixed Minuteman si
los. The M.LT. group (M. Callaham, 
B. T. Feld, E. Hadjimichael and K. 
M. Tsipis) concluded that such "basing 
modes of limited mobility that rely on 
concealment for improved invulnerabil
ity ... do not offer guaranteed long-term 
security and create insuperable arms
control problems." 

An alternative plan has since emerged 
as the leading candidate for deploying 
the mobile ICBM. The new scheme, 
which has actually been under study for 
some time, calls for the construction of 
some 4,000 empty concrete launching 
silos, among which 200 MX's would be 
moved about in a random fashion, pre
sumably by truck. This approach, called 
in Pentagon circles the "shell game," is 
strongly advocated by the Defense Sci
ence Board and is said to have the sup
port of Secretary Brown. The projected 
cost of this MX basing mode is reported 
to be in the vicinity of $20 billion. 

The currently favored MX basing 
mode was among those considered by 
the M.LT. analysts, who in general 
found it wanting. The key security prob
lem presented by any such system, ac
cording to their report, "is that, since the 
aim points are far apart, an opponent 
would be able to attack them simulta
neously with relatively inaccurate but 
large-yield warheads, without the im
pediment of fratricide [in which the det
onation of one incoming missile would 
destroy another incoming missile before 
it exploded] that forbids the use of nu
merous warheads against hard-point tar
gets .... Additionally, there is always the 
question of real-time monitoring of the 
movements of the missile carriers and 
the possibility, however remote, that it 
would allow the Soviet Union to tar
get with more certainty than what ran
dom or blanket coverage of the shelters 
or mobile carriers provides." Besides, 
the report goes on, "trucks circulating 
around the country and hiding in un
specified shelters or locations present 
very serious physical security problems 
since they could be susceptible to sabo
tage. In addition, their command and 
control would present difficulties." 

The main trouble with all such "con
cealed multiple aim-point schemes," 

however, is that they would "raise very 
serious arms-control difficulties, since 
the denumeration of the deployed mis
siles would not be possible by national 
technical means of verification. Conse
quently, any agreement to limit the 
number of deployed mobile ICBM's 
would be nonverifiable and the current 
ceiling on ICBM's that hopefully will be 
fixed in the context of SALT II would 
be vitiated .... The entire approach ap
pears to be susceptible to subjective 
worst-case analyses which will claim 
that the opponent possesses enough 
RV's [reentry vehicles] to defeat even 
the most dispersed multiple aim-point 
basing scheme. Since the actual num
bers could never be verified, such analy
sis combined with the uncertainty of 
concealed basing could easily result in 
an open-ended proliferation of mobile 
ICBM's." 

Instead of the proposed MX shell 
game, the M.LT. group suggests that 
"the most cost-effective means of main
taining the present mutual invulnerabil
ity of Russian and American deterrent 
forces through the next decade and 
probably somewhat beyond would be 
through an agreement to limit drastically 
the testing of long-range missiles. Such 
a measure would impede the transfor
mation of existing ICBM's into effec
tive anti silo weapons, and would slow 
down the development of any new strage
gic missiles. A Comprehensive Nuclear 
Test-Ban Treaty would be one useful el
ement of such a system of limitations. 
The achievement of such a missile-test 
limitation would be the most effective 
way of pointing the efforts of the U.S. 
and U.S.S.R. in the desired direction of 
meaningful restraints and the reduction 
of the threat of mutual and worldwide 
nuclear disaster." 

Maligned Malpractice System 

The medical malpractice system is un
der widespread attack largely for the 

wrong reasons because its most signifi
cant function is not understood. The 
purpose of malpractice law is not sim
ply to compensate injured people, ac
cording to an article in The New En
gland Journal 0/ Medicine by William B. 
Schwartz of the Tufts University School 
of Medicine and Neil K. Komesar of the 
Law School of the University of Wis
consin at Madison. It is also to deter 
negligent behavior by physicians and 
other providers of medical care by giv
ing them an economic incentive to avoid 
careless injuries. Considering the mal
practice system from that point of view 
and in the light of recent experience. 
Schwartz and Komesar conclude that 
contrary to received doctrine there are 
not too many malpractice claims, that 
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damage awards are not too high. that 
the system is not generally unfair to able 
doctors. that the customary payment of 
the lawyer's fee on a contingency basis is 
appropriate and that no-fault insurance 
would be an ineffective alternative to 
the malpractice system. 

Schwartz and Komesar base their es
sentially economic analysis on a defini
tion of negligence they derive from the 
late Judge Learned Hand: "Negligent 
behavior is the failure to invest re
sources up to a level that equals the 
anticipated saving in damages." Negli
gence litigation. Schwartz and Komesar 
write. "signals potentially negligent peo
ple that it will cost them more to be 
careless than to invest in an appropriate 
level of prevention." Most physicians 
"guard the welfare of their patients 
without need for external regulation. 
The malpractice system exists to disci
pline the occasional physician who does 
not (or cannot) protect his patients." A 
negligence suit or the threat of one 
might. for example. induce a negligent 
doctor to take more time for an exami
nation or a procedure. to seek more 
training or to give up performing a lu
crative procedure he is not competent to 
perform. 

"The ideal negligence signal" is trans
mitted. however. only if noteworthy 
malpractice always leads to a claim and 
valid claims always lead to full awards. 
In the real world, however, "many more 
instances of malpractice occur, it ap
pears, than result in a claim for dam
ages." Schwartz and Komesar cite sev
eral studies indicating that "probably 
below 20 percent" of all malpractice in
cidents result in claims. As for damage 
awards, the most conspicuously high 
ones usually include compensation for 
"pain and suffering" almost always 
from catastrophic injuries such as paral
ysis or blindness, and they "do not seem 
excessive." Most payments in the range 
below $50,000 have been reported to 
be "substantially below medical expen
ses and lost earnings." The number of 
claims and the size of awards thus ap
pear to be insufficient to constitute an 
"ideal" signal. 

Even if every incident led to a claim 
and every claim led to an award equal to 
the loss suffered by a patient. the result
ing signal "would fail to elicit the appro
priate response from physicians." Mal
practice insurance "virtually insulates 
the negligent physician from the dam
ages award," and hence from the signal. 
because malpractice premiums are usu
ally set for a particular medical special
ty in a given region and not on the basis 
of an individual physician's record of 
malpractice claims, out-of-court settle
ments and verdicts. A habitually negli
gent physician carries no more of the 
premium burden than his colleagues 
with good records do. "If a physician 
were rated by his individual experience, 
his premium would reflect. to at least 

some degree, the risk that he poses to the 
insurer." Schwartz and Komesar con
cede that experience rating is justifiable 
only if suits are not brought randomly 
or capriciously. The common impres
sion that suits are in fact brought ran
domly is not supported. they write. by a 
study of 8.000 physicians in the Los An
geles area. "In a four-year period, 46 
physicians (.06 percent of the 8.000) ac
counted for 10 percent of all claims and 
30 percent of all payments made" by an 
insurance plan; an average of five suits 
was brought against each of the 46 in the 
four years. "Analysis indicates that doc
tors against whom multiple suits are 
brought do. indeed. represent a higher
risk population than their colleagues." 

Contingency fees are often attacked 
as encouraging lawyers to bring mal
practice suits that lack merit. In reality 
they tend to discourage frivolous suits. 
according to Schwartz and Komesar. 
because the lawyer loses money on a 
case unless it results in a settlement or a 
favorable verdict; he has an interest in 
filtering out capricious claims. and also 
an incentive for accepting strong cases 
in behalf of clients who could not pay a 
flat fee for service. It is a flat fee. they 
argue. that would encourage suits re
gardless of their merit. 

No-fault insurance. often urged as 
an alternative method of compensation. 
would not be effective as a deterrent if 
premiums did not reflect the individual 
doctor's record. Experience rating for 
no-fault insurance would have "per
verse effects." however: it would en
courage "defensive medicine" because 
the doctor would have his premium 
raised by any "bad outcome." regardless 
of negligence, and it would discourage 
risky procedures even when they were 
appropriate. 

Getting More out o/Carbon 14 

Carbon-14 dating. which has made 
profound contributions to archae

ology and other disciplines. has always 
had two limitations. First. the sam
ples needed for dating are relatively 
large (between one gram and 10 grams). 
which precludes dating smaller samples 
or precious artifacts that would be ru
ined by taking a sample of them. Sec
ond. samples older than 40.000 years 
are almost impossible to date because 
practically all the carbon 14 in them has 
radioactively decayed. Currently. how
ever. physicists are exploring a new 
method of carbon-14 dating they be
lieve will do much to overcome these 
limitations and will also be applicable to 
dating with other radioactive isotopes. 

The new dating method is based on 
using a particle accelerator as a super
sensitive mass spectrometer. In the orig
inal method developed by Willard F. 
Libby and his collaborators in the 
1940's the sample to be dated is first 
burned so that it evolves carbon dioxide. 

which is converted into pure carbon by 
being passed over hot magnesium. The 
carbon is then spread as a thin film on 
the inside of a proportional -counter. 
which measures its content of carbon 
14. This radioactive isotope decays with 
a half-life of 5.730 ± 40 years; if the ra
tio of its abundance to the abundance of 
nonradioactive carbon is high. the sam
ple is young, and if the ratio is low, the 
sample is old. 

In the particle-accelerator method a 
much smaller sample of carbon is ion
ized and the ions are accelerated as a 
beam. Each of the three kinds of ion in 
the sample (the nonradioactive carbon 
12. the rarer nonradioactive carbon 13 
and the radioactive carbon 14) has the 
same electric charge but a different 
mass. By tuning the accelerator so that 
it accelerates first one kind of ion and 
then another. the different ions in the 
sample can be counted and their rela
tive abundance can in principle be de
termined with high precision. 

An accelerator was used in this way as 
far back as 1939. when Luis W. Alvarez 
and Robert Cornog of the University of 
California at Berkeley were looking into 
the differences between the nucleus of 
helium 3 and that of hydrogen J (triti
um). The method was revived by Rich
ard A. Muller of the Lawrence Berkeley 
Laboratory of the University of Califor
nia in a 1976 experiment that dated a 
sample of deuterium (hydrogen 2) by 
determining the ratio in it of deuterium 
to tritium. Muller and his co-workers 
later applied the method to carbon- 14 
dating. The accelerator he has been us
ing for these experiments is a cyclotron; 
groups doing similar experiments at the 
University of Rochester and McMaster 
University have been working with a 
Van de Graaff tandem accelerator. 

The investigators working with the 
accelerator method find they need only 
milligrams of material for dating pur
poses. The sensitivity of the method 
should also enable it to detect vanish
ingly small quantities of carbon 14 in a 
sample after many carbon-14 half-lives 
have elapsed. Muller predicts that it will 
ultimately be possible to establish dates 
going as far back as 100.000 years. 

The early efforts at carbon- 14 dating 
with accelerators have yielded prom
ising results. The Rochester group has 
dated samples with ages of between 200 
and 48.000 years and has achieved close 
agreement with the ages found for the 
same samples by the older method. The 
Berkeley group recently became the first 
to attempt a "blind date" with an ac
celerator: to date a sample of carbon 
dioxide whose age was not known to 
them. They determined the age to be 
6.060 ± 800 years. which differed by 
about 830 years. or one standard devia
tion. from the age determined by the 
older method. 

Promising as the carbon-14 work is. 
Muller and others believe the accelera-
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tor dating method will be even more 
useful with other isotopes. The Berkeley 
group and one at Grenoble in France 
have worked on dating with the radioac
tive isotope beryllium 10, which Muller 
says "has the potential to be the carbon 
14 of geology." Beryllium 10 is trapped 
inside sedimentary rocks as they are 
formed, and because it has a half-life of 
1.5 million years and its radioactivity is 
therefore low it is almost impossible to 
detect by counting decays. Work is also 
being done toward dating with other ra
dioactive isotopes. such as tritium. alu
minum 26. silicon 32 and chlorine 36. 

Active Optics 

Modern astronomy has reaped a rich 
harvest from new instruments that 

gather radiation beyond the long- and 
short-wavelength ends of the visible 
spectrum. but the great tradition of as
tronomical instrumentation is the large 
light-gathering telescope. Since the visi
ble spectrum is centered on a wave
length of about half a micrometer. lens 
and mirror surfaces must be accurate to 
about a quarter of that length if they 
are to produce images of good qual
ity. Moreover. a large telescope mirror 
must be quite rigid if its surface is to 
resist distortion. Large telescope mir
rors are notoriously difficult to make; 
the larger the mirror is, the more intrac
table the problems become. Now a new 
approach to telescope design is nearing 
realization at the Mount Hopkins Ob
servatory in Arizona: a telescope made 
up of several mirrors instead of a single 
large one. The Multiple Mirror Tele
scope (MMT) is a joint project of the 
University of Arizona and the Smithso
nian Astrophysical Observatory. When 
it goes into operation later this year, 
it will be the third-largest optical tele
scope in the world. 

The Multiple Mirror Telescope con
sists primarily of six 72-inch mirrors in 
a hexagonal array. The separate images 
formed by the individual mirrors are fo
cused at a single point, so that together 
the six mirrors have a light-gathering ca
pacity equivalent to that of a single 176-
inch telescope. The images from the six 
mirrors are sent up to a six-sided sec
ondary mirror on the central axis of the 
telescope; that mirror in turn sends the 
images down to a final common focus. 
An "active optics" system, or feedback 
mechanism, keeps the six main mirrors 
precisely aligned. 

This is done by splitting a laser beam 
into six beams, each of which is directed 
at one of the mirrors; the relative posi
tions of the reflected beams are sensed 
by detectors linked to a computer. If 
there is any discrepancy due to thermal 
or gravitational stresses, the computer 
activates a servomechanism that wob
bles the secondary mirror or moves it 
backward or forward to keep the six 
main mirrors focused on the same point. 

Although the fluctuations caused by 
thermal and gravitational stresses are 
rather slow, the feedback system can 
correct an error in .05 second. 

A more difficult problem is compen
sating for errors of phase or path length 
in a light wave front due to atmospher
ic turbulence, which is the major factor 
limiting the performance of earth-based 
telescopes. As an approach to the prob
lem active-optics systems have been de
veloped over the past decade that detect 
errors in a wave front and compensate 
for them automatically within millisec
onds in "real time," that is, while the 
fluctuations are in progress. Writing in 
Proceedings o/the IEEE. John W. Hardy 
of the Itek Corporation reviews the state 
of this new art. 

All real-time active-optics systems 
include a feedback loop consisting of 
three components: a sensor that detects 
errors in the wave front. a computer that 
accepts the measured data and converts 
it into control signals. and an "active" 
mirror that can be altered in curvature 
or tilted to compensate for the detected 
phase error. Two types of active mirror 
have been developed: one consists of an 
array of smaller mirrors. each of which 
can be moved in two axes of tilt and one 
axis of focus; the other consists of a thin 
single mirror that is deformed by means 
of an array of pistons pushing against 
its back surface. For high-speed wave
front compensation. such as that re
quired to correct for atmospheric turbu
lence. light is collected in a large mirror 
and relayed to a small mirror. which can 
be deformed on the millisecond time 
scale required for the phase corrections. 

The sensor is a shearing interferome
ter. which takes the wave front generat
ed by a single intense source (such as a 
bright star) and splits it into two beams. 
one of which is displaced with respect 
to the other. An interference pattern of 
dark and light "fringes" results. so that 
errors of phase are converted into differ
ences in intensity. The intensity differ
ences are sensed by photo detectors that 
are distributed across the aperture of the 
system and transmit electric signals to 
a computer. The computer then. for ex
ample. commands the array of pistons 
behind a thin mirror to correctively de
form the mirror. 

Because the sensor needs a large 
amount of light in order to analyze tur
bulence in real time the system can oper
ate only with bright light sources and 
hence is of limited use in astronomy. 
There are many other potential applica
tions. however. One is to improve the 
propagation of a laser beam through the 
atmosphere or some other gas for com
munications or other purposes (such as 
laser weaponry or laser fusion). A laser 
beam can be focused on a very small 
area. but the coherence of its wave front 
may be spoiled by two sources of aber
ration: thermal fluctuations in the trans
mitter and turbulence in. the gas between 
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the transmitter and the receiver. These 
sources of aberration can be corrected 
for by an active-optics system incorpo
rated into the circuit of the laser. To 
monitor atmospheric turbulence in real 
time a telescope is focused on a distant 
target at which the laser beam has been 
directed; the distortion of the beam 
caused by turbulence is then measured 
and compensated for by distorting the 
beam before it leaves the transmitter. 
The concept of laser fusion is to focus an 
array of laser beams on a pellet of deute
rium in order to bring about the fusion 
reaction; conceivably real-time active
optics systems could improve the effi
ciency of the process. 

The feasibility of large optical arrays 
in space (such as orbiting solar-energy 
collectors) depends on the development 
of highly stable lightweight optical sys
tems. Such a system might have a struc
ture spanning tens of meters that would 
have to be held true to within micro
meters. Since the system would be sub
jected to disturbing forces. notably 
in the course of being launched and 
placed in orbit. it would surely require 
active-optics control. Hardy concludes: 
"If the present rate of progress in ac-

tive optics is maintained. the next dec
ade should bring most of these applica
tions to fruition." 

A Locket for Tutankhamen 

The ancient Egyptian custom of sur
rounding buried royalty with a great 

wealth of funerary furnishings made the 
occupation of grave robbing a lucrative 
profession in the latter part of the sec
ond millennium B.C. The Valley of the 
Kings at Thebes was a major robbers' 
stamping ground. and the kings and 
queens of the Eighteenth Dynasty. who 
by then had been buried for centuries. 
were their chief targets. They pillaged 
not only the grave goods but also the 
jewels adorning the mummified rulers 
themselves. 

In a period of particular piety near 
the end of the second millennium B.C. 

priests of the Twenty-first Dynasty set 
about salvaging and rewrapping many 
of the disturbed royal mummies. The 
rescued mummies were not returned to 
their original tombs but were hidden in 
two principal caches. One was the tomb 
of an early Eighteenth Dynasty queen. 
Inhapy. and the other was the tomb of 

"ELDER LADY," a mummy of Eighteenth Dynasty Egypt, was found in a cache of mummies 
from Valley of the Kings in 1898. Tests now show her to be Queen Tiye, mother of Akhenaten. 
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Amenhotep II. one of the immediate 
predecessors of Tutankhamen. whose 
treasures escaped the robbers. 

Between 1881 and 1898 Egyptologists 
at work in the Valley of the Kings dis
covered both of these ancient caches 
and undertook to identify the assembled 
royalty of the Eighteenth Dynasty. It 
was no easy task: the priests who had 
salvaged the disturbed mummies some 
three millenniums earlier had not al
ways used the original wrappings and 
coffins. Those who wrestled with the 
problem included the British Egyptolo
gist G. Elliot Smith, whose analysis, The 
Royal Mummies, was published in 1912. 
Among the mummies whose identity 
remained ambiguous was one Smith 
named "The Elder Lady in the tomb of 
Amenhotep II." Smith described her as 
"a middle aged woman with long . . .  
brown, wavy, lustrous hair . . . .  The left 
hand was tightly clenched, but with the 
thumb fully extended . . .  the [left] fore
arm being sharply flexed." 

Since 1967 investigators at the Uni
versity of Michigan have been conduct
ing an X-ray investigation of the roy
al mummies in collaboration with the 
Egyptian Government Department of 
Antiquities, using Smith's catalogue as 
a checklist. Most of the collection was 
in the Egyptian Museum in Cairo, but 
when the Michigan workers came to 
look for No. 61070, "the Elder Lady" of 
Smith's list, they found she was still at 
the Valley of the Kings. The Michigan 
workers moved their X-ray equipment 
to Thebes in 1975, made plates of the 
Elder Lady and took a small hair sam
ple. Comparison of the lateral skull X 
ray of the Elder Lady with similar views 
of other royal females suggested that 
there was a strong family resemblance 
between the Elder Lady and Queen 
Thuya, who was the mother of Queen 
Tiye, one of the wives of Amenhotep III. 

It happens that one treasure from 
Tutankhamen's tomb is a locket in the 
form of a miniature coffin, inscribed 
with Queen Tiye's name and containing 
a lock of hair presumably donated by 
the queen. (Tiye was by most reckon
ings Tutankhamen's grandmother. ) The 
Michigan workers were given a small 
sample of the hair and submitted both 
the Tiye locket sample and the sample 
of hair taken from the Elder Lady to 
electron-microprobe analysis. Report
ing on the result of the investigation in 
Science, James E. Harris of the Universi
ty of Michigan School of Dentistry and 
his colleagues conclude that the virtual
ly identical X-ray scatter from the two 
samples demonstrates that the Elder 
Lady is Queen Tiye, the wife of Amen
hotep III and the mother of the heretical 
monotheistic pharaoh Akhenaten. The 
skull X ray further shows that Queen 
Tiye was only in her forties when she 
died, indicating that in naming her the 
Elder Lady, Smith had done her some
thing of a retroactive injustice. 
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The Tomato 
The esculent Lycopersicon esculentum, long thought to be poisonous, 

has become a major us. food crop and source of vitamins and minerals, 

thanks largely to genetic modification and new production technology 

T
he tomato (a fruit that is almost 
universally treated as a vegetable 
and a perennial plant that is al

most universally cultivated as an annu
al) is the focus of a large agricultural 
industry. Among vegetables grown for 
human consumption in the U.S. in 1977 
the commercial prod uction of tomatoes 
took up 49 1,080 acres (second only 
to sweet corn), yielded 8,75 5 ,950 short 
tons of produce (second to none) and 
had a value of $9 14. 1 million (second 
to none). The figures do not include 
the large number of tomatoes grown in 
home gardens. It is hard to realize now, 
when the tomato is highly popular not 
only as a food in its own right but also as 
an ingredient of soups, sauces (including 
the ubiquitous catsup) and drinks, that 
as recently as 1900 it was widely avoid
ed in the belief that it was poisonous 
because of its known relation to night
shades and other toxic members of the 
nightshade family (Solanaceae). Even 
by 1920 the per capita consumption of 
tomatoes in the U.S. was only 8.2 kil
ograms per year; now it is 25 .5  kilo
grams (mostly of tomatoes in preserved 
forms), a rise of 300 percent during a 
period when the consumption of pota
toes declined by 20 percent. The story of 
the tomato's progress from an exotic 
fruit to a popular item of diet and a ma
jor article of commerce takes many in
teresting turns. 

Essentially all the cultivated forms of 
the tomato belong to the species Lyco
persicon esculentum. As with cultivated 
plants generally, the origins and the ear
ly events of domestication are largely 
obscure. One can be reasonably certain 
about three aspects. First, the cultivated 
tomato originated in the New World, 
since all related wild species of tomato 
are native to the Andean region now en
compassed by parts of Chile, Colombia, 
Ecuador, Bolivia and Peru. Second, the 

by Charles M. Rick 

tomato had reached a fairly advanced 
stage of domestication before being tak
en to Europe. Woodcuts in the early 
herbals reveal that the first types culti
vated in Europe bore large fruit. (In all 
wild species the fruit is small.) Accord
ing to the descriptions, a good many 
sizes, shapes and colors were known. 
Third, the most likely ancestor, the wild 
cherry tomato (L. esculentum variety ce
rasl!orme), is spontaneous throughout 
tropical and subtropical America and 
has spread throughout the Tropics of 
the Old World. 

The time, place and other aspects of 
domestication are far less certain. Al
though definite proof is lacking, the 
weight of data from several disciplines 
favors Mexico as the probable region 
of domestication. A comparison of he
reditary enzyme variants reveals much 
greater similarity between the older Eu
ropean cultivars and the primitive cul
tivars and cherry tomatoes of Mexico 
and Central America than between the 
European cultivars and the primitive 
plants of the Andean region, which is 
undoubtedly the center of distribution 
of the genus Lycopersicon and is the oth
er possible area of domestication. Rep
resentations of the tomato have not been 
found in ancient pottery and other arti
facts of the Andean region, and parts of 
the tomato plant have not been encoun
tered in the archaeological remains of 
the region, whereas parts of most of the 
native cultivated plants have been. The 
tomato has no native name in the An
dean region, whereas it is known in 
the Nahua tongue of Mexico as tomatl, 
which is unquestionably the origin of 
the modern name. 

The early chronicles of the New 
World are disappointingly sparse in 
their references to tomatoes. The Peru
vian chronicler Guam{m Poma men
tions the sporadic eating of wild-tomato 

TOMATO PLANT, Lycopersicon esculentum, is a m ember of the Solanaceae, the nightshade 
family, which includes the potato, tobacco and the petunia as well as the deadly nightshade 
and other poisonous plants. This is a typical "indeterminate" tomato plant: one that bears flow
ers and fruits in varying stages of maturity at the same tim e and grows until killed by frost. 

fruit in the Inca empire but does not 
mention large-fruited types. A good 
deal of confusion over the region of 
domestication has arisen from the name 
mala peruviana, which was applied to the 
tomato after its introduction into Italy. 
Although the name apparently had no 
factual basis, it badly misled plant geog
raphers. 

The first record of tomatoes in the Old 
World is credited to the descriptions 
published in 15 54 by the Italian herbal
ist Pier Andrea Mattioli. The earliness 
of this date in itself supports a Mexican 
origin, considering the taking of Mexico 
City in 15 19, the completion of the Pe
ruvian conquest by 153 1 and the time 
probably necessary for the introduction, 
cultivation and appreciation of the crop 
in Europe. The 15 54 edition of Mat
tioli's herbal states that the tomato "is 
eaten in Italy with oil, salt and pepper." 
The plant was first known as pomi d'oro 
and mala aurea (golden apple) and also 
as poma amoris (love apple). These and 
equivalent names persisted well into the 
19th century. 

Persistent Superstitions 

The references to the eating of toma
toes are quite rare. In most places the 
plant and its fruit were remarkably slow 
to gain acceptance except as an orna
mental. a medicinal or a curiosity. Peo
ple already knew it was related to poi
sonous members of the nightshade fam
ily, such as belladonna and mandrake. 
A typical statement was made in 1581 
by the herbalist Matthias de L'Obel: 
"These apples were eaten by some Ital
ians like melons, but the strong stinking 
smell gives one sufficient notice how un
healthful and evil they are to eat." 

Such unfounded superstitions persist
ed widely even into the 20th century in 
many areas, including North America, 
to which the plant had been taken by 
colonists. The first mention of it there 
was made in 1710 by William Salmon in 
his Botanologia, the English Herbal, or 
History 0/ Plants. The next surviving 
printed reference was by Thomas Jeffer-
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son, who in 1782 wrote of tomato plant
ings in Virginia. Jefferson also makes 
frequent reference to the planting and 
culinary uses of "tomatas" at Monticel
lo in his garden book, which he kept 
between 1809 and 18 14. One Robert 
Gibbon Johnson, who is not otherwise 
known to history, achieved a degree of 
celebrity (and advanced the cause of the 
tomato as a food) by eating a tomato on 
the steps of the courthouse in Salem, 
N.J., in 1820. 

The toxicity of certain members of 
the nightshade family is attributable to 
alkaloids. The predominant alkaloid in 
the tomato is tomatine, which is at its 
highest concentrations in the foliage and 
the green fruit and is degraded to inert 
compounds as the fruit ripens. (Even in 
large doses it is much less hazardous 
than the alkaloids of nightshade, bella
donna and other species.) Possibly on 
the strength of early observations that 
plants high in tomatine tend to resist the 
wilt disease caused by the fungus Fusar
ium oxysporum, strains of Lycopersicon 
esculentum and the closely related L. 
pimpinelli/olium have actually been bred 
to produce high levels of tomatine in 
ointments for treating fungal diseases of 
the human skin. 

Even after the tomato came to be ac
cepted as a food, debate persisted over 
whether it is a fruit or a vegetable. (Bo
tanically it is a fruit, since it develops 

NUTRIENT 

CONCENTRATION 

CROP RANK 

BROCCOLI 

SPINACH 2 

BRUSSELS SPROUTS 3 

LIMA BEANS 4 

PEAS 5 

ASPARAGUS 6 

ARTICHOKES 7 

CAULIFLOWER 8 

SWEET POTATOES 9 

CARROTS 1 0  

SWEET CORN 1 2  

POTATOES 1 4  

CABBAGE 1 5  

TOMATOES 1 6  

BANANAS 1 8  

LETIUCE 26 

ONIONS 31  

OR ANGES 33 

from an ovary.) In 1893 the question 
came before the United States Supreme 
Court. The collector of customs for the 
Port of New York had assessed a duty 
of 10 percent on tomatoes imported 
from the West Indies; he classified them 
as "vegetables in their natural state," 
which the tariff act of 1883 made duti
able. The same act made "fruits, green, 
ripe, or dried," duty-free, and the im
porters contended that their tomatoes 
should have been admitted to the coun
try without duty. 

Associate Justice Horace Gray de
livered the unanimous opinion of the 
court. "Botanically speaking," he wrote, 
"tomatoes are the fruit of a vine, just 
as are cucumbers, squashes, beans, and 
peas, But in the common language of 
the people, whether sellers or consum
ers of provisions, all these are vegetables 
which are grown in kitchen gardens, and 
which, whether eaten cooked or raw, 
are, like potatoes, carrots, parsnips, tur
nips, beets, cauliflower, cabbage, celery, 
and lettuce, usually served at dinner in, 
with, or after the soup, fish, or meats 
which constitute the principal part of 
the repast, and not, like fruits generally, 
as dessert." 

The present popularity of the tomato 
in the U.S. is difficult to explain on a 
nutritional basis. The tomato does not 
rank high in the concentration of any 
dietary component. For example, ac-

CONTRIBUTION OF 
NUTRIENTS TO DIET 

CROP RANK 

TOMATOES 

ORANGES 2 

POTATOES 3 

LETIUCE 4 

SWEET CORN 5 

BANANAS 6 
CARROTS 7 

CABBAGE 8 

ONIONS 9 

SWEET POTATOES 1 0  

PEAS 1 5  

SPINACH 1 8  

BROCCOLI 2 1  

LIMA BEANS 23 

ASPARAGUS 25 

CAULIFLOWER 30 

BRUSSELS SPROUTS 34 

ARTICHOKES 36 

NUTRITIONAL VALUE of the tomato is not particularly high. It ranks 16th in relative con
centration of a group of 10 vitamins and minerals, according to M. A. Stevens of the University 
of California at Davis. Because tomatoes are so heavily consumed, however, they stand first in 
total contribution of those nutrients to the U.S. diet. The chart includes the top 10 foods in nu
trient concentration and the top 10 in total contribution. It is notable that although broccoli, 
spinach and brussels sprouts are "good for you," they are not the country's favorite foods. 
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cording to a recent survey by M. Allen 
Stevens of the University of California 
at Davis, among the main fruit and veg
etable crops it ranks 16th as a source of 
vitamin A and 13 th as a source of vita
min C. In terms of consumption. howev
er, tomatoes rank third as the source of 
both vitamins in the U.S. This apparent 
anomaly is explained by the relatively 
large volume of tomatoes consumed. In
deed, the tomato stands at the top in 
total vitamins and minerals provided 
in the U.S. diet. 

The popularity of the tomato is more 
readily explained in terms of its attrac
tive color and flavor and its versatility. 
As an ingredient of a great variety of 
foods. from pizza to the Bloody Mary, 
the tomato has become a dietary staple. 

Genetic Variation 

The cultivated tomato is one of nine 
species belonging to the genus Lycoper
sicon. Although consumption is limit
ed largely to cultivars of L. esculentum, 
fruits of the wild variety cerasi/orme and 
of the closely related L. pimpinelli/olium 
are grown to a limited extent. The fruits 
of the other species are far less attractive 
than L. esculentum in color and flavor. 
To most people some of them are down
right distasteful. 

The wild species do have great poten
tial value because of the diversity of 
their germ plasm. From them genes for 
resistance to many diseases and for im
proved color and quality of fruit have 
been bred into cultivated forms. Many 
cultivars thus improved are grown on a 
large scale. In California, for example, 
plantings are mainly limited to cultivars 
that resist the wilt caused by fusari
um and verticillium fungi. Breeding for 
resistance to other pests is proceeding 
apace. 

The great diversity among and within 
tomato species promises many more ad
vances in this area. A case in point is the 
high tolerance to salt that has been dis
covered in types of L. cheesmanii that 
thrive on the shores of the Galapagos 
Islands scarcely two meters above the 
high-tide line and five meters away from 
it. Tests by Dale Rush and Emanuel Ep
stein of the University of California 
at Davis have demonstrated that these 
forms will survive in seawater. whereas 
cultivated varieties die if the concen
tration of seawater exceeds 50 percent. 
Rush and Epstein have also found that 
the tolerance to salt is in the tissues of 
the plant and does not arise from any 
barrier to the uptake of salt or to its 
movement in the plant. 

Another species, Solanum pennellii 
(notwithstanding the name, it is related 
more closely to the tomatoes than to the 
nightshades), flourishes in exceedingly 
dry habitats in western Peru. where the 
main sources of water are fog and mist. 
Tests by A. T. T. Yu at the University of 
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a c 

LOCULES 

TOMATO FLOWERS, borne in clusters (a), contain botb male and 
female organs (b). Pollen grains from tbe antber adbere to tbe stig
ma, germinate and deliver sperm by way of tbe style to tbe ovary, 

fertilizing an ovnle, wbicb develops into a seed. Tbus stimulated, tbe 
fruit is "set," tbat is, tbe ovary becomes tbe fruit. Tbe mature fruit 
(c) contains a nnmber of locules, or cells, tbat are filled witb seeds. 

California at Davis have revealed that 
the plant tolerates the environment 
largely because its foliage resists water 
loss. Our own tests at Davis indicate that 
this trait can be bred into horticultural 
tomatoes. Other useful characteristics 
of wild tomatoes are insect resistance 
in L. hirsutum and tolerance of moist. 
tropical conditions in certain variants of 
cerasi/orme. 

For a number of reasons the tomato 
has become a favorite subject for genet
ic studies. One reason is the great wealth 
of naturally occurring variability in the 
species. The supply of variants has been 
considerably augmented by mutations 
induced by X rays. ethyl methane sul
fonate and other mutagens. notably in 
work by Hans Stubbe and his colleagues 
in East Germany. Other features that 
enhance the usefulness of tomatoes for 
genetic studies are the plant's high rate 
of self-pollination. leading to the early 
expression of recessive mutations; the 
ease of controlled hybridizations. and 
the lack of gene duplication in the 

plant's genetic architecture. Moreover. 
the plant is easy to grow. has a short life 
cycle and yields large amounts of seed. 
Another great asset for these studies is a 
favorable pachytene stage of meiosis. 
which makes it possible to identify each 
of the 12 chromosomes of the plant and 
their arms. Research to date has pro
duced chromosome maps that rank 
among the best yet obtained for a flow
ering plant. 

Research on the nature of the genetic 
variability of L. esculentum has facili
tated the breeding of improved forms 
of this species and has thrown addition
al light on the evolution of cultivat
ed forms. The studies have been based 
largely on easily detected variations in 
the form of plants and leaves. in the 
shape and color of the fruit and on 
many other morphological characteris
tics. Recently considerable progress has 
been made in assaying alleles. or vari
ants. of some 15 genes that code for en
zyme synthesis. which is readily detect
ed by starch-gel electrophoresis. 

The consensus of such studies is that 
outside their native region in western 
South America the cultivated and wild 
forms of L. esculentum are remarkably 
homogeneous (disregarding the varia
bility resulting from recent hybridiza
tion with accessions from the native re
gion). Much more variation is encoun
tered in the native region both within 
and between accessions. Several reasons 
might account for these differences in 
variability: interbreeding with wild spe
cies in the native region; more activity 
by insect pollinators. promoting more 
outbreeding in the native region; the ef
fects of artificial selection; a longer peri
od of existence in the native region. al
lowing the accumulation of more vari
ants there. and genetic drift in the long 
migration from South America through 
Central America and Mexico. doubt
less coupled with further restriction im
posed by natural selection for a limited 
number of successful genotypes. 

The genetic drift and selection were 
accompanied by a sequence of modifi-

LENGTH OF STYLE (color) bas evolved as is sbown bere. Tbe nor
mal inclination of tbe antber tube allows tbe pollen released witbin it 
to drift to tbe moutb of tbe tube. In ancestral species (a), wbicb could 
not reproduce by self-pollination, tbe position of tbe stigma facilitat
ed cross-pollination by insects. Tbe style is sborter in tbe L. esculen-

tum variety cerasiforme, tbe probable wild predecessor of tbe cnltivat
ed tomato, and in early cultivated varieties (b), and is still sborter in 
most European and Nortb American cultivars (c). In new California 
cnltivars (d) tbe retraction of tbe stigma witbin tbe tube increases tbe 
opportunity for self-pollination and virtually probibits "outcrossing." 
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cations in floral structure [see bottom il
lustration on preceding page]. Like their 
wild ancestors, the Latin American cul
tivars generally had well-exposed stig
mas that facilitated cross-pollination. 
Selection for improved fruit-setting pre
sumably resulted in a shortening of the 

1 1  

style after tomatoes were introd uced 
into Europe. As the tomato migrated 
northward, and particularly in places 
where it was grown in greenhouses, stig
mas at the mouth of the anther tube 
were inadvertently selected to lessen de
pendency for pollination on insects and 

TOMATO CHROMOSOMES are enlarged about 2,000 diameters in a photomicrograph (top) 
and are diagrammed (bottom) at the pachytene stage of meiosis, when pollen grains are being 
formed. Homologous chromosomes are paired, so tbat tbe haploid number of 12 bivalent cbro
mosomes is seen. Tbe grayish centromeres are flanked by dark-staining, inactive heterocbro
matin and ligbter-staining active regions (euchromatin). Tbe diffuse body in center is nucleo
lus. Tbere is a reciprocal translocation between cbromosomes No. 8 and No. 9; a long arm of 
No. 8 and a short arm of No. 9, whicb were intercbanged, are missing and univalent regions (I) 
are not paired. Material was prepared by G. S. Khusb of University of California at Davis. 
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wind. The latest step in this sequence 
was the recent genetic fixation in Cali
fornia cultivars of a much shortened 
style that places the stigma well within 
the anther tube. further expediting self
pollination and virtually eliminating the 
opportunity for outcrossing. 

The tomato is a model of spectacular 
improvement in yield and other charac
teristics achieved by breeding improved 
cultivars. coupled with intelligent ma
nipulation of methods of culture. The 
earliest record of attempts to select bet
ter types describes work done in Europe 
in the middle of the 19th century. Work 
in the U.S. on stocks imported from Eu
rope followed quickly. The intensity of 
such efforts increased gradually in the 
early part of the 20th century and rapid
ly over the past 40 years. In the latter 
period the yields per hectare have in
creased dramatically (by more than 
four times for cannery tomatoes grown 
in California. for example). Each year 
dozens of new cultivars are introduced 
throughout the world. 

Tomato Breeding 

The large-scale production of hybrid 
tomato cultivars is feasible because the 
flowers are of good size and easily ma
nipulated for hybridization and because 
the yield of seed per pollinated flower 
is high. The benefits that have accrued 
from such crosses include increased vig
or, earlier ripening and the rapid devel
opment of combinations of desirable 
traits. Fl (first filial generation) hybrid 
cultivars now constitute 95 percent of 
the plantings for market tomatoes in Ja
pan and 50 percent of those in Israel. 
They are also a significant factor in east
ern Europe and elsewhere. Up to now 
the hybrid cultivars have not been a 
major factor in the U.S., partly because 
the pressure to make maximum use of 
the available land is less. Hybrids are 
popular among home gardeners, how
ever. and they dominate the commer
cial plantings in San Diego County in 
California. Their popularity in the east
ern U.S. and elsewhere is increasing, as 
is the area devoted to them. The amount 
of land devoted to them in other regions 
is increasing. 

The substitution of a number of mu
tant genes in new cultivars has been a 
feature of the intense breeding activity 
of the past 40 years. One such gene is u 
(for uniform ripening). which eliminates 
the dark green "shoulder" of unripe 
fruit and so prevents the undesired re
tention of chlorophyll in that part of the 
ripe fruit. The gene sp (for self-pruning) 
causes the plant to grow in an orderly, 
compact. determinate fashion, in con
trast to the usual sprawling. unlimit
ed. indeterminate growth. The sp gene 
appeared as a spontaneous mutation 
in Florida in 1914 and has served ex
tensively in tomato-improvement pro
grams. The branches of sp plants ter-
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this linkage map of the tomato's 12 chromosomes. The gray region 
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numbers are "map units" that show the relative locations of the genes 
based on frequency of recombination in genetic experiments; genes 
that have not yet been positioned are listed at the bottom of each 
chromosome. The genes control a wide variety of traits. At locus 94 
on chromosome No. 6, for example, gene B codes for orange color; 
gene sp makes a plant "determinate" (see illustratioll 011 lIext page). 
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minate their growth at approximately 
the same distance from the center of the 
plant. and the plant flowers more abun
dantly than the normal (indeterminate) 
type. As a result the grower has plants in 
a form that facilitates harvesting. par
ticularly by machine. and the fruiting is 
concentrated in a shorter season. 

Probably the most spectacular mod
ern advance was the development of 
cultivars adapted for machine harvest
ing. The work was pioneered in the 
1950's and 1960's by Gordie C. Hanna 
of the University of California at Davis. 
He succeeded in breeding into a single 
cultivar (YF 145) smallness and com
pactness of plant. concentrated ripening 
and fruits of size and shape such that 
they withstand machine handling while 
incorporating the necessary characteris
tics of disease resistance. yield and qual
ity. YF 145 is still the leading cultivar in 
California. In terms of tomatoes grown 
for processing the changes did not de
grade the quality. 

An indispensable corollary of this 
achievement was the design of a har
vesting machine by Coby Lorenzen at 
Davis in cooperation with the Black
welder Company. The imaginative ef
forts of these workers and of the farmers 
who rapidly converted to mechanical 
harvesting were instrumental in preserv
ing and expanding the processing-toma
to industry in California. where last year 
mechanical harvesting was practiced on 
113 .000 hectares (279.223 acres). 

Breeding programs now under way 
in the industry have the goal of improv
ing yield. color and soluble solids of 

the fruit. machinability and other char
acteristics. Cultivars with the "sq uare 
round" shape that is represented among 
the tomatoes depicted on the cover of 
this issue are increasing in popularity 
because the fruit withstands both me
chanical harvesting and decay on the 
plant before harvesting. 

Production Practices 

Part of the tomato's great popularity 
with home gardeners is attributable to 
the fact that it is so easy to cultivate. It 
will thrive in an impressively wide range 
of latitudes. soil types. temperatures and 
methods of cultivation. Nevertheless. it 
does have limits beyond which it does 
not do well. Common problems are lack 
of sufficient drainage. inadequate light. 
extremes of temperature and excessive 
fertilization with nitrogen when condi
tions otherwise are suboptimal. 

The necessity for drainage probably 
reflects the tomato's adaptation to the 
desertlike climate of its native region. 
Good fruit-setting generally requires 
half a day of sun per day. Poor fruiting 
can also result from over fertilization 
under suboptimal conditions. As for 
temperature. the tomato plant cannot 
endure either frost or prolonged chilling 
at temperatures below 10 degrees Celsi
us (50 degrees Fahrenheit). 

The traditional method of starting to
matoes is to plant seedlings that are one 
or two months old. The procedure is still 
widely practiced and is essential where 
the growing season is short. A recent 
trend is to drill the seed directly into the 

soil. as is done with a grain crop. This 
procedure requires special care in the 
preparation of the soil and in weed con
trol after the seedlings emerge. but it 
is more economical and it enables the 
plant to develop a root system that is not 
radically disturbed by transplanting. As 
one might expect. direct seeding has be
come an integral part of the production 
of mechanically harvested tomatoes. 

The developmental plasticity of the 
tomato plant makes other methods of 
propagation possible. For example. to
matoes can be (but seldom are) started 
from rooted cuttings. Sections of stem 
with at least one leaf will quickly devel
op roots when they are cultured in moist 
sand. Branches will emerge from the 
stem at the base of the leaf. The method 
will not work with determinate (sp) cul
tivars because the limitations on further 
growth are predetermined in each sec
tion of stem. Another problem is the 
difficulty of preventiag the spread of 
certain plant-virus diseases. which can 
be transmitted by almost anything that 
comes in contact with the plant. 

Since it is easy to graft tomato plants. 
the method is sometimes employed to 
combat soilborne diseases that are 
otherwise difficult to control. Species 
of nightshade (Solanum) are sometimes 
used as rootstocks because of their re
sistance to soilborne wilt diseases. An 
interspecies hybrid (Lycopersicon escu
lentum crossed with L. hirsutum) served 
as a rootstock to resist the corky root 
disease in Dutch greenhouses. In anoth
er situation jimson weed (Datura stramo
nium) was tried as a rootstock to com-

GROWTH CHARACTERISTICS of the normal indeterminate to
mato (left) and of a determinate plant whose hahit is encoded by the 
recessive gene sp (right) are compared. The stems differ: instead of 
the normal three leaf nodes and single inflorescence per segment of 
main stem, the determinate stem develops progressively fewer leaf 

nodes per segment and terminates with an inflorescence. The mature 
plants, shown diagrammatically in top and side views, have different 
forms: the -normal plant spreads indefinitely, whereas the sp plant 
covers less area, being limited to a symm etrical circular shape by 
the termination of its branches at a fixed distance from the center. 
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bat infestations of the nematode worms 
that cause root knot. The procedure was 
abandoned because toxic alkaloids gen
erated by the root system of the weed 
were turning up in the tomato shoots. 
Grafting requires much labor and also 
has the same limitations as propagation 
by cuttings. 

The tomato plant's trait of sending 
down deep roots can affect the methods 
of cultivation. Studies have shown that 
the roots can go down three meters or 
more in deep alluvial soils. Hence in the 
agricultural valleys of California and 
other areas with deep soil and a desert 
climate the tomato can be grown by irri
gating at intervals of two weeks or long
er. All roots absorb water whereas min
erals are taken up mainly by the roots in 
the upper layers of the soil. 

A common practice is to support the 
plant with a stake or a trellis as it gains 
size. The system is valuable because it 
prevents the blemishing and the attacks 
by fruit-decay organisms that can result 
if the fruit touches moist soil. It is also 
practiced when the grower wants to at
tain maximum utilization of land. as in 
greenhouses. The rising cost of labor 
and materials has limited trellising in 
the commercial production of tomatoes 
and has eliminated commercial produc
tion in areas where tomatoes cannot be 
grown without trellising. 

Fruit-setting 

The failure of the tomato plant to 
set fruit is the commonest problem for 
home gardeners and for commercial 
growers in areas of marginal produc
tion. If the internal or external environ
ment is not favorable for setting. the 
plant sheds its flowers after they open. A 
common reason is the failure of pollina
tion. which happens frequently in par
ticular environments: in greenhouses. 
for example. where conditions are oth
erwise favorable. This difficulty is usual
ly corrected by devices that vibrate the 

RIPENING PROCESS is depicted on the op
posite page. The six stages are each defined 
by a range of color standards published for 
the Department of Agriculture by the John 
Henry Company; the colors shown here are 
representative of each range. As the chlo
rophyll content (green) declines Iycopene 
(red) and beta-carotene (orange) increase (a). 
Ethylene (which triggers the entire process) is 
generated by the fruit, and respiration (mea
sured by carbon dioxide output) reaches a 
peak (b). Acidity increases briefly, then de
creases; starch content decreases (c). An in
crease in the pectin-tlissolving enzyme poly
galacturonase softens the fruit (d). In vine
ripened tomatoes (solid lines) the content of 
ascorbic acid (vitamin C) and soluble solids 
(primarily sugars) increases; in fruits harvest
ed at mature-green stage and ripened in stor
age (broken lines) vitamin C and sugar con
tent decrease (e). Data were supplied by Adel 
Kader of the University of California at Davis. 

flowers, stimulating the release of pol
len. Another promising approach is to 
select genotypes with a high capacity for 
self-pollination under the particular en
vironmental conditions. 

If low temperature is the problem, it 
can sometimes be dealt with by spray
ing the flowers with naphthalene acetic 
acid or other substances that promote 
growth. Fruits thus set, however. have 
few seeds or none; as a result they also 
tend to have inferior shape, firmness and 
interior color. If high temperature is the 
problem, the solution sometimes is to 
plant breeding lines that set well under 
those conditions. (Several investigations 
have revealed that plants with an in
herited ability to set fruit at high tem
peratures also set fruit well at low tem
peratures.) 

Other conditions can cause flowers to 
drop off even when pollination is ade
quate. They include insufficient light, 
over fertilization. a previous heavy set
ting of fruit and excessively high tem
perature during the day. If the plant is 
subjected to temperatures that suddenly 
rise to 42 degrees C. ( 104 degrees F.) or 
more, unfruitfulness will ensue and may 
persist for a week or more. It has been 
observed that the prod uction of pollen is 
greatly reduced in extreme heat, but the 
failure to set fruit cannot be corrected 
by applying pollen that is known to be 
viable. Clearly the loss of flowers in high 
temperatures results from adverse ef
fects on other parts of the plant. 

The fruit of the tomato requires from 
40 to 60 days from flowering to reach 
full ripeness. Once set. the fruit develops 
rapidly to full size in about half of the 
ripening period. The remaining time is 
occupied by a series of development
al events that constitute maturation. 
Starch is accumulated in the fruit from 
sugars elaborated either in the fruit or 
in nearby parts. As maturity is ap
proached. chlorophyll is gradually de
graded. resulting in a whitening of the 
fruit, which is a useful harbinger of rip
ening. During the following week the 
full red color develops. During this tran
sition the remaining chlorophyll is de
stroyed. carotenoids (notably the red 
lycopene) are synthesized. acidity de
creases, starch is converted into sugars, 
essential oils and other components of 
flavor are elaborated and the tissues be
come softer. During this time also the 
rate of respiration suddenly rises and 
then declines. Ethylene generated by the 
fruit induces a sudden burst of respira
tion and is responsible for initiating the 
entire sequence of events. 

The most rapid development of seed 
takes place during the second half of the 
maturation period. The embryo reaches 
full size within its matrix of endosperm, 
and the seed coat develops, hardens and 
acq uires its characteristic covering of 
pseudohairs, which are the remains of 
outer cell walls that had been suberized: 
converted into a corky condition by the 

Amateur 
Jelescope 
MaIdng 
Edited by Albert G. Ingalls 
Foreword by Harlow Shapley 
This three-book set is the 
authoritative reference library 
of the enthralling hobby of 
amateur telescope making. 
Through these books thou
sands have discovered a fasci
nating mechanical art com
bined with a great science. 

BOOK ONE begins at the 
beginning, teaches the basics 
of glass grinding and how to 
complete the first telescope. 
(497 pages, 300 illustrations.) 

BOOK TWO leads on into ad
vanced methods of amateur 
optical work and describes 
new projects for the tele
scope maker. (650 pages, 361 
illustrations.) 

BOOK THREE opens up 
further fields of enterprise: 
binoculars, camera lenses, 
spectrographs, Schmidt 
optics, ray tracing (made 
easy). (644 pages, 320 
illustrations.) 

rSCIENTIFIC -------, 
AMERICAN ATMDept., 

415 Madison Avenue. New York, N. Y. 10017 

Please send me postpaid the 
following AMATEUR TELE
SCOPE MAKING books. 
My remittance of $ __ 

is enclosed. 

o BOOK ONE 
o BOOK TWO 
o BOOK THREE 

$ 8.00 
$ 9.00 
$10.00 

For shipment outside U.S. add 75G each. 

Name __________________ __ 

Address ________________ _ 

City� ________ _ 

State ___________ Z ip ____ _ 

Residents of New York City please add 

city sales tax. Other NYS residents 
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INCREASED PRODUCTION of processing tomatoes is the result of improved yields. The 
amount of land planted to processing tomatoes in the U.S. has decreased since 1940's (colored 
curve). The yield has increased sharply in California (black curve), less in other states (gray). 

86 

infiltration of the substance suberin. 
Each seed is enveloped in a mucilagi
nous sheath. Sprouting of the seeds 
within the ripe fruit. for which the tem
perature and moisture conditions are 
ideal. is inhibited by abscisic acid and 
unidentified substances that are normal
ly present. When the seeds are to be ex
tracted for planting. the inhibitory sub
stances and the gelatinous sheath are 
eliminated by a process of retting. or 
fermentation. In commercial extraction 
the fruits are shredded. the larger frag
ments are screened out and the remain
ing fluid mass is fermented in vats. The 
seeds then sink to the bottom of the ret
ting liquid. and the residue is removed 
by flotation and screening. 

The Tomato Harvest 

Ripe tomatoes are perishable. and 
yet they should be picked at this stage 
for optimum quality. For long-distance 
shipment they must be picked at the ma
ture-green stage or the pink stage. They 
will then ripen unassisted. or the ripen
ing can be speeded up by treating them 
with ethylene gas. the fruit's natural in
ducer of maturation. The same result 
can be achieved by spraying unripe fruit 
(on the plant or in storage) with ethe
phon. a compound that generates eth
ylene. Fruit that is harvested at the ma
ture-green stage tends to lose sugars and 
ascorbic acid. which is part of the reason 
it falls short of the vine-ripened tomato 
in quality. 

Around the world most tomatoes are 
still harvested by hand. but the trend 
toward mechanized harvesting is clear. 
The most sophisticated machines (nota
bly in California. where the entire can
nery crop is harvested mechanically) 
handle the complete operation [see 
" Mechanical Harvesting." by Clarence 
F. Kelly; SCIENTIFIC AMERICAN. August. 
1967]. The machine propels itself. cuts 
the plant with a blade that travels slight
ly below ground level. lifts and shakes 
the plant into an inclined ascending sys
tem of eccentrically moving horizontal 
rods. drops the plants and debris to the 
ground. diverts the fruit to moving can
vas belts on both sides of the machine. 
where unripe or damaged tomatoes and 
clods of soil are sorted out. and delivers ' 
the sorted fruit to conveyors. The con
veyors are fiberglass gondolas (capacity 
from nine to 11 metric tons) or plywood 
bins (capacity from 360 to 450 kilo
grams) that are loaded on trailers. 

In temperate climates harvesting con
tinues until cold weather stops it. At the 
approach of chilling or freezing temper
atures the grower can pick tomatoes that 
are green-white or pink and slowly ripen 
them at temperatures of from 12 to 20 
degrees C. (53.6 to 68 degrees F.). there
by extending the supply beyond the nor
mal harvest period. Sometimes whole 
plants are cut off and hung in storage; 
the tomatoes will ripen even without 
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light. Some of them will spoil, however, 
and they must be culled frequently to 
prevent the spread of organisms that 
cause decay. 

Both the commercial shipper and the 
home gardener must be careful to avoid 
storing tomatoes at low temperatures. 
Prolonged exposure to temperatures be
tween zero and 12 degrees C. (32 and 
5 3 . 6  degrees F.) causes a slow but pro
gressive breakdown Qf the cells. The 
damage appears in the form of sunken, 
necrotic spots that provide an avenue 
for various organisms that cause rot. 
(Flavor deteriorates before rot appears, 
so that even brief refrigeration can re
duce fruit quality.) Damage by freezing 
or heavy frost can be recognized by the 
dark, water-soaked appearance of the 
affected tomatoes, which become soft 
and deteriorate rapidly. 

Tomato plants are often so drained of 
food reserves by heavy fruit production 
that little is left of them at the end of the 
season. The disposal of plant remains 
is therefore simpler than. it is for most 
other crops. The refuse is minimal and 
tends to disintegrate rapidly. Its high 
protein content, however, has stimulat
ed research on the possibility of utilizing 
the remains as a livestock feed. 

During the large rise in the production 
of tomatoes over the past 50 years Cali
fornia has become dominant. Last year 
the state accounted for 86 percent of the 
processing tomatoes and 76 percent of 
all tomatoes grown commercially in the 
U.S. Indeed, the output from California 
represented a substantial portion of the 
world supply of tomatoes. 

As I have indicated, most of the in
crease has been in tomatoes grown for 
processing. Tomatoes for sale fresh 
have had a steady demand, but their 
gain in total production has been much 
smaller. An increasing share of this mar
ket has been supplied by tomatoes im
ported from the northwestern coast of 
Mexico in the off season. One should not 
overlook the large number of tomatoes 
produced in home gardens, although re
liable statistics on this crop are not avail
able. Recent surveys indicate that the 
tomato is the most popular vegetable in 
home plantings. 

Perhaps the most remarkable thing 
about the great rise in the commercial 
production of tomatoes is that it has 
been accompanied by a decline in the 
amount of land planted to tomatoes. 
The reason is the improvement in yields 
per hectare. Yields 40 or 50 years ago 
averaged about 13 . 5  metric tons per 
hectare in California and about 10 met
ric tons in other states; now they are 
respectively 51. 5  and 33.5  tons. This 
example of improved productivity is 
equaled in only a few other major crops 
grown in the U.S. It is a tribute to the 
research that has led to the introduction 
of better cultivars and to the investiga
tors and growers whose ingenuity has 
improved methods of production. 

Why the 
Metropol itan Museu m reproductions 

make su perb presents 

Because our reproductions can be made directly from the original works 
of art under Museum supervision, and because the craftsmanship is of 
the highest quality, every copy is remarkably faithful to the spirit of the 
original. 

re These reproductions are the only copies of the Museum's collections 
made by and for the Metropolitan Museum itself. 

re The selection is surprisingly wide : ancient jewelry in gold and silver ;  
Oriental and European porcelain; early American glass in crystal and 
rare colors ; bronze from Egypt, Greece, China, and the medieval world ; 
silver, pewter, brass, and pottery from Colonial America. 

re Every few months the Museum publishes full-color catalogues an
nouncing new reproductions and art books of particular interest. The 
next of these, the 11 6-page 1978 Christmas Catalogue, will be issued on 
September 1 .  

re To put yourself on  the mailing list (most of the reproductions can 
be bought only by mail or at the Museum itself) , send the coupon below 
with $1 .00 to cover mailing. 

re Above : Egyptian Cats, bronze. Right : Ptolemaic period, 332-30 B.C. Height 
4V:z". $75 .00. Left : Late Dynastic period, 664-332 B.C. Height 3%". $45.00.  
Shipping $2.00. Add state and local taxes for delivery within N .Y. State.  

T H E  M E T R O P O L I TA N  M U S E U M  O F  A R T  
255 Gracie Station, New York 10028 I S H 8  

Please send me al l  advance catalogues of new obj ects to be issued by the 
Museum during the next year. $LOO to cover mailing is  enclosed. 

N A M E __________________________________________________ ___ 

A D D R E S S  ________________________________________________ __ 

___________________________________ z I  p __________________ __ 
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In Bell's "Photophone," sunlight 
was bounced from a reflector through 
a lens to a mechanism that vibrated in 
response to speech. This caused the 
light beam to vary in intensity. At the 
receiving end, a selenium detector 
translated these variations into 
electrical current to recreate speech 
through a telephone receiver. 
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77 years before we 
invented the laser, 
Professor Bell had a 
perfect application for it. 

In 1880, only four years after 
he invented the telephone, 
Alexander Graham Bell received 
a patent for a remarkable idea
using light, rather than wire, 
to carry phone calls. 

Professor Bell built an experi
mental "Photophone" that 
transmitted his voice over a 
beam of sunlight. It didn't work 
very well, however. 

Sunbeams are scattered by 
air, rain and fog. In any event, 
the sun doesn't always shine. 
The Photophone, unfortunately, 
was an idea whose time had not 
yet come. 

A new kind of light 
By the 1 950's, scientists again 

were looking for a way to use 
light for communications. 

In September, 1957, Charles 
Townes, a Bell Labs consultant, 
and Bell Labs scientist Arthur 
Schawlow conceived a way of 
producing a new kind of light
extremely intense, highly direc
tional, and capable of carrying 
immense amounts of information. 

Townes and Schawlow . 
received a basic patent on their 

invention-the laser. 
Since then, Bell Labs scien

tists have invented hundreds 
of lasers, including many firsts
gas and solid-state lasers capable 
of continuous operation, high
power carbon dioxide lasers, 
liquid dye lasers that produce 
pulses shorter than a trillionth 
of a second, and tiny semi
conductor lasers that work 
reliably at normal temperatures. 
Some of these, no larger than 
grains of salt, may emit light 
continuously for 100 years. 

Getting the light to the 
end of the tunnel 

While we were developing 
lasers to generate light, we also 
looked for a way of shielding it 
and guiding it for long distances 
and around curves. 

Extremely transparent glass 
fibers, perfected at Bell Labs 
and elsewhere, provide the 
answer. These hair-thin fibers 
can carry light marly miles 
without distortion or the need 
for amplification. 

In 1977, the Bell System took 
lightwave communications out 

of the laboratory and put it to 
work under the streets of down
town Chicago. The system, the 
first to carry phone calls, 
computer data, and video signals 
on pulses of light, is working 
successfully. 

Spin-off 
Laser light is now used in 

many other ways-to perform 
delicate eye surgery, detect air 
pollution, read product codes 
at supermarket checkouts, and 
do a variety of manufacturing 
tasks. Western Electric, the 
Bell System's manufacturing 
and supply unit, was the first 
company to put the laser to 
industrial use back in 1965. 
Hundreds of applications in 
many industries have followed. 

Sometimes, it takes a lot of 
work and a long time to make a 
bright idea-like Professor 
Bell's-a reality. Often, the 
things we invent, such as the 
laser, benefit not only Bell System 
customers, but society in general. 

Bell Laboratories 
600 Mountain Avenue 
Murray Hill, N.J. 07974 

@ Bell Laboratories 

We work for the phone company. And you . 
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Negative Absolute Temperatures 
No substance can be cooled below absolute zero� but some physical 
systems can have a negative temperature on an absolute scale. Such 
temperatures are not colder than zero but are hotter than infinity 

Temperature is a property of mat
ter that seems to have a well-de
fined range of possible values. If 

all the heat could be extracted from a 
body. it would be assigned a tempera
ture of absolute zero. or zero degrees 
Kelvin. and it could not become any 
colder. At the other extreme. heat can 
always be added to a body. at least in 
principle. and so its temperature can in
crease without limit. All absolute tem
peratures therefore seem to fall in the 
range between zero and positive infini
ty. (Negative temperatures on the Celsi
us and Fahrenheit scales arise only be
cause the zero points of those scales do 
not correspond to absolute zero.) 

Temperatures of the kind that are 
measured with an ordinary thermome
ter are indeed confined to the range of 
positive numbers. There are a few physi
cal systems. however. whose tempera
ture when measured on an absolute 
scale can assume negative values. What 
may seem even more peculiar. such 
temperatures are not colder than abso
lute zero; a system with a negative tem
perature can give heat to one at an infi
nite temperature and is therefore hotter .. 
The negative temperatures are not "be
low zero"; they are "above infinity." 

In order to understand how an abso
lute temperature can be negative. it is 

first necessary to recognize that a single 
body can simultaneously include sys
tems of particles that exhibit more than 
one temperature. In a crystalline sol
id. for example. the ordinary tempera
ture-the property measured by a mer
cury thermometer-reflects the average 
vibratory motion of the atomic nuclei: 
that temperature cannot be negative. 
The same nuclei. however. have free
dom of orientation as well as freedom of 
motion. and the set of all the orienta
tions makes up an independent system 
of particles that can also have a temper
ature. It is temperatures of this kind that 
can take on negative values. Because the 
energy in question is small. a crystal in 
which the nuclear orientations are at a 
negative temperature feels neither hot 
nor cold to the touch. Negative absolute 
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temperatures are nonetheless real; they 
can readily be measured and can even 
be manipulated by the methods of calo
rimetry. 

The concept of temperature describes 
a relation between two quantities. ener
gy and disorder. In fundamental terms 
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what is measured by temperature is the 
change in the disorder of a system as the 
energy of the system changes. 

In a crystalline solid the major contri
bution to disorder is the vibratory mo
tion of the atomic nuclei. A crystal of 
table salt. for example. is often repre-
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CONCEPT O F  TEMPERATURE can b e  applied t o  any physical system that has a definite 
energy and an entropy, or measurable disorder. In a solid the lattice, or ordinary, temperature 
(top) reflects the vibratory motion of the nuclei (colored dots) around their average positions 
(black dots). Temperature increases to the right, and so does the average energy of the nuclei. 
Moreover, every increase in energy is accompanied by an increase in entropy. (The displace
ments are greatly exaggerated here.) Another system with a defined temperature (bollom) is 
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sen ted as a perfect three-dimensional 
lattice in which the nucleus of each sodi
um and chlorine atom occupies a corner 
of a cube. Actually the ideal lattice rep
resents only the average or equilibrium 
positions of the nuclei. around which 
they vibrate randomly. The amplitude 
and the frequency of the vibrations vary 
from moment to moment and from 
atom to atom; the temperature of the 
crystal summarizes in a single number 
the average amplitude and the distribu
tion of frequencies. This number is the 
ordinary temperature. or what I shall 
designate the lattice temperature. 

As a crystal is cooled the average am
plitude and frequency of the nuclear 
vibrations diminish. Before the devel
opment of quantum mechanics it was 
thought that the vibrations would stop 
entirely if the crystal were cooled to ab
solute zero. but in the quantum-me
chanical interpretation the vibrations 
cannot cease: residual vibrations. called 
zero-point motions. persist even when 
the temperature reaches absolute zero. 
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Because the zero-point motions cannot 
be abolished. the residual disorder of 
the system cannot be eliminated. no 
more energy can be extracted and the 
crystal cannot be further cooled. even in 
principle. 

Moving in the other direction on the 
temperature scale. as heat is added to a 
solid the average amplitude and fre
quency of the vibrations increase. but 
again the motions of the atoms are con
strained by the rules of quantum me
chanics. Those rules specify that only 
certain modes of vibration are possible. 
each with a definite energy. and interme
diate energies are forbidden. At abso
lute zero all the nuclei are in the lowest
energy vibrational state. the state that 
specifies the zero-point motions. As the 
crystal absorbs heat some of the atoms 
jump to higher energy levels. each of 
which describes a different vibrational 
mode. As the temperature is raised 
further. progressively higher levels are 
populated. but many atoms still remain 
in the lower levels. so that the popula-
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tion distribution has a pyramidal form. 
There is no intrinsic limit on the energy 
that can be acquired by a nucleus. and 
the number of energy levels available is 
infinite. It follows that temperature can 
increase without limit. (Of course any 
real substance heated indefinitely must 
melt and then boil, but these complica
tions do not alter the fact that the num
ber of possible energy levels has no up
per bound.) 

The disorder int.oduced into a crys
tal lattice by heating can be described 
quantitatively in terms of entropy. For 
the purposes of this article entropy can 
be defined as a measure of the difficulty 
of guessing the energy level in which a 
particular nucleus lies. At absolute zero 
all the nuclei are in the same energy lev
el (the lowest one possible). Hence there 
is no uncertainty about their state. and 
the entropy of the system is at a mini
mum. As the temperature increases and 
more levels become available the proba
bility that an atom occupies any given 
level becomes smaller. and so the entro-
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made up of the spins (colored arrows) of the nuclei in a crystal. In a 
magnetic field the spins have only a few possible orientations, in this 
case three: parallel to the field, anti parallel to it or perpendicular to it. 
At a spin temperature of absolute zero (Jar left) all the spins line up 
parallel to the field in a state of minimum energy and entropy. As the 
spin temperature rises a few spins flip to other configurations, and at 

infinite temperature (cel/ter) the spins are equally distributed among 
the possible orientations; in this state entropy is at a maximum. Add
ing energy forces more of the spins to assume the antiparaUel orienta
tion. As a result entropy is reduced; what is more, the spin temper
ature becomes negative. When all spins are antiparallel (Jar right), 
entropy is minimal and spin temperature has reached "minus zero." 
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py increases. At infinite temperature any 
atom would have an equal probability 
of occupying any one of an infinite spec
trum of levels. and so the entropy would 
also be infinite. It is important to note 
that as energy is added to the system 
both the entropy and the temperature 
increase continuously. 

Tike the vibrations of the nuclei in a 
L crystal, the orientations of the nu
clei are governed by the rules of quan
tum mechanics. In order for an atomic 
nucleus to have a defined orientation it 
must first have some detectable asym
metry: it must "point" in some direction. 
The orientation is defined by the spin
ning of the nucleus. which can be imag
ined as being much like the rotation 
of the earth around its axis. The pres
ence of the axis designates a direction 
in space along which the nucleus is 
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aligned. Indeed. each spinning nucleus 
can be associated with an imaginary ar
row (the spin vector) that indicates its 
orientation. The arrow is drawn parallel 
to the spin axis. and by convention it 
points in a direction such that an observ
er looking along the arrow sees the nu
cleus spinning clockwise. 

Not all nuclei spin. and those that do 
not spin have no definable orientation. 
Nuclei that do spin. however. are al
lowed to take on only certain well-de
fined quantities of angular momentum. 
When the angular momentum is mea
sured in fundamental units. it can have 
values of O. 1/2. 1. 3/2 and so on; inter
mediate values are forbidden. For the 
sake of simplicity I shall assume here 
that all nuclei have the same spin. equal 
to 1 unit. This assumption is actually 
false (sodium and chlorine nuclei. for 
example. each have a spin of 3/2 units). 

• 

• • 

••• ••• 

••••• • ••• 

LATIICE LATIICE 
TEMPERATURE TEMPERATURE 

> 0  » 0 

• •• • 

••• ••• 

••••• " !  
SPIN SPIN 

TEMPERATURE TEMPERATURE 
= +T INFINITY 

but it makes the geometry of the nuclear 
spins much easier to visualize and it in
troduces no serious errors. 

The direction of the nuclear spin vec
tor can be detected experimentally only 
because it corresponds to the direction 
of the nuclear magnetic field. All nuclei. 
of course. bear an electric charge (equal 
to the number of protons in the nucle
us); if the nucleus is spinning. the charge 
is in motion and it generates a magnetic 
field parallel to the spin vector. 

The magnetic field of a nucleus is de
tected through the interaction of the nu
clear field with an artificially imposed 
external field. Under the rules of quan
tum mechanics a spinning nucleus can 
have only a finite number of possible 
orientations in an external field. the 
number being proportional to the spin 
angular momentum of the nucleus. A 
nucleus with a spin of 1/2 unit has only 
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ENERGY LEVELS in a solid correspond to the possible states of vi
bratory motion (top) or to spin orientations (bottom). Here the levels 
are represented as horizontal lines and their energy is proportional to 
their height above the lowest level; colored dots mark the numher of 
uuclei that occupy each level. For either system absolute zero ( far 
left) is a state of minimum energy, since all the nuclei are in the low
est possible energy level; it is also a state of minimum entropy. The 
entropy can be regarded as a measure of the difficulty of guessing 
what level a uucleus is in at a given moment; the guessing is obviously 
easiest when all the nuclei are in the same level. In the vibrational 
system adding energy forces some nuclei to occupy higher levels, but 
larger uumhers of nuclei remain in the lower levels. As more levels 
are occupied the entropy iucreases, since it is more difficult to decide 
iu what level a given nucleus lies. The number of levels available is 

potentially infiuite, and at infiuite temperature ( far right) the nuclei 
are randomly distributed among them, that is, each level has an equal 
probability of being occupied. In the spin system there are only as 
many energy levels as there are possible orientations of the nuclei, in 
this instance three. As in the vibrational system, adding heat promotes 
a few nuclei to higher levels, and at infinite temperature ( eel/ter) the 
nuclei are evenly distributed among the available levels. The entropy 
is then at its maximum. Because the number of levels in the spin sys
tem is finite, however, states of even higher energy are possible; most 
or all of the nuclei can be driven to the highest, antiparallel energy 
level. Because the entropy declines as the energy increases in this re
gion (the opposite of the usual relation), the temperature is assigned 
a negative value. When all the nuclei are in the highest level ( far right), 
the entropy is again at a minimum and the temperature is minus zero. 
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two possible orientations: the spin vec
tor can lie parallel to the field or it can be 
antiparallel, opposing the field. No oth
er positions are allowed. The nuclei I 
shall be considering, with one unit of 
angular momentum, have three possible 
orientations: the spin vector can be par
allel to the field, antiparallel to it or per
pendicular to it. 

All the nuclei of the same type in a 
crystal, or even in a solid made up of 
many crystals, can be considered as a 
spin system. Thus a crystal of table salt 
includes two spin systems, one com
posed of all the sodium nuclei and the 
other of all the chlorine nuclei. When 
the crystal is permeated by an external 
magnetic field, each of the systems has a 
measurable energy and a definite entro
py. As will be seen, each of the spin sys
tems can also be assigned a temperature, 
which I shall distinguish from the lattice 
temperature by calling it the spin tem
perature. 

Just as a compass needle tends to align 
itself with the earth's magnetic field 
and work must be done to turn it 

from that orientation, nuclear magnets 
tend to line up parallel to an imposed 
field and energy must be supplied if they 
are to assume any other orientation. 
Hence the three possible orientations of 
a spino! nucleus represent not only dif
ferent geometric configurations of the 
nuclear spins but also different energy 
levels. The difference in energy between 
the levels is proportional to the strength 
of the external field. A nucleus with its 
spin vector parallel to the applied field is 
in the lowest-energy state; a nucleus ori
ented perpendicular to the field has a 
slightly higher energy, and one antipar
allel to the field has a still higher energy. 

The distribution of the nuclei in a spin 
system among the three levels is similar 
to the distribution of nuclei among vi
brational1evels. At a spin temperature 
of absolute zero all the nuclei are in 
the parallel configuration; that is the 
state of the spin system in which both 
the energy and the entropy are at a mini
mum. As the spin temperature increases, 
some nuclei change their orientation 
and jump to the higher perpendicular 
and anti parallel energy levels. As long 
as the temperature is finite, however, 
more nuclei remain in the bottom level 
than in either of the higher levels. At in
finite spin temperature all three levels 
are uniformly populated, a condition in 
which the system has maximum entropy. 

In the presence of an external field any 
change in the orientation of a nucle
us must be accompanied by a change 
in energy. In many cases these energy 
transactions are strictly internal to the 
spin system. For example, when one 
nucleus "flips" from perpendicular to 
parallel, giving up a small quantum of 
energy, a nearby nucleus may make the 
opposite transition, from parallel to per
pendicular, absorbing the same quan-
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PRECESSION 

RADIO-FREQUENCY 
ELECTROMAGNETIC 
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SPIN OF A NUCLEUS defines its orientation. An arrow can be drawn along tbe axis of spin 
(a); by convention tbis spin vector points in a direction sucb tbat au observer looking along tbe 
arrow would see tbe nucleus spinning clockwise. Tbe spinning of tbe nucleus generates a mag
netic field, wbicb is directed parallel to tbe spin vector. In an external magnetic field (b) tbe in
teraction of tbe two fields causes tbe nucleus to precess. Tbe orientation of tbe spin vector can 
be determined by imposing a bigb-frequency electromagnetic field transverse to tbe steady ex
ternal field. When the frequency of the alternating field matches that of tbe nuclear precession, 
the nuclei absorb energy strongly. This technique, called nuclear-magnetic-resonance spec
troscopy, can be employed to measure spin temperatures and also to alter the spin directions. 

tum. The energy of the spin system as 
a whole therefore remains unchanged. 
since there are always the same number 
of nuclei in each state. Such exchange 
interactions take place constantly and 
very quickly, and they distribute the 
energy of the spin system uniformly 
throughout the volume of the crystal. 

For a nucleus to change its orienta
tion without a compensating transi

tion by a neighboring nucleus, the re
quired quantum of energy must be sup
plied by or absorbed by some external 
source. That source is the lattice itself, 
which can share in the energy available 
by means of a weak coupling between 
the energy levels of the spin system and 
those of the vibrational system. A vibrat
ing nucleus constitutes a moving electric 
charge, and so it gives rise to a magnet
ic field that can interact with the spin
generated fields of neighboring nuclei. 
If the energy of a vibrational mode hap
pens to correspond to the energy ab-

sorbed or emitted in a spin transition, 
then the spin-flip can take place. Such 
coincidences are rare, but over a period 
of several minutes they bring the spin 
system and the lattice vibrations into 
thermal equilibrium. If the spin temper
ature is initially the higher one, then 
most of the spin-flips are to a lower
energy orientation and the spin system 
gives up energy; it is cooled by contact 
with the colder lattice. If the spin system 
is cooler at the outset, then most of the 
spin transitions represent a gain in ener
gy and the spin system is warmed. In 
either case the process is called thermal 
relaxation. 

The several minutes required for ther
mal relaxation in many crystals is a con
venience for the experimenter. It is a pe
riod brief enough for the spin system to 
be brought readily into eq uilibrium with 
the lattice: the experimenter need only 
place a crystal between the pole pieces 
of a magnet and wait for a few minutes; 
he can then be sure that the spin system 
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and the lattice are at the same tempera
ture. On the other hand, the relaxation 
time is long enough for measurements 
to be made on the spin system as if it 
were isolated from the lattice. 

The state of the spin system is mea
sured by the technique of nuclear-mag
netic-resonance spectroscopy. In this 
technique a crystal is exposed to a 
strong, steady magnetic field, which 
tends to align the nuclear magnetic 
fields and also causes the nuclei to pre
cess, or wobble around their spin axes. 
The precession has a characteristic fre
quency, which can be determined by im
posing a second, oscillating field perpen
dicular to the first one. This second field 
is actually the magnetic component of a 
radio-frequency electromagnetic wave. 
When the frequency of the applied field 
is equal to the precession frequency, a 
"resonance" is observed: the spin system 
absorbs energy copiously, and the char
acteristics of the electromagnetic circuit 
are thereby altered. By measuring the 
precession frequency in this way several 
properties of the spin system can be de
termined. Among the most important of 

LATIICE TEMPERATURE D = 300' K. 
SPIN TEMPERATURE 1 = 300' K. 

them is the proportion of the nuclei that 
are aligned parallel to the external field. 

At any temperature below infinity 
there are always a few more nuclei par
allel to an external field than there are 
antiparallel. This observation in effect 
states that a crystal in a strong mag
netic field becomes slightly magnetized; 
it is this magnetic polarization that is 
actually measured by nuclear magnetic 
resonance. The relation of the magnetic 
polarization to the external field and to 
the temperature is given approximately 
by the principle called Curie's law (after 
Pierre Curie). The law states that the 
polarization is directly proportional to 
the strength of the applied field, custom
arily designated H, and inversely pro
portional to the temperature, T. of the 
spin system. Thus the polarization, M, is 
proportional to HIT. By simply rear
ranging the terms of this relation it fol
lows that the spin temperature must be 
proportional to HI M. Both H and M are 
quantities that can readily be measured. 

The relation expressed by Curie's law 
suggests a simple experiment. Suppose a 
crystal of salt is placed in a known mag-
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EQUIVALENCE OF SPIN TEMPERATURE and lattice temperature was demonstrated in 
an experiment carried out by Anatole Abragam and the author, The experiment begins with 
two identical crystals at room temperature, say 300 degrees Kelvin. One crystal is placed in a 
magnetic field of 750 gauss, which tends to align the nuclear spins with the external fields. After 
several minutes the spin temperature reaches equilibrium with the lattice temperature; the mag
netic polarization, or the proportion of the spins parallel to the field, is then measured by nucle
ar magnetic resonance. The second crystal is immersed in liquid helium until the spin and lattice 
temperatures reach equilibrium; the temperature of equilibrium must be the same as that of the 
helium, about four degrees K. Removing the first crystal from the magnet reduces tbe field by 
a factor of about 75 and reduces the temperature by the same amount, to four degrees K. If 
either crystal is then placed in the field, the magnetic polarization of the two crystals is found 
to be identical. Thus there is no difference between the spin temperature of a crystal cooled by 
removing it from a magnetic field and that of a crystal cooled by contact with a cold lattice . 
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netic field and the spin system is given 
time to reach thermal equilibrium with 
the lattice temperature. The magnetic 
polarization of the crystal is then mea
sured by nuclear-magnetic-resonance 
spectroscopy. This stable system can 
subsequently be disturbed by quickly 
changing the external field ("quickly" 
meaning in a short time compared with 
the thermal-relaxation time). Suppose, 
for example, the field is reduced to half 
its original strength. Immediately after 
the external field is reduced the polariza
tion of the spin system remains essen
tially unchanged; there has been too lit
tle time for the nuclear spins to be re
oriented. Since the spin temperature 
measures the nuclear orientations. intu
ition suggests that the spin temperature 
too should be unchanged. Curie's law. 
however, requires that the temperature 
be proportional to HIM, and since H, 
the external field, has been reduced by 
half, the spin temperature must also be 
half its former value. 

This behavior is so startlingly unlike 
the behavior of more familiar ther

mal systems that it calls into question 
the very notion of assigning a temper
ature to a spin system. It could be ar
gued, for example, that the concept of 
temperature should be employed only 
where knowledge of a system (such as 
the distribution of vibrational states in 
a crystal) is incomplete and cannot be 
specified any more precisely. In the nu
clear-magnetic-resonance experiment, 
however, the temperature is in fact cal
culated from a more detailed knowledge 
of the underlying state of the system. 
Perhaps it would be better in this case 
to ignore Curie's law and say that the 
temperature is undefined. 

These issues can be further explored 
in another experiment. Again a crystal is 
placed in a magnetic field and the polari
zation is measured after it has reached 
its equilibrium value. This time the ex
ternal field is briefly reduced all the way 
to zero, and then it is restored to its 
original strength and the polarization is 
measured again. A convenient way to 
produce these abrupt changes in the ex
ternal field is simply to remove the crys
tal from between the pole pieces of the 
magnet, hold it a few seconds and re
place it. When such an experiment is un
dertaken, it turns out that the magnetic 
polarization is unchanged. 

When the external field surrounding 
a nucleus is abolished, the spin energy 
levels immediately collapse. There is no 
longer any energy difference between 
the three possible orientations; indeed, 
there is no longer a field to define a set 
of allowed orientations. The persistence 
of the magnetic polarization after an in
terval outside the imposed field might 
therefore be interpreted as evidence for 
the validity of the spin temperature. In 
this argument it is the spin temperature 
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ENERGY AND ENTROPY are the basic elements in a definition of 
temperature in which negative values arise naturally: Temperature 
measures the amount of energy that must be added to a system to yield 
a given change in entropy. Here entropy (black curves) and tempera
ture (colored curves) are both graphed as functions of energy. In a vi
brational system (left) an increase in energy invariably brings an in-

crease in entropy, and so the temperature is always positive. In the 
spin system, however (right), the entropy has a maximum possible 
value; at that point the change in the entropy is zero, and so the tem
perature is infinite. With each further increase in energy the entropy 
is reduced, and so the sign of the relation changes: the tern perature 
becomes negative and at the maximum energy reaches minus zero. 

that is "remembered" by the system and 
that specifies the correct polarization 
when the field is restored. 

In this experiment too. however, there 
is a counterargument based on what 
seems to be a more fundamental de
scription of the spin system. The net 
magnetic field acting on any nucleus in 
the interior of a crystal is made up not 
only of the externally imposed field but 
also of the fields generated by neighbor
ing nuclei. Although the external field is 
removed, the quantum states of the nu
clei may be preserved by interactions 
with these internal fields. The situation 
is complex, but it appears that the exper
imental result could be explained with
out reference to spin temperature. 

The question of whether or not spin 
systems can have a temperature was 

resolved through an experiment sug
gested by Anatole Abragam of the Col
lege de France and carried out by Abra
gam and me at the Saclay Nuclear Re
search Center near Paris. The experi
ment tested the equivalence of spin tem
peratures created by magnetic cooling 
and those achieved by more convention
al methods of refrigeration. 

A salt crystal at room temperature 
(roughly 300 degrees Kelvin, or degrees 
Celsius above absolute zero) was placed 
in a magnetic field of 750 gauss, and 
the spin temperature was allowed to 
reach equilibrium with the lattice tem
perature. The crystal was then removed 
from the magnet, so that the field acting 

on the nuclei was reduced from 750 
gauss to whatever residual field was pro
vided by the local. internal fields; these 
fields are estimated to be about 10 gauss. 
The intensity of the field was therefore 
reduced by a factor of 75, and if Curie's 
law makes correct predictions under 
such circumstances. the spin tempera
ture should have been reduced by the 
same factor, from 300 degrees K. to 
four degrees K. 

It had already been shown that if the 
same crystal were replaced in the field, 
the magnetic polarization would be 
found to be unchanged. Instead of fol
lowing this procedure another crystal 
was substituted for the first one; the sec
ond crystal was identical with the first in 
all respects except that it had been kept 
for some time in a bath of liquid helium 
at four degrees K. and in the absence of 
a magnetic field. It could therefore be 
assumed that the lattice temperature 
and the spin temperature of the second 
crystal were in equilibrium at four de
grees K. When the second crystal was 
introduced into the 750-gauss field, the 
measured polarization was the same as 
that in the first crystal. 

The interpretation of the experiment 
is straightforward: there is no measur
able difference between a spin system 
cooled to four degrees K. by removing it 
from a magnetic field and an identical 
system cooled by thermal contact with 
a lattice at the same temperature. Al
though the behavior of the spin tem
perature in a rapidly changing magnetic 

field seems bizarre, it is indistinguish
able from the behavior of a spin temper
ature set by conventional means. 

Once the validity of spin tempera
tures has been established, it is a 

short step to demonstrating the exis
tence of negative spin temperatures. It 
was pointed out above that as tempera
ture increases, progressively higher en
ergy levels are occupied. At absolute 
zero all the nuclei are in the lowest level; 
at temperatures between zero and infini
ty there is a pyramidal distribution, with 
more nuclei in the lower levels than in 
the higher ones; at infinite temperature 
all energy levels have an equal probabil
ity of being occupied. Up to this point 
the relation between temperature and 
the distribution of occupied states holds 
as well for the spin temperature as it 
does for the lattice temperature. A dif
ference emerges, however, if an attempt 
is made to add more energy to a system 
that is already at infinite temperature. 

For a lattice system to reach an infi
nite temperature would require an in
finite source of energy, and there is 
no conceivable state of the system with 
higher energy. A spin system at infinite 
temperature, on the other hand, clearly 
has a finite energy: it is simply the sum 
of the eo,ergies needed to keep a third of 
the nuclei in each of the three possible 
spin states. Moreover, it is easy to imag
ine configurations of the spin system 
that would have higher energy. All that 
is necessary is to invert the population 
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SPIN CALORIMETRY measures the equilibrium temperature reached when two spin sys
tems are "mixed." Each spin system is made up of many identical nuclei; in a crystal of lithium 
fluoride, for example, there are two spin systems, one consisting of all the lithium nuclei (color) 
and the other of all the fluorine nuclei (black). Because the energy levels in these nuclei have 
different spacings the lithium and fluorine spins do not interact as long as a magnetic field is 
maintained. When the field is first imposed (a), both systems reach thermal equilibrium with 
the lattice at some positive temperature + T, meaning that there is an excess of spins parallel to 
the field. A burst of radio-frequency energy of the appropriate frequency causes all the fluo
rine nuclei to reverse their orientation (b), but it has no effect on the lithium nuclei. Hence the 
lithium system retains the temperature + T, whereas the temperature of the fluorine system is 
converted to - T. When the magnetic field is removed, all the energy levels collapse (c) and 
tbe two systems can interact freely. If the field is restored (d), each system is found to have a 
polarization of zero and an infinite spin temperature, the value midway between + Tand - T. 
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distribution observed at lower tempera
tures, so that there are more nuclei in the 
higher-energy levels than in the lower
energy ones. The state of highest possi
ble energy would have all the nuclei in 
the antiparallel orientation. 

The crucial difference between the 
lattice temperature and the spin temper
ature is that the number of energy levels 
for the vibratory motions of atoms is in
finite, but the number of orientational 
levels is always finite. In the lattice sys
tem there is no intrinsic limit to the en
ergy of an individual nucleus, and add
ing energy merely promotes some nu
clei to ever higher levels. In the spin 
system no nucleus can have an energy 
higher than that of the anti parallel ori
entation, and adding energy can only 
drive more and more of the nuclei into 
that configuration. 

What is the temperature of a spin sys
tem in which the majority of the nu
clei are in the highest energy level? The 
measurement can again be derived from 
Curie's law. At temperatures below in
finity the preponderance of nuclei in the 
lowest-energy, parallel orientation gave 
rise to a magnetic polarization, M, par
allel to the external field, H. The temper
ature was then found to be proportional 
to HIM. At temperatures higher than 
infinity the majority of the nuclei would 
be lined up antiparallel to the field. It 
follows that the magnetic polarization 
would also be opposed to the external 
field and algebraically would have the 
value - M. Applying Curie's law, the 
temperature is proportional to HI - M, 
and it must have a negative value. 

A better understanding of why neg
ative numbers must be included In 
the absolute temperature scale can be 
gained by returning to the fundamental 
definition of temperature. For a lattice 
system any increase in energy is accom
panied by an increase in entropy. If en
tropy is related to the difficulty of de
ciding what state a nucleus is in, then 
this "monotonic" increase is readily ac
counted for: with every increase in ener
gy there are more energy levels among 
which to choose. The temperature can 
be related to the amount of energy that 
must be added to the system to yield a 
given increase in entropy; since both 
quantities must always have the same 
sign, the temperature must always be 
positive. 

Up to the point of infinite temperature 
the relation of energy to entropy is simi
lar in the spin system. Each increase in 
energy brings a corresponding increase 
In entropy. At infinite temperature, 
however, the entropy reaches a maxi
mum: it cannot be more difficult to pre
dict the orientation of a nucleus than it 
is when there is an equal likelihood of 
its being in any one of the possible ori
entations. Further increases in energy 
now cause a decrease in entropy as the 
system becomes more highly ordered. 
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When all the nuclei are opposed to the 
external field. the system has reached a 
temperature of "minus zero" and the en
tropy is at a minimum; every nucleus is 
certain to be in the highest energy state. 

The temperature of the spin system 
becomes negative as soon as the entro
py begins to decrease with increasing en
ergy. Mathematically the temperature 
curve is said to approach an asymptote 
at the point of maximum entropy. If the 
distribution of spin states is nearly uni
form but slightly biased toward the par
allel configuration. then the tempera
ture is numerically large and positive; 
with a slight bias in the other direc
tion the temperature abruptly assumes a 
large negative value. Toward either ex
treme the temperature approaches zero. 
but at maximum energy the approach is 
from the negative side. A more formal 
analysis of these relations has been car
ried out by Norman F. Ramsey of Har
vard University and others. 

Although negative absolute tempera
.£\.. tures may be intellectually trou
bling. they are quite easy to create in 
the laboratory. In an early demonstra
tion Edward M. Purcell and Robert v. 
Pound of Harvard converted a posi
tive spin temperature to the numerically 
equal negative one by suddenly revers
ing the direction of the applied magnetic 
field. All the nuclei that were originally 
parallel to the field then became antipar
allel. and vice versa. The energy of the 
spin system increased (since more of the 
nuclei were in the high-energy antiparal
lei state) but the entropy of the system 
remained constant. 

Today the most convenient method 
for producing negative absolute tem
peratures makes use of the nuclear-mag
netic-resonance apparatus that is also 
employed to measure the temperatures. 
The specimen is initially polarized by a 
magnetic field; then it is irradiated with 
a short but intense burst of radio-fre
quency energy. If the appropriate fre
quency is chosen. the population of oc
cupied states can be inverted almost in
stantaneously. All the nuclei originally 
parallel to the field reverse their direc
tion to become antiparallel and the ini
tially antiparallel ones become parallel; 
the number of nuclei with a perpendicu
lar orientation is not changed. 

Through nuclear magnetic resonance 
an infinite spin temperature can be gen
erated with equal ease. The radio-fre
quency field is merely left on for a few 
seconds. so that each nucleus flips many 
times. The result is that the nuclei dis
tribute themselves randomly. and hence 
for a large number of nuclei uniformly. 
in all the possible spin states. 

If spin temperatures extend from zero 
to positive infinity and then from neg
ative infinity back to zero. the temper
atures should obey a peculiar law of 
addition. In particular. two tempera-

tures of equal magnitude but opposite 
sign should add to yield an infinite tem
perature. That prediction can be tested 
by an experiment in "spin calorimetry." 
analogous to the ordinary calorimetry 
experiments in which two liquids at dif
ferent temperatures are mixed and the 
equilibrium temperature of the product 
is measured. 

Abragam and I conducted such exper
iments in which the two "substances" to 
be mixed were the separate spin systems 
of lithium and fluorine in a crystal of 
lithium fluoride. With nuclear-magnet
ic-resonance apparatus each of the spin 
systems could be separately prepared at 
a positive temperature. + T. a negative 
temperature - T or an infinite tem
perature. Of course. the two kinds of 
nuclei are already intimately mixed in 
the crystal. but as long as the specimen 
remains in a magnetic field the two spin 
systems do not interfere with each other. 
They are effectively isolated because at 
any given external field the spacing be
tween the energy levels is different in 
lithium and fluorine. When the crystal is 
taken out of the field. however. the ener
gy levels of both nuclear species col
lapse; the two systems can then freely 
communicate. and they quickly reach a 
common equilibrium temperature. The 
crystal can then be replaced in the mag
netic field and the polarization of each 
system can be measured. 

A series of such calorimetry measure-
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ments showed close agreement with 
theory. When the lithium system at a 
temperature of + T was mixed with a 
fluorine system at - T. both systems 
reached a common temperature near in
finity. When one system was at a large 
negative or positive temperature and the 
other was at infinite temperature. both 
reached a common intermediate tem
perature. Discrepancies from the ideal 
results could be accounted for by differ
ences in the specific heat of the two spin 
systems and by relaxation of the spin 
systems toward thermal equilibrium 
during the experiment. 

The introduction of negative absolute 
temperatures may seem to accom

plish little more than to make obscure 
and confusing one of the properties of 
matter that had seemed most simple and 
most familiar. The experimental results 
run counter to a strong sentiment that 
temperature. like volume. is something 
intrinsically positive. It might even be 
supposed that the temperature scale was 
determined too early in the history of 
science and that some revision of it 
might encompass all temperatures with
in a single range of positive numbers. 
That is not possible; two infinite ranges 
of temperature are needed. The scale 
cannot be simplified because the nega
tive temperatures it includes represent 
real states of any system with a finite 
number of energy levels. 
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RESULTS OF SPIN-CALORIMETRY EXPERIMENTS show that spin temperatures be
have much like ordinary temperatures when two systems are mixed. If the lithium and fluorine 
systems are oppositely polarized before mixing (a), as in the example on the opposite page, the 
final polarization is near zero and the final temperature is near infinity. Mixing one strongly 
polarized system with one at an infinite temperature (b. c) yields an intermediate temperature 
for both systems. If the lithium and fluorine nuclei have the same polarization (d), no change is 
expected as a result of mixing. Discrepancies between theoretical expectations (broken lines) 
and measured values (gray bars) can be attributed to differences in the heat capacity of the 
two spin systems and to the thermal relaxation of both systems toward the lattice temperature. 
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HP measurement and computer advances 

HP-38E Advanced Financial 
Powerful cash flow analysis 
Easy time and money calculations 
Up to 99 lines of program memory 
2000-year calendar 
Advanced statistics capabilities 

HP's two new Series E programmables 
are without equal 
and within your reach. 

If you are an aspiring professional, it makes 
sense to step up to UP programmability. On 
the basis of power, capability, and ease of 
use, the new UP-33E scientific programma
ble at $ 100 * and the new UP-3BE advanced 
financial programmable at $ 120 * are sur
prisingly affordable. 

For student and educator alike, an HP Series E pm
grammable is the logical choice . ConsideI': Each has a 
specialized set of advanced, prepmgrammed func
tions, plus the convenience of pmgramming. 

Consider further: Series E calculatoI'S make excellence 
available at a surprisingly low price. Besides the two 
pmgrammables, Series E includes three prepm
grammed models : the HP-31E and HP-32E scientific 
and advanced scientific calculatoI'S, at $60 * and $80 * 
respectively, and the HP-37E business management 
calculator at $75 * .  

Like their predecessors, they have no " equal. "  The key 
to HP's simplified computer logic is I ENTER . I ,  making 
possible fast, efficient pmblem solving with no El ' 

1 00  

HP-33E Scientific 
49 lines of program memory 
8 conditionals 
3 levels of subroutines 
8 addressable storage registers 
Go To, Single Step, and Back Step 

commands for easy editing 

literally and figuratively. And, like their predecessoI'S, 
Series E calculatoI'S have the feel and reliability born of 
quality design and construction. 

Pmgramming the HP-33E and 37E is easy. Just switch 
to the Program mode and key in the series of opera
tions you'd nOI'ffially use to solve a pmblem. Rather 
than executing the keystmkes, the calculator stores 
them in its memory. Switch to the Run mode, key in 
your data, and press the run/stop key. You can repeat 
the program with different data as many times as you 
like. There's no complicated programming language to 
learn, and no elaborate start-up procedures to 
memoI'ize. 

Series E offeI'S some other helpful advances: Display 
messages tell you when you've made a procedural 
error, and what kind. And if you suspect the calculator 
is at fault, it will pertoI'ffi a diagnostic self-check at the 
touch of a key. A larger, brighter LED display automati
cally separates thousands with commas for easy read
ing. To help you get started, we've prepared modular 
handbooks for owneI'S, free with the calculator, that let 
you skip what you already know, and give you what 
infoI'ffiation you do need, clearly and simply. 

HP has a 16 mm film, Calculators , Classrooms . . .  
Careers , available o n  a fi'ee-Ioan basis t o  teachers . The 
14-minute film examines the development of ad
vanced personal calculators and how they help people 
in a vadety of educational and work environments . 
Narrator is Wally Schirra, astronaut and business 
executive . To obtain the film for classroom showing, 
Wlite to Rick Baker, H.P., 1000 N .E .  Circle Boulevard, 
Corvallis, OR 97330. 
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�xtend your possibilities. 

How to operate more confidently 
in an increasingly digital world. 

While analog circuits generally convey data 
by a continuum of voltages, the digital world 
of microprocessors and LSI circuits relies 
on two voltage levels, conveying information 
by switching between them. Because of this 
fundamental difference, digital circuits pose 
a special set of problems for both designers 
and troubleshooters. And UP has some ex
cellent solutions. 

As the solid state revolution increases their functional 
density at a decreasing cost, digital circuits are infiltrat
ing areas that previously relied on analog technology, 
and are cropping up in an endless procession of pro
ducts that include microwave ovens, automobiles, 
home computers, process control ( analog from its in
ception), telecommunications, and a range of indus
trial controls .  

In short, the technical, industrial, and consumer 
worlds are turning digital. While this greatly expands 

HE WLETT� PACKARD 

1 503 Page M i l l  Road . Pa lo  Alto.  C a l i f o r n i a  94304 

For assistance cal l :  Washington (30 1 )  948-6370. Chicago ( 3 1 2 )  255-9800. 

Atlanta (404) 955- 1 500. Los Angeles ( 2 1 3 )  970-7500 

These photographic enlargements of two HP microprocessor 
chips--one with NMOS II large-scale integrated circuits at right and 
one with CMOS/SOS at left-illustrate a major reason for the rapid 
growth of digital circuits :  increasing functional density at a decreas
ing cost. These chips contain as many as 10,000 transistors and are 
about this ,big •. 
possibilities, it also introduces complications
most notably in the design, debugging, software de
velopment, and diagnosis of these functional 
leviathans in minnow-sized packages . While it may not 
be immediately obvious, this digital data domain re
quires special measurement tools .  And here Hewlett
Packard is making significant strides, continually in
troducing new measurement approaches and instru
ments designed to make the digital revolution man
ageable, and thus enable technical people to operate 
more confidently. 

If you are wrestling with any aspect of digital circuit!)', 
you will be interested in reading a recent issue of the 
Hewlett-Packard Journal , which explores HP's grow
ing family of digital logic  analysis test instruments at 
some length , and offers a few viewpoints of possible 
interest .  Just mail the coupon ,  and we will be pleased 
to send you a copy. 

:"I<lil 10:  Hewletl- Pack"rd, 1 5 0 3  Page r-.liIl R o a d ,  Palo A l t o .  c .. \ 94304. 

please send me flll1ilel' infolTI1alion on 

1 I HP-33E scientific calculator 

I H P-38E advanced financial calclJlator 

I H P  digital logic analysis 

Name _________________ _ 
Comp any ________________ _ 
Address ________________ _ 
City -_______ State ___ Zip ____ _ 

* Domestic L.5 .  IJI'ices only. 00848 
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The Thertnostat 
of Vertebrate Anitnals 

The hypothalamus, a structure at the base of the brain, monitors 
body temperature in a wide variety of animals and maintains it 
at an optimal level by controlling thermoregulatory mechanisms 

by H. Craig Heller, Larry I. Crawshaw and Harold T. Hammel 

itimals with backbones function 
most efficiently within a narrow 
range of body temperatures. The 

upper limit for survival is about 45 de
grees Celsius (113 degrees Fahrenheit). 
when proteins begin to denature and 
become inactivated; the lower limit is 
slightly below zero degrees C. (32 de
grees F.). when intracellular water be
gins to form ice crystals that rupture and 
kill cells. Even within these extremes 
slight shifts in body temperature away 
from an optimal level can have ad
verse effects because each physiological 
process involves many integrated bio
chemical reactions. the rates of which 
are dependent in a highly specific way 
on temperature. When the temperature 
changes. the total integration of the re
actions may be disrupted. In spite of 
these physiological realities vertebrate 
animals thrive in virtually every habitat 
on the earth. from the icy waters of po
lar seas to the fierce heat of eq uatorial 
deserts. How vertebrates maintain a fa
vorable internal temperature in such 
hostile thermal environments is the sub
ject of this article. 

Commonly but. as we shall see. inac
curately the vertebrates are separated 
into two major groups: the "cold-blood
ed" animals and the "warm-blooded" 
animals. Biologists refer to these same 
two groups of vertebrates as ectotherms 
or endotherms in recognition of their 
major sources of heat. The ectotherms 
(fishes. amphibians and reptiles) have 
poor body insulation and low rates 
of metabolic heat prod uction. Their 
body temperature is largely dependent 
on heat from their environment. and 
their most important thermoregulatory 
mechanism is the selection of a suitable 
environment or "microclimate." In the 
absence of a strong source of radiant 
energy such as the sun ectotherms prefer 
to remain at an ambient temperature al
most identical with their optimal body 
temperature. 
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In contrast. the endotherms (birds and 
mammals) are usually well insulated 
with fur. feathers or fat and have a rest
ing metabolic rate at least five times 
higher than that of ectotherms of com
parable size at a similar body tempera
ture. When endotherms are exposed to a 
cold environment. they elevate their 
rate of metabolic heat production and 
thereby maintain their body tempera
ture at an optimal level. Because of their 
high metabolic rate endotherms must 
lose a significant amount of heat to the 
environment in order to prevent their 
body temperature from rising. There
fore endotherms always prefer an ambi
ent temperature somewhat below their 
optimal body temperature so that heat 
can be lost passively down a tempera
ture gradient. For example. a clothed 
human being maintains an internal body 
temperature of about 37 degrees C. 
(98.6 degrees F.) but prefers an ambient 
temperature of about 22 degrees C. 
(71.6 degrees F.). 

Endotherms have evolved physiologi
cal mechanisms in addition to vari

able metabolic rates in order to regulate 
their body temperature. These addition
al mechanisms control the rate at which 
the animal exchanges heat with its envi
ronment. The insulative value of fur or 
feathers can be varied by muscles con
trolling their attitude. In addition. the 
insulative value of the skin is variable. 
Heat is transported rapidly by the blood 
from the core of the body to the skin. 
where it is lost to the environment; the 
rate of heat loss can be controlled by the 
dilation or constriction of the arterioles 
of the skin. In many species the loss of 
body heat from a poorly insulated ap
pendage is controlled by heat exchange 
between the vessels carrying blood into 
the appendage and those carrying blood 
out of it. 

Another way of losing heat to the en
vironment is through the evaporation of 

water from the skin or the respiratory 
surfaces. In many species this kind of 
heat loss is enhanced by the mechanisms 
of panting and sweating. For evapora
tion to be effective the animal must di
rect the appropriate amount of blood to 
the area being cooled. 

Biologists did not fully appreciate the 
thermoregulatory capabilities of ecto
therms until field measurements of body 
temperature were made on a variety of 
Temperate Zone reptiles. Surprisingly. 
regardless of the air temperature the 
body temperature of active lizards was 
found to be generally within the range of 
34 to 40 degrees C. (93.2 to 104 degrees 
F.). Since then it has been shown that a 
wide variety of ectotherms can regulate 
their body temperature with a great deal 
of precision through their behavior. For 
example. John R. Brett. working at the 
Fisheries Research Board of Canada 
Biological Station in Nanaimo. B.C .. 
discovered that if young sockeye salmon 
are given a choice. they will select water 
at 15 degrees C. (59 degrees F.). the tem
perature at which their growth. heart 
output and sustainable swimming speed 
are all maximal. When a variety of ec
totherms (including sharks. bony fish
es. amphibians and lizards) are given a 
choice between two nonoptimal temper
atures. they regulate their body tem
perature at the preferred level with re
markable accuracy by moving back and 
forth between the two compartments. 

Additional thermoregulatory effector 
mechanisms have recently been doc
umented in ectotherms. Eugene C. 
Crawford and Billy J. Barber of the 
University of Kentucky found that the 
chuckwallah lizard exploits panting as 
a mechanism to lose heat if its skin tem
perature or deep-body temperature ex
ceeds a certain level. and Marvin L. Rie
desel of the University of New Mexico 
showed that box turtles can hold their 
body temperature at 10 degrees C. (50 
degrees F.) below the ambient tempera-
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PREFERRED AMBIENT AND BODY TEMPERATURES for 
vertebrate animals vary greatly and depend on the thermal environ
ment to which the animal is adapted. For ectotherms (animals that 
obtain most of their body heat from their surroundings) the preferred 
internal and ambient temperatures are the same. For endotherms (an
imals that obtain most of their body heat from internal metabolic 

processes) the preferred ambient temperature is considerably below 
the preferred body temperature because internally generated heat 
must be continually lost down a temperature gradient. The crayfish 
demonstrates that preferred temperature may change on a daily ba
sis, the trout demonstrates seasonal change and the toad provides an 
example of preferred temperature changing with nutritional state. 
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EXPERIMENTAL APPARATUS diagrammed here is used to mea
sure the temperature sensitivity of the hypothalamus in small mam
mals. The animal is placed in the sealed metabolic chamber and the 
temperature of its hypothalamus is manipulated by means of ther
modes: implanted stainless-steel tubes through which water is circu-
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lated at controlled temperatures. At the same time the animal's rate 
of metabolism and evaporative water loss are measured by drawing 
dry outside air through the chamber at a known rate and analyzing 
the emuent air for its content of water, oxygen and carbon dioxide. 
Temperatures, measured by thermocouples, are recorded on chart. 
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CHART RECORDING shows the results of an experiment in which 
the hypothalamus of a Labrador retriever was alternately warmed 
(color bars) and cooled (gray bars) by means of implanted thermodes 
as the rates of two thermoregulatory responses were continuously 
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measured. Cooling of the hypothalamus resulted in a rapid loss of 
body heat by evaporative water loss, primarily from panting (black 
curve), whereas warming of the hypothalamus resulted in shivering 
and consequently an increase in the metabolic rate (color curve). 
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ture by panting. When ectotherms can 
no longer find environmental heat suffi
cient to maintain a high body tempera
ture, they generally seek a cool place 
safe from predators and become inac
tive, allowing their body temperature 
to follow the ambient temperature. This 
response may also result when the food 
supply is inadequate, since a lowering 
of the body temperature means a reduc
tion of the metabolic rate and hence the 
conservation of vital energy stores. As 
we shall see, a similar strategy is exploit
ed by some endotherms faced with no
tably harsh environmental conditions. 

In the 1880's Charles Richet in France 
and Isaac Ott in the U.S. observed 

that the localized destruction of tissue 
in the hypothalamus at the base of the 
brain in dogs gave rise to elevated body 
temperature. In classic experiments con
ducted by Henry G. Barbour in 1912 
silver thermodes were implanted in the 
hypothalamus. When the thermo des 
were cooled, the body temperature rose; 
when the thermo des were heated, the 
body temperature fell. Subsequent ex
periments on a variety of mammals by 
numerous investigators indicated that 
the region of the hypothalamus located 
just over the optic chiasm (the place 
where the optic nerves from the two 
eyes converge) is essential for the regu
lation of body temperature. It is now 
known that thermoregulatory functions 
are centered in this part of the brain in 
all classes of vertebrates. 

What is the nature of this internal 
"thermostat," and how does it regulate 
body temperature? On the basis of con
trol theory one can postulate that the 
thermostat must include several fea
tures. First, it must have information 
about the actual temperature of the 
body by means of at least one feedback 
circuit. Second, the thermostat must 
"know" the optimal body temperature 
in that it must be programmed with 
some kind of reference point. Third, the 
thermostat must be able to compare the 
actual body temperature at any given 
moment with the optimal setting and, if 
a difference exists, trigger the appropri
ate behavioral and physiological ther
moregulatory mechanisms. 

As we have seen, the hypothalamus is 
sensitive to temperature. When the hy
pothalamus of an endotherm is warmed, 
the animal reacts with heat-dissipating 
responses such as sweating, panting and 
dilation of the peripheral blood vessels; 
when the hypothalamus is cooled, the 
animal reacts with heat-generating re
sponses such as shivering, erection of 
the fur and constriction of the peripher
al blood vessels. The most basic ther
moregulatory mechanism-the seeking 
of a suitable thermal environment-is 
shared by all vertebrates. When the hy
pothalamus of ectotherms and endo
therms is warmed, they behave as if they 
are too hot and select a cool environ-
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THERMOREGULATORY RESPONSES are triggered when the temperature of the hypo
thalamus either falls below or rises above specific threshold temperatures. The thresholds may 
be influenced by a variety of factors including ambient temperature, level of exercise, sleep and 
microorganisms that cause fever. In the graph shown here (for a dog with an optimal body tem
perature of 37 degrees Celsius and an ambient temperature of 25 degrees) the hypothalamic 
threshold for the metabolic heat response is 36 degrees and that for the evaporative heat-loss 
response is 40 degrees. As is indicated by the slopes of the curves, the intensity of each ther
moregulatory response is proportional to the difference between the actual temperature of the 
hypothalamus and the threshold temperature at which that particular response is initiated. 

ment that serves to lower their body 
temperature. Cooling the hypothalamus 
elicits the opposite response. 

One of us (Hammel), who was then 
working at the John B. Pierce Foun
dation laboratory at Yale University, 
was able to quantitatively measure the 
thermoregulatory responses of dogs as a 
function of hypothalamic temperature. 
These experiments were made possible 
by the development of small stainless
steel thermodes that could be perma
nently implanted around the hypothala
mus of intact animals. The thermodes 
were perfused with water of a specific 
temperature in order to heat or cool the 
hypothalamus. When the hypothalamic 
temperature of dogs was systematically 
changed, temperature thresholds for the 
initiation of each thermoregulatory re
sponse were observed; shivering was 
induced when the hypothalamus was 
cooled below a particular temperature 
and panting was induced when the hy
pothalamus was heated above anoth
er temperature. Moreover, at tempera
tures above the threshold level the inten
sity of the thermoregulatory response 
was proportional to the difference be-

tween the threshold temperature and 
the actual hypothalamic temperature. 
These characteristics of the tempera
ture sensitivity of the hypothalamus are 
qualitatively the same in all the mam
malian species tested. 

Does the temperature of the hypo
thalamus provide all the feedback 

information the system requires to mon
itor the thermal condition of the body? 
Two simple observations suggest that 
the story is more complex. If one enters 
a cold environment, one begins to shiver 
almost immediately, before there is any 
fall in the hypothalamic temperature. 
Similarly, if one enters a hot environ
ment such as a sauna bath, one begins to 
sweat before there is any rise in hypo
thalamic temperature. It is as if the ther
mostat predicts a change in the internal 
body temperature and takes corrective 
action immediately. One explanation 
for the fact might be that peripheral 
temperature sensors at the surface of 
the body are providing the central ther
mostat with information about rapid 
changes in the thermal environment. 

This hypothesis was tested by measur-
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EFFECT OF AMBIENT TEMPERATURE on the rate of metabolic heat production reveals 
two ways that inputs from peripheral temperature sensors can alter the characteristics of the 
central thermostat. In the kangaroo rat (top graph) the hypothalamic threshold temperature for 
the metabolic heat response rises as ambient temperature declines. (Response curves at three 
different ambient temperatures are shown.) This increase of threshold means that a fall in ac
tual core-body temperature is not required at low ambient temperatures to stimulate increased 
metabolic heat production. Thus the thermostat anticipates future changes in body tempera
ture and makes compensatory responses before those changes actually occur. In the harbor seal 
(bottom graph) a decrease in ambient temperature does not change the hypothalamic threshold 
temperature for the metabolic heat-production response but instead alters the sensitivity of the 
thermostat, so that more heat is generated for each unit of temperature below the hypothalam
ic threshold. This shift in sensitivity is reRected in the changing slope of the response curves. 
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ing thermoregulatory responses to the 
heating and cooling of the hypothala
mus at different ambient temperatures. 
Experiments with some species of mam
mals have shown that as the ambient 
temperature decreases, the threshold 
temperature for the metabolic heat-pro
d uction response increases. In effect at 
low ambient temperatures the charac
teristics of the thermostat are modified 
so that the metabolic heat-production 
response is maintained at an elevated 
level without any change in the hypo
thalamic tempe�ature. In this way the 
thermoregulatory response occurs be
fore the internal body temperature has 
declined to a dangerously low level. 
Changes in the ambient temperature 
may also affect the thermostat by al
tering its thermosensitivity, that is, the 
magnitude of the thermoregulatory re
sponse evoked by a unit change in the 
hypothalamic temperature. This change 
in sensitivity is reflected by a change in 
slope of the curve relating the response 
to hypothalamic temperature. 

The effect of ambient temperature 
on the thermostat differs from spe

cies to species. In the harbor seal a de
crease in the ambient temperature re
sults in a large increase in the thermo
sensitivity of the hypothalamus but no 
change in the threshold temperature for 
the metabolic heat-production response. 
The antelope ground squirrel, on the 
other hand, shows a normal inverse re
lation between the ambient temperature 
and the hypothalamic threshold tem
perature for the metabolic heat-produc
tion response but a maximal hypotha
lamic thermosensitivity at high ambi
ent temperatures. The antelope ground 
squirrel is a desert animal that is active 
during the day, so that it is highly adapt
ive for it to be most sensitive to changes 
in its deep body temperature at high 
ambient temperatures. 

To sum up, the central thermostat of 
vertebrate animals is able to obtain in
formation about ambient temperature 
from peripheral sensors at the body sur
face; these inputs then modify the char
acteristics of the thermostat so that a 
different thermoregulatory output is 
achieved without a change in the hy
pothalamic temperature. It is the ability 
to respond to rapid changes in the ambi
ent temperature that provides the verte
brate thermostat with its predictive ca
pability: the animal is able to anticipate 
a change in body heat content and take 
corrective action before that change ac
tually occurs. 

There are, however, a few situations 
where actual changes in the hypotha
lamic temperature activate thermoreg
ulatory responses in mammals. For ex
ample, at .the onset of a fever there is 
an increase in the regulated body tem
perature and at the onset of sleep there 
is a decrease in the body temperature. 

© 1978 SCIENTIFIC AMERICAN, INC



4 2 ,-------------------�,_----------�==�----------------r_----------�._------------_, 

(j) => 
in -' w 

MONKEY, PIG, RAT 

� 34 ���������------r---�------------_+----------------_1�±1�r-����----------------� 
w w a: (9 w 
e. � 30 �----------�--------�--�-------------+------��----��±5#����::I_--------------_j 
=> 
!;;: a: w c.. ro 26 r------------------------+�--------�----------��------------�r-r__+_+_+_+_+�----------------_1 
f
>
o 
o 
en 

22 r-----------------------t-��------�----���------------_1�±5# 

18L-------------------------------------------------------��������------------� 

THERMOREGULATION BY BEHAVIOR in vertebrate animals 
is demonstrated by experiments in which animals are given a choice 
of two thermal environments, one above and one below their pre
ferred body temperature. Both endotherms and ectotherms maintain 

their body temperature at the preferred level by moving back and 
forth between the two compartments. Heating the hypothalamus (col
or) results in a lowering of the preferred body temperature, whereas 
cooling it (gray) results in a raising of preferred body temperature. 

These changes result from shifts in the 
hypothalamic thresholds for thermo
regulatory responses and from changes 
in hypothalamic thermosensitivity. Un
til a new equilibrium is reached the ther
moregulatory responses are directly in
fluenced by the divergence between the 
new setting of the thermostat and the 
actual hypothalamic temperature. 

Changes in the hypothalamic temper-

ature may also be the primary activat
ing signal for thermoregulatory respon
ses in small mammals, whose brain and 
body temperatures are more variable 
and more closely coupled to the envi
ronmental temperature. Small mam
mals such as ground squirrels, chip
munks. kangaroo rats and wood rats all 
have hypothalamic thermosensitivities 
much higher than those of larger mam-

mals such as seals, cats, dogs and rab
bits. As the body size of an animal in
creases, so does the gain or loss of body 
heat that is required before a tempera
ture change is detected in the deep body 
core. As a result peripheral temperature 
sensors become increasingly important 
with larger body size. 

Another situation in which naturally 
occurring changes in the temperature of 
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ENTRANCE INTO HIBERNATION of the golden-mantled ground 
squirrel is monitored in this recording, which shows the rate of meta
bolic heat production and the hypothalamic temperature of the ani
mal over a period of time. The otherwise passive cooling curve is in-

terrupted by bursts of metabolic heat production whenever the body 
temperature of the animal temporarily falls below the declining set 
of the thermostat. This finding and others suggest that the thermostat 
is not "switched off" during hibernation but rather is "turned down." 
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RESETTING OF THE THERMOSTAT during the entrance into hibernation of the golden
mantled ground squirrel was demonstrated by a series of experiments in which the hypotha
lamic temperature of the animal was manipulated. The dots represent actual hypothalamic 
temperatures at specific times during entrance. Manipulations of hypothalamic temperature 
showed that the threshold for the metabolic heat-production response was somewhere in the 
range indicated by the vertical line below each hypothalamic temperature point. It can be seen 
that entrance into hibernation involves a progressive and continuous resetting of thermostat. 

the body core are primarily responsible 
for inducing thermoregulatory respons
es is found in physical exertion. In man. 
as everyone knows. sustained exertion is 
accompanied by an increase in the rate 
of sweating. Ethan R. Nadel and his col
leagues at the John B. Pierce Founda
tion laboratory demonstrated. however. 
that at a given ambient temperature the 
human sweat rate is poorly correlated 
with the level of physical exertion but is 
closely correlated with the temperature 
of the body core. (It is not known wheth
er the rise in body temperature is having 
its primary effect on the hypothalamus 
or on other parts of the nervous system. 
such as the spinal cord.) In the dog, on 
the other hand. the hypothalamus ap
parently receives information directly 
from sensory receptors in the joints and 
the muscles. so that panting is initiated 
soon after the exercise begins and before 
the temperature of the body core rises. 

Hibernation in mammals is an in
triguing phenomenon from the 

point of view of temperature regulation. 
When an animal is ready to hibernate, it 
retires to a secluded nest or burrow and 
becomes inactive. Its temperature then 
falls to the point where it may be very 
close to the temperature of the environ
ment. For a long time many biologists 
assumed that hibernating mammals 
temporarily abandoned thermoregula
tion and returned to the more primitive 
ectothermic state of their reptilian an
cestors. Recent studies have revealed 
that hibernation is not an abandonment 
of thermoregulation but rather a pre
cisely regulated lowering of the central 
thermostat for the purpose of conserv
ing energy. 

That hibernation is a regulated condi
tion was first suggested by the observa
tion that although ectotherms need an 

outside source of heat to recover from a 
cold-induced torpor, hibernating mam
mals are capable of rousing and re
turning to normal body temperature 
even when the ambient temperature is 
low. For example. the golden-mantled 
ground squirrel rouses spontaneously 
many times during the hibernation sea
son; its periods of torpor may last from 
less than a day to two weeks. More
over, if the ambient temperature falls to 
dangerously low levels. the animal will 
rouse from torpor. a "fail-safe" mecha
nism that prevents it from freezing to 
death. The alarm temperature appears 
to be sensed by the hypothalamus, be
cause if the ambient temperature is held 
at a level above the alarm temperature 
and the hypothalamus of the hiber
nating animal is cooled by means of 
thermodes. the animal will rouse. Con
versely, if the hypothalamus is slightly 
warmed. the temperature of the rest of 
the body can fall below the alarm lev
el without inducing arousal. When the 
warming is stopped, however, arousal 
occurs. 

Charles P. Lyman of the Harvard 
Medical School has studied sensitivity 
to low temperatures in three other spe
cies of hibernating mammal: the thir
teen-lined ground squirrel, the Turkish 
hamster and the garden dormouse. He 
found that the ground squirrel and the 
hamster rouse from hibernation when 
their head is cooled by an external ther
mode but that the animals continue to 
hibernate if the head is warmed and the 
body is cooled by lowering the ambi
ent temperature. In contrast. the garden 
dormouse can be aroused from torpor 
by applying a cold stimulus to its feet; 
this species appears to depend on pe
ripheral temperature sensors to warn it 
of dangerously low ambient tempera
tures. In view of the differences between 
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the alarm systems of the two species it is 
interesting to note that the garden dor
mouse hibernates on its back with its 
feet sticking up, whereas ground squir
rels and hamsters hibernate with their 
feet tucked under them. 

The arousal from deep hibernation in
volves a large increase in metabolic heat 
production. When the golden-mantled 
ground squirrel is aroused from hiber
nation by a cooling of the hypothala
mus, the ensuing increase in metabolic 
rate can be suppressed by a heating of 
the hypothalamus. The longer the inter
val following the initiation of arousal is, 
the higher the hypothalamus must be 
heated to suppress the thermoregulato
ry response. These findings suggest that 
the hibernating animal's thermostat is 
not simply switched on or off but is ca
pable of a wide range of settings. 

In addition to the alarm response to 
excessive cooling of the hypothala

mus, the hibernating ground squirrel 
may exhibit proportional thermoregula
tory heat-production responses without 
rousing from torpor when its hypothala
mus is cooled within a range of tempera
tures just above the alarm threshold. 
Whereas the alarm response is charac
terized by an abrupt increase in the 
threshold temperature of the thermo
stat, there is no such change in threshold 
following the proportional responses. 
The thermosensitivity of the thermostat, 
as is indicated by the degree to which 
a change in body temperature elicits 
a thermoregulatory response, is much 
lower when the ground squirrel is hiber
nating than when it is active, but the 
temperature-sensitive characteristics of 
the thermostat are qualitatively the 
same in the active animal and in the hi
bernating one. 

Could the same thermostat be opera
tive over the entire range of body tem
peratures experienced by the hiberna
tor? We tested this hypothesis by heat
ing and cooling the hypothalamus for 
short periods while the animal was en
tering hibernation. At discrete time in
tervals during entrance we ascertained 
the highest hypothalamic temperature 
that induced a metabolic heat-produc
tion response and the lowest hypotha
lamic temperature that did not induce 
the response. These experiments dem
onstrated the continuity of the operation 
of the thermostat over the wide range of 
body temperatures experienced by the 
hibernator and showed that entrance 
into hibernation is associated with a pro
gressive lowering of the thermostat. 

When the animal is going into hi
bernation, the decline in body tempera
ture and metabolic rate is not always 
smooth. There are sometimes bursts of 
metabolic heat production and shiver
ing, which causes the decline in body 
temperature to stop or reverse slightly. 
Such bursts appear to occur when the 
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temperature of the hypothalamus of the 
hibernating animal has fallen temporar
ily below the declining setting of the 
thermostat. 

A variety of ectotherms also become 
torpid under certain conditions: snakes 
and lizards seek a cool burrow at the end 
of the day, the brook trout prefers cool
er water in winter than it does in the 
spring and toads seek a cooler environ
ment when they are deprived of food. 
Whether these animals are also experi
encing regulated shifts in the setting 
of their central thermostat is not yet 
known. 

The birds, which are also descended 
from reptilian ancestors, evolved en

dothermy in parallel with the mammals. 
What little is known about the avian 
thermostat suggests that it is somewhat 
different from the mammalian one. For 
one thing, although the hypothalamus, 
of birds plays an important role in inte
grating the thermoregulatory responses, 
it is virtually insensitive to temperature. 
Instead temperature-sensitive cells in 
the spinal cord provide the major source 
of information about the temperature of 
the body core. Werner Rautenberg and 
his colleagues at the University of the 
Ruhr have shown that cooling the spi
nal cord of pigeons by pumping water 
through a very thin tube inserted into 
the spinal canal results in the heat-gen-
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erating and heat-conserving responses 
of shivering and constriction of periph
eral blood vessels. Warming the spinal 
cord induces dilation of the peripheral 
blood vessels and eventually panting. 
Manipulations of spinal-cord tempera
ture in mammals also elicit thermoregu
latory responses, which suggests that the 
major difference between the thermo
regulatory system of birds and that of 
mammals is that the mammalian hypo
thalamus directly monitors the internal 
temperature of the body, whereas the 
avian hypothalamus receives most of its 
information about the thermal state of 
the body from temperature sensors in 
the spinal cord and perhaps elsewhere 
in the body. 

Fishes too may integrate central and 
peripheral thermal information in the 
hypothalamus to control certain physio
logical responses. Because of the high 
thermal conductivity of water and the 
thermal heterogeneity of many bodies 
of water fishes often experience rapid 
changes in body temperature. Such 
changes result in fluctuations of many 
vital parameters such as-'metabolic rate. 
Although the effector mechanisms avail
able to a fish cannot provide it with a 

constant internal temperature, they may 
be controlled to anticipate the physio
logical changes that inevitably accom
pany thermal changes. For example. a 
rise in a fish's body temperature means 
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TEMPERATURE-SENSITIVE NEURONS, or nerve cells, in the mammalian hypotbalamus 
have been detected with the aid of implanted recording electrodes. These two graphs show the 
firing rate of individual neurons as a function of hypothalamic temperature in a mammal that 
hibernates, the golden hamster (top), and in a mammal that cannot hibernate, the guinea pig 
(bottom)_ The temperature-sensitive neurons in the hamster respond to a broad range of body 
temperatures that would be experienced during the entrance into hibernation, whereas the hypo
thalamic neurons in the guinea pig are silent below a temperature of 30 degrees C. (86 degrees 
F_)_ Experiments shown here were performed by Wolf Wiinnenberg of the University of Kiel. 

© 1978 SCIENTIFIC AMERICAN, INC



Own your own piece of the Rockies ! 
Five years ago the publishers of Forbes Magazine began 
offering for sale a portion of their 260-square-mile Trinchera 
Ranch in five acre minimum sections called Sangre de Cristo 
Ranches. More than 95 % of that land has been purchased 
to date. Sangre's success exceeds all expectations.  

Fifteen miles northeast of that area, deep i n  the heart of 
Forbes Trinchera country, i s  a spectacular alpine valley of 
un surpassing beauty.  This hidden mountain valley was once 
the hunting ground of Indians and later conquered by 
Conquistadores. I t  remains today almost as i t  was when 
man first saw it. 

We've named i t  Forbes Park. 

And now Forbes Inc . ,  through i t s  subsidiary Sangre de Cristo 
Ranches Inc . ,  is  inviting people who have a special appreci
ation for the beauty of nature and who want more out of life, 
to acquire a homesite in this unspoiled mountain valley. 

Obta in  the HUD property report from developer and read it 
before Signing anyth ing .  HUD neither approves the merits 
of the offer ing nor the value ,  if any, of the property. 

Not an offer or solicitation in those states where the property' is not registered 

Development of 
Sangre de Cristo Ranches Inc. 
Box 303, Foct Garland, Colorado 81 1 33 

Obtain the New Jersey Public Report and Broker's Release from the 
developer or New Jersey broker and read it before signing anything. 

Cash prices range from $ 3 , 500 to $ 1 2,000. Easy credit terms 
are available.  

Forbes Park is  a completely private area surrounded by the 
San Isabel Nat ional Forest and the rangelands of the 
Trinchera Ranch . I t  i s  accessible year-round through a main 
gate restrict ing entrance to owners and their guests.  Hunting 
is  not perm itted here, but  many sports including fishing, 
cross-cou ntry skiing, boating, swimming, horseback riding, 
tennis and mountain cl imbing will  be available i n  the 
recreational areas of the vast common acreage. 

Starting immediately, you may purchase one or more acres 
for a mountain homesite where you will share with your 
neighbors the exclus ive use of over 5 ,000 acres of common 
lands, including ponds, streams, woods, meadows and other 
recreat ional areas set aside for the enjoyment of Forbes Park 
land owners for all  t ime. 

For complete information, including pictures, maps, and full 
details on our liberal money-back and exchange privileges, 
without obligation, please fill in the coupon or card and mail 
to: Forbes Park, Box 303, Fort Garland, Colorado 81 133. 

I l·78-205 A D 1 5 6 1 8(a) M I -77-3 6 1  OAD-77 000337A 

6 1 78 
Name __________________________________ __ 

Address ________________________________ _ 

City ___________ State _________ Zip ______ __ 

Telephone _____________________________ _ 

Preferences:  0 $3,500 0 $5,000 0 Higher 
A statement and offe r ing statement has been flied with t h e  Secretary 
of State of t h e  State of New York. The f i l i n g  does not constitute ap
p roval of the sale o r  l ease o r  offer for sale o r  l ease by the Secretary 
of State o r  that t h e  Secretary of State has i n  any way pass�d up,? n 
the merits of such offe r i n g .  A copy of the offe r ing statement IS ava i l 
able .  upon request, f r o m  Sangre de Cristo R a n c h e s  I n c .  NYA77·432 
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an increase in its metabolic rate and 
hence in its oxygen requirement. The 
fish could either wait until an oxygen 
deficit occurs and then respond by in
creasing its gill ventilation. or it could 
use its temperature-sensing capabilities 
to relay projected changes in oxygen de
mand to the respiratory centers. In the 
latter case alterations in arterial oxygen 
concentration would be avoided. ensur
ing a constant supply of oxygen to the 
tissues. 

One of us (Crawshaw) studied the res
piratory response in the scorpion fish by 
manipulating the temperature of its hy
pothalamus with the aid of implanted 
thermodes. Heating the hypothalamus 
caused the fish to ventilate its gills fast
er. whereas cooling the hypothalamus 
caused it to ventilate them mQre slowly. 
Gill ventilation also appears to be influ
enced by thermal input from the periph
ery. On encountering a rapid increase in 
water temperature carp quickly increase 
the ventilation of their gills for about 3 0  
seconds; the response then diminishes. 
Thus fishes appear to utilize both central 
and peripheral thermal information to 
project changes in oxygen demand. This 

regulatory system may well be the evo
lutionary antecedent of the physiologi
cal control system in endotherms that 
maintains internal body temperature at 
close to optimal levels. 

On the basis of what is now under
stood about the characteristics of the 
vertebrate thermostat. it is possible to 
speculate on its neural design. Neuro
physiological investigations have re
vealed the existence of neurons. or nerve 
cells. in the hypothalamus that could 
serve as components of a thermostat. 
Two populations of thermosensitive 
neurons have been identified : one that 
responds to a local warming of the brain 
tissue and another that responds to a 
local cooling. The heat-sensitive neu
rons increase the frequency of their dis
charge of impulses in direct proportion 
to the degree that hypothalamic tem
perature is raised above the normal val
ue for the animal's body. Similarly. 
the cold-sensitive neurons respond with 
an increase in the frequency of impul
ses when the hypothalamic temperature 
falls below the normal value. It is not yet 
known whether such hypothalamic neu
rons are really part of the central ther-

mostat. but this assumption is supported 
by studies showing that these neurons 
sometimes also respond to changes in 
the temperature of the skin and of the 
spinal cord. 

Wolf Wiinnenberg and his colleagues 
at the University of Kiel have shown 
that the hypothalamic temperature-sen
sitive neurons in a hibernating mammal 
and those in a nonhibernating mammal 
differ in their range of temperature sen
sitivity. as would be expected if the 
neurons are actually components of the 
thermostat. The hypothalamic neurons 
of the nonhibernator had a narrow 
range of temperature sensitivity and 
were mostly silent below a temperature 
of 3 0  degrees C. (86 degrees F.). where
as many hypothalamic neurons of the 
hibernator had continuous temperature
response curves over a much broader 
range. 

Asimple model proposed by one of 
us (Hammel) suggests how neurons 

in the hypothalamus could be intercon
nected to achieve the regulation of body 
temperature. According to the model. 
when the activity of the heat-sensitive 

PERIPHERY SPINAL CORD BRAIN-STEM 
RETICULAR 
FORMATION 

HYPOTHALAMUS MOTOR PATHWAYS 

---�<l EXCITATION 

----..,0 INHI BITION 

THEORETICAL MODEL outlined here shows how neurons in the 
central nervous system might be interconnected to result in a func!ional thermostat. Four basic neuronal populations thought to exist 
m the hypothalamus are represented diagrammatically by single neu
�ons. Populations 1 and 2 are respectively sensitive to warming or cool
mg. These temperature-sensitive populations facilitate and inhibit 
populations 3 and 4, which serve to trigger thermoregulatory respon-

1 1 2 

+� 
HEAT LOSS 

HEAT 
CONSERVATION 

AND PRODUCTION 

ses. The relative firing rates of populations 1 and 2 determine the hy
pothalamic threshold temperatures for particular thermoregulatory 
responses. These thresholds can be modified by diverse neural inputs: 
information from peripheral temperature sensors in the skin, from 
movement and position sensors in the muscles and joints, from tem
perature-sensitive neurons in the spinal cord and from neurons in the 
reticular formation of brain stem that control sleep and wakefulness. 
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neurons in the hypothalamus prevails 
over the activity of the cold-sensitive 
ones, heat-loss mechanisms are activat
ed. Conversely, when the activity of the 
cold-sensitive neurons predominates, 
heat-generating and heat-conservation 
measures are activated. The thermoreg
ulatory thresholds of the hypothalamus 
are determined by the relative activity 
of the two neuronal populations. 

As we have seen, under most condi
tions the body temperature of an endo
thermic animal remains constant; ther
moregulatory responses are evoked by 
rapid changes in peripheral · tempera
ture. How is the thermal information 
from the temperature sensors in the skin 
integrated by the central thermostat? 
One hypothesis is that heat-sensitive 
nerve endings in the skin increase their 
firing rate as the ambient temperature 
increases and thereby excite the heat
sensitive neurons in the hypothalamus. 
The cold-sensitive nerve endings could 
innervate the central cold-sensitive neu
rons in a similar fashion. Hence if you 
walk out of a warm room into a cold 
environment, the peripheral cold sen
sors could increase the firing rate of the 
cold-sensitive neurons in the hypothala
mus, moving the point of intersection 
with the population of heat-sensitive 
neurons to a higher temperature. Be
cause this new intersection is above the 
actual hypothalamic temperature of 3 7  
degrees C. the peripheral cold stimulus 
triggers heat-generating responses with
out requiring a change in hypothalamic 
temperature. This simple model can 
therefore account for the predictive ca
pability of the thermostat. 

The hypothalamus receives many in
puts besides those from peripheral tem
perature sensors in the skin, and any 
detailed model of the thermostat will 
have to account for the integration of 
thermal signals from the spinal cord and 
the abdominal viscera, for inputs from 
tension receptors in the muscles and 
joints (which signal the level of physical 
exercise) and for inputs from the reticu
lar formation of the brain stem (which is 
an important part of the neural system 
controlling the animal's level of arous
al). All these diverse signals are integrat
ed by the hypothalamus and provide in
formation about the temperature of the 
body core and about the more rapid 
thermal changes occurring at the body 
surface. 

The value of comparative studies 
of a wide variety of vertebrate species 
facing very different thermal problems 
and having diverse strategies for dealing 
with them is that they illuminate the 
general features of the vertebrate ther
moregulatory system as well as its spe
cialized features. Continued investiga
tions should enable us to propose, test 
and refine hypothetical models so that 
they will better reflect how the thermo
stat is really designed. 

Celestron® 

Dealers 
I n q u i r ies 
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Telescopes . . .  
Telephoto Lenses . . .  
B inoculars . . .  

Send $2 . 00 fo r 32 page 
fu l l  color c atalog on how to 
select and use a Ce lestron 
telescope . 
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WITH WHAT MINOLTA KNOWS ABOUT CAMERAS 
AND WHAT YOU KNOW ABOUT YOURSELF, 

WE CAN MAKE BEAUTIFUL PICTURES TOGETHER. 
If you've considered buying a 35mm 
single lens reflex camera, you may have 
wondered how to find the right one 
out of the bewildering array of models 
and features available. 

And with good reason, since the 
camera you choose will have a lot to 
do with how creative and rewarding 
your photography will be. 

What you pay for your camera 
shouldn't be your only consideration, 
especially since there are some very 
expensive cameras that won't give you 
some of the features you really need. 
So ask yourself how you' ll be using the 
camera and what kind of pictures 
you' ll be taking. Your answers could 
save a lot of money. 

How automatic 
should your camera be? 

Basically, there are two kinds of auto
matic 35mm SLR's. Both use advanced 
electronics to give you perfectly 
exposed pictures with point, focus and 
shoot simplicity. The difference is in 
creative control. 

For landscapes, still lifes, portraits 
and the like, you' ll want an aperrure
priority camera. It lets you set the lens 
opening, while it sets the 
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shutter speed automatically. 
This way, you control depth-of-field. 

That's the area of sharpness in front of 
and behind your subject. Many pro 
photographers believe that depth-of
field is the most important factor in 
creative photography. 

At times you may want to control 
the motion of your subject. You can do 
this with an aperture-priority camera 
by changing the lens opening until the 
camera sets the shutter speed necessary 
to freeze or blur a moving subject. Or 
you can use a shutter-priority camera, on 
which you set the shutter speed first 
and the camera sets the lens automati
cally. 

Minolta makes both types of auto
matic cameras. The Minolta XG-7 is 
moderately priced and offers aperture
priority automation, plus fully manual 
control. The Minolta XD- l l  is some
what more expensiv�, but it offers all 
the creative flexibility of both aperture 
and shutter-priority automation, plus 
full manual control. The XD-l l is so 
advanced that during shutter-priority 

operation it will actually make exposure 
corrections you fail to make. 

Do you really need an 
automatic camera? 

Automation makes fine photography 
easier. But if you do some of the work 
yourself, you can save a lot of money 
and get pictures every bit as good. 

In this case, you might consider a 
Minolta SR-T. These are semi-auto
matic cameras. They have built-in, 
through-the-lens metering systems that 
tell you exactly how to set the lens and 
shutter for perfect exposure. You just 
align two indicators in the viewfinder. 

What to expect when you look 
into the camera's viewfinder. 

The finder should give you a clear, 
bright view of your subject. Not just in 
the center, but even along the edges 
and in the comers. Minolta SLR's have 
bright finders, so that composing and 
focusing are effortless, even in dim 
light. And focusing aids in Minolta 

Minolta makes all kinds of 35mm SLR's, 
so our main concern is lhal you gel 
exactly lhe righl camera for your needs. 
Whelher lhal means lhe advanced Mino/ta 
XD-l l .  Or lhe easy-Io-use and moderately 
priced Minolta XG-7. Or lhe very economi
cal Minolta SR-T cameras. 
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Automatic sequence 
plwtography is easy 
when you combine a 
Minolfa XD· 1 1 or 
XG· 7 with optional 
Auto Winder and ElectTOflash 200X. 

viewfinders make it easy to take criti
cally sharp pictures. 

Information is another thing you 
can expect to find in a well-designed 
finder. Everything you need to know 
for a perfect picture is right there in a 
Minolta finder. 

In the Minolta XD- 1 1  and XG-7, 
red light emitting diodes tell you what 
lens opening or shutter speed is being 
set automatically and warn against 
under or over-exposure. In Minolta 
SR-T cameras, two pointers come 
together as you adjust the lens and 
shutter for correct exposure. 

Do you need an auto winder? 
You do if you like the idea of sequence 
photography, or simply want the lux
ury of power assisted film advancing. 
Minolta auto winders will advance one 
picture at a time, or continuously at 
about two per second. With advan
tages not found in others, like up to 
50% more pictures with a set of batter
ies and easy attachment to the camera 
without removing any caps. Optional 
auto winders are available for both the 
Minolta XD- I 1  and XG-7, but not for 
Minolta SR-T cameras. 

How about electronic flash? 
An automatic electronic flash can be 
added to any Minolta SLR for easy, 
just about foolproof indoor photog
raphy without the bother of flashbulbs. 
For the XD- l l  and XG-7, Minolta 
makes the Auto Electroflash ZOOX. It 
sets itself automatically for flash expo
sure, and it sets the camera 
automatically for use with 
flash. An LED in the view
finder signals when the 

unusual: the Auto Electroflash ZOOX 
can fire continuously in perfect 
synchronization with Minolta auto 
winders. Imagine being able to take a 
sequence of 36 flash pictures without 
ever taking your finger off the button. 

You should be comfortable 
with your camera. 

The way a camera feels in your hands 
can make a big difference in the way 
you take pictures. 

The Minolta XD- 1 1 and XG-7, for 
instance, are compact, but not 
cramped. Lightweight, but with a solid 
feeling of quality. Oversized controls 
are positioned so that your fingers fall 
naturally into place. And their elec
tronically controlled shutters are 
incredibly smooth and quiet. 

Minolta SR-T's give you the heft 
and weight of a slightly larger camera, 
but with no sacrifice in handling con
venience. As in all Minolta SLR's, 
"human engineering" 
insures smooth, 
effortless 
operation. 
Are extra 
features 
important? 
If you use 
them, there . 
are a lot of 
extras that can make your 
photography more creative and 
convenient. Depending on the Minolta 
model you choose, you can get: multiple 
exposures with pushbutton ease 

(even with an auto winder). A window 
to show that film is advancing prop

erly. A handy memo 
holder that holds the 
end of a film box to 
remind you of what 
film you're using. And 
a self-timer. 
What about the lens 

system? 
The SLR you buy 
should have a system 
of lenses big enough 
to satisfy your needs, 
not only today, but 
five years from today. 

The patented Minolta bayonet mount 
lets you change lenses with less than a 
quarter tum. There are almost 40 
Minolta lenses available, ranging from 
7.5mm fisheye to 1 6(X)mm super-tele
photo, including macro and zoom 
lenses and the world's smallest 
SOOmm lens. 

The 1JUltch·needle viewfinder: just 
align two indicators for correct ex' 
posure. Because you're doing some of 
the work, you can save some money. 

What's next? 
Think about how you'll use your 

camera and ask your photo dealer 
to let you try a Minolta. Compare 

it with other cameras in its price 
range. You' ll soon see why more Ameri
cans buy Minolta than any other 
brand of SLR. For literature, write 
Minolta Corp., 101  Williams Drive, 

Ramsey, New Jersey 07446. 
In Canada: Minolta Camera 
(Canada) Inc., Ontario. 

WE WANT YOU TO HAVE THE RIGHT CAMERA. 
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The Tektite Problem 

Did these peculiar bits of glass originate on the earth or on the 
moon, in volcanic activity or in meteorite impact? The evidence 
is conflicting and the most reasonable answer is a surprising one 

In widely scattered locations around 
the world small glassy pebbles of 
curious surface configuration and 

distinctive composition are found. often 
in vast "strewn fields" that stretch across 
land masses and. on the evidence of 
cores drilled from the deep-sea floor. 
across intervening seas and oceans. 
These tektites. as they are called from 
the Greek word tektos. meaning molten. 
are much like the volcanic glass ob
sidian, but their chemical composition 
is different from that of any terrestrial 
lava and they contain far less water and 
none of obsidian's characteristic micro
crystals. And, as the Austrian mineralo
gist Josef Mayer pointed out in 1787, no 
one has ever found the Mutterstein. or 
mother lode, of a field of tektites. They 
cannot, therefore. be the product of ter
restrial volcanism. 

Many of the most significant findings 
about tektites are negative findings. and 
the absence of a mother lode is one of 
them. Contrary to proposals advanced 
at one time or another. they are not 
man-made glass objects; neither are 
they the remains of some former planet 
or bits of antimatter or fulgurites fused 
by lightning from terrestrial sand. Re
cently acquired knowledge about the 
moon's surface confirms earlier indica
tions that tektites cannot be bits of lunar 
soil propelled to the earth by the impact 
of meteorites on the moon. Painstak
ing evaluation of the evidence collected 
over the past century leaves two possi
bilities for the origin of tektites. One is 
that tektites are bits of terrestrial sedi
mentary rock excavated by meteorites 
striking the earth's surface, melted by 
the heat of impact and congealed into 
glass as they travel above the atmo
sphere to the scattered sites where they 
are found. The other possibility is that 
tektites are the remains of gobs of lava 
fired at the earth by volcanic activity on 
the moon. 

If tektites are terrestrial, it means that 
some process exists by which soil or 
common rocks can be converted in an 
instant into homogeneous. water-free, 
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bubble-free glass and be propelled thou
sands of miles above the atmosphere. If 
tektites come from the moon. it seems to 
follow that there is at least one power
ful volcano somewhere on the moon 
that has erupted at least as recently as 
750.000 years ago. Neither possibility is 
easy to accept. Yet one of them must be 
accepted. and I believe it is feasible to 
pick the more reasonable one by reject
ing the more unlikely. 

I n 1975 P. V. Florensky of the Institute 
of Geology in the U.S.S.R. Academy 

of Sciences announced the discovery of 
tektites at the site of the Zhamanshin 
structure. a shallow crater near the town 
of Irgiz in Kazakhstan. He called them 
irghizites, following the custom of nam
ing groups of tektites for the place 
where they are found. This first major 
tektite discovery in about 25 years has 
already proved to be highly instructive. 
The crater where the irghizites were 
found is a shallow depression about five 

. kilometers in diameter. It is filled. ac
cording to Florensky. with from 100 to 
150 meters of lake sediments on top of 
broken rock. The crater shows strong 
evidence of impact by an object from 
space. Some of the local rocks have been 
shocked. according to Florensky's col
league Yu. P. Dikov. yielding the im
pact glasses coesite and stishovite: high
pressure forms of silica (silicon dioxide. 
Si02). Such a close association of tek
tites with an impact crater is not unique; 
other instances are the Aouelloul tek
tites in Mauritania and perhaps the 
"Darwin glass" of Tasmania. 

Either the tektites made the Zha
manshin crater or the crater made the 
tektites. A large block of tektite glass 
could have come out of space. dug the 
crater and disintegrated to form the ir
ghizites; alternatively, a meteorite could 
have landed at the site. forming t,he cra
ter and at the same time transforming 
some of the local rock into tektite glass. 
perhaps by boiling away some of its 
more volatile constituents. The two hy
potheses are being tested by investiga-

tors in the U.S.S.R. and the U.S., who 
are cooperating to compare the tektites 
(samples of which have been lent by the 
Institute of Geology to laboratories in 
the U.S.) with the local rock and with 
tektites from other sites. 

The irghizites are small black objects 
averaging about half a gram in weight. 
(Most tektites weigh a few grams.) They 
are warty. twisted objects that resemble 
the Aouelloul and Darwin-glass tektites 
in shape. Their chemical composition. 
according to Kurt Fredriksson of the 
Smithsonian Institution. is remarkably 
uniform from specimen to specimen; it 
is unlike that of any local rocks and is 
very similar to that of the tektites found 
in Java. The resemblance to the java
nites extends to the trace elements. it has 
been reported by Yu. F. Pogrebnyak in 
the U.S.S.R. and by William D. Eh
mann. John A. Philpotts. C. S. Annell. 
John W. Morgan and other investigators 
in the U.S. Like all other tektites. the 
irghizites are homogeneous glasses lack
ing even small crystals. On the face of it, 
the evidence is conflicting. The compo
sitional studies seem to support the idea 
of an extraterrestrial origin. but after 
examining the samples, Florensky has 
accepted the hypothesis of meteorite 
impact. 

The ultimate findings concerning this 
new discovery will have to be fitted into 
a matrix of facts and calculations accu
mulated over the years. The javanites 
are members of a huge family of tek
tites, perhaps 100 million tons of them, 
that fell about 750.000 years ago over 
the Indian Ocean. southern China. 
southeastern Asia, Indonesia. the Phil
ippines and Australia. The extent of this 
Australasian strewn field has been de
fined by the discovery of tektites at one 
site after another ever since a specimen 
of one of its most distinctive forms was 
given to Charles Darwin during the voy
age of the Beagle. The tektites have been 
dated to 750.000 years ago by isotope 
analysis (determining the proportions 
of potassium 40 and of argon 40. to 
which potassium 40 decays radioactive-
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ly), by fission-track analysis (counting 
the tracks left by the natural fission of 
uranium) and by the presence of micro
tektites in sea-floor cores at the level as
sociated with a particular reversal in the 
earth's magnetic field and in conjunc
tion with particular marine microfossils. 
(Attempts to date dry-land specimens 
by stratigraphy have yielded inconsis
tent results even in the hands of very 
competent geologists; I think it is be
cause of the inherent difficulty of apply
ing stratigraphy to date fairly recent 
events. ) 

In contrast to the contorted tektites 

found at impact craters, the Austra
lasian tektites are roundish or chunky 
objects, often shaped like teardrops, 
dumbbells or disks, that show little evi
dence of internal strain. Most of them 
are very similar in composition, and 
there are subgroups of chemically iden
tical specimens whose discovery sites 
form long streaks within the overall 
field. Everywhere the tektites are chemi
cally distinct from the very diverse 
rocks on which they are found. All of 
this makes it clear that the Australasian 
strewn field's tektites originated at a 
single point, whether on the earth or in 

space. Some launching mechanism must 
have fired them from that initial point 
to their scattered resting places on the 
earth. The search for the origin of tek
tites is therefore a search for a launching 
mechanism that could spread this gigan
tic array over an area whose longest di
mension is some 11.000 kilometers and 
whose extent is perhaps a tenth of the 
earth's surface. 

Similar considerations apply to two 
other vast fields of tektites, of which the 
larger is the North American strewn 
field. It is the oldest field known, dating 
from about 35 million years ago, and it 

MOLDA VITE, a tektite from Czechoslovakia, glows in a photograph 
made by Joseph Walters of the Goddard Space Flight Center of the 
National Aeronautics and Space Administration. The moldavites are 
found in adjacent "strewn fields" in Bohemia and Moravia; they are 

named for the Moldau River. This specimen from Koroseky in Bohe
mia, whose diameter is about 1.5 inches, has the characteristic green 
color of a Bohemian tektite. Moldavites were once thought to be bits 
of artificial glass because the region was an early glassmaking center. 
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must have had an aggregate mass of 
about a billion tons. much of which has 
long since been eroded away. When the 
field was formed. it extended at least 
from the southern coast of the U.S. 
across the Gulf of Mexico and the Car
ibbean Sea to a point near Caracas in 
Venezuela. The Ivory Coast strewn 
field. about a million years old. extends 
from the Ivory Coast into the South At
lantic and has a mass of perhaps 10 mil
lion tons. In each of these large fields the 
tektites are shaped not like the irghizites 
but like the Australasian tektites. There 
are a number of smaller fields and indi
vidual finds. 

so much for the overall extent of the 
fields. Let me now summarize the 

reasoning that ultimately led to the two 
possibilities I outlined at the beginning 
of this article. Harold C. Urey of the 
University of California at San Diego 
has pointed out that the size of the 
strewn fields proves tektites do not come 
from space beyond the moon. A cloud 
of separate objects approaching the 
earth from space would (because of the 
differential effects of solar attraction) 
become so large and diffuse that it 
would of necessity cover an entire hemi
sphere of the earth. as a meteor shower 
does. On the other hand. the breakup 
within the earth's atmosphere of a single 

body would yield too small a distribu
tion-a few tens of kilometers in the 
longest direction. as in the case of the 
fall of a meteorite. Furthe.r evidence 
against prolonged travel of a cloud of 
bodies in space comes from analysis of 
the tektites. They lack the usual signs of 
interaction with primary cosmic rays in 
space: the presence of neon 2 1. alumi
num 26 or beryllium 10 or of the char
acteristic V-shaped cosmic-ray tracks 
made visible by etching with acid. The 
source. then. must be on the earth or on 
the moon. 

The only mechanisms anyone consid
ers capable of producing the necessary 
launching velocities are volcanism and 
meteorite impact. Winds cannot do it 
because even millimeter-size microtek
tites would fall out in a few minutes. 
which is too short a travel time to ac
count for even a modest strewn field. 
People do move tektites around. but not 
hundreds of millions of tons of them. 
and not into the middle of the Indian 
Ocean 750.000 years ago. Given two 
conceivable launching mechanisms and 
two possible source locations. there are 
four origins to be considered: terrestrial 
volcanism. lunar volcanism. terrestri
al meteorite impact and lunar meteorite 
impact. 

One of the four origins has long been 
out of favor: terrestrial volcanism. 

\\ MOLDAVITES 
15 MILLION YEARS 

There are two arguments against it. The 
first. to which I alluded above. is that the 
chemical composition of tektites is not 
the composition of terrestrial volcanic 
glasses. A typical tektite has a silica con
tent of something over 68 percent; a vol
canic glass with such a high silica con
tent is defined as granitic. There are ter
restrial granitic glasses. but they have a 
composition that can be represented as 
nearly equal amounts of three minerals: 
quartz (Si02 considered as a mineral). 
soda feldspar (NaAISiaOs) and potash 
feldspar (KAISiaOs). In addition no 
more than 20 percent consists of other 
minerals. 

The reason is clear: for silicates this 
composition is the ternary (three-way) 
eutectic. the composition that crystal
lizes at. the lowest temperature. As a 
somewhat basaltic magma cools. vari
ous minerals will crystallize out. each at 
the appropriate temperature and com
position. until the melt reaches this 
eutectic composition. The liquid phase 
now has the composition of a granite. If 
the liquid is somehow_ separated from 
the crystals. it may be intruded and cool 
slowly to form a crystalline rock (gran
ite). or it may erupt and be cooled in
stantaneously to form a granitic glass 
(such as obsidian). As an example. the 
"standard granite." designated G-l, has 
a mineral composition equivalent to 29 
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DISTRIBUTION OF TEKTITES is not random. They are concen
trated in a few large strewn fields (light color) and in smaller groups 
or as individual finds (colored streaks or dots). Microtektites have been 

found in deep-sea cores (open circles), which help to establish the ex
tent of the major fields. The ages of the tektites in each group, which 
have been established by various techniques, are shown on the map. 
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percent quartz, 32 percent soda feldspar 
and 28 percent potash feldspar, with the 
remaining 11 percent consisting of other 
minerals. 

Not so the tektites. For them the 
equivalent mineral proportions are typi
cally about 40 percent quartz, 13 per
cent soda feldspar and 15 percent pot
ash feldspar, with 32 percent consist
ing of other minerals. Stating it anoth
er way, tektites contain more divalent 
oxides-lime (CaO), magnesia (MgO) 
and ferrous oxide (FeO)-than terres
trial rocks of similar silica content, and 
less monovalent oxides: soda (N a20) 
and potash (K20). 

The other argument against terrestrial 
volcanoes is that they cannot provide 
enough velocity. They are powered by 
steam, and at the temperature of a lava 
(no more than 1.200 degrees Celsius) the 
velocity of sound in steam is about one 
kilometer per second. Thermodynamic 
theory shows that for a gas escaping 
from an enclosure there is a limiting 
velocity of about twice the velocity of 
sound in the gas, or about two kilome
ters per second for steam. (Higher tem
peratures would allow higher velocities, 
but the temperature of a lava is limited 
by the fact that the lava must be con
tained in a crucible of rock; if the tem
perature rises much above the melting 
point of the rock. the walls will melt and 
cool the lava.) The maximum "muzzle 
velocity" that is actually observed for 
objects thrown from volcanoes is only 
about 700 meters per second. Yet the 
velocity required to reach the edges of 
the Australasian strewn field from a 
point at the center of the field would be a 
little more than six kilometers per sec
ond! The compositional argument and 
the deficiency in launching velocity cer
tainly justify eliminating terrestrial vol
canoes as a source of tektites. 

Of the three remaining possibilities 
one, meteorite impact on the 

moon, seems to have been eliminated by 
the chemical data collected by the Sur
veyor, Apollo and Luna landings and 
by remote sensors that have surveyed 
much of the lunar surface. It seems clear 
that most of the surface consists of one 
or another kind of basaltic rock, or rock 
that is less than 55 percent silica. The 
lunar maria, or "seas," have iron-rich 
basalts and the lunar highlands have 
feldspar-rich basalts. Granitic rock is 
found only as fragments-including 
glassy ones-in the soils and in some 
breccias (rocks composed of fragments 
cemented together). From this it is de
duced that granitic masses do exist, but 
they must either be small or be in limit
ed areas that have not yet been ob
served. Almost all the lunar surface soil 
and rock is basaltic and cannot be the 
stuff of tektites. 

That being the case, impact on the 

IRGHIZITES, from Kazakhstan in the U.S.S.R., are the most recently discovered tektites. 
These specimens, which range from about .8 inch to 1.1 inches long (portions were removed 
from two of them for analysis), were made available to U.S. investigators by Institute of Geol
ogy in U.S.S.R. Academy of Sciences through P. V. Florensky, who first reported on them. 

moon would seem to be eliminated as 
a source of tektites because impact is 
an undiscriminating process: an object 
from space is as likely to land in one 
place as in another. It is true that lunar 
rock fired at the earth by a meteorite 
impact would be subjected to some fil
tering action favoring granitic glasses, 
which would survive shock, entry into 
the earth's atmosphere and weathering 
better than basalts, but the differences 
do not seem large enough to account for 
the silicic nature of tektites; indeed, the 
finding of low-silica microtektites indi
cates that low-silica material can sur
vive all these perils. (Even those micro
tektites, however, are not like the lunar 
basalts. ) 

It is not only tektites that fail to match 
the lunar basalts; there are no meteor-

ites that match them either. It lIsed to be 
assumed that some meteorites striking 
the earth had been splashed out of the 
lunar surface by an impact on the moon. 
Edward Anders of the University of 
Chicago and his co-workers noted, how
ever, that the principal types of lunar 
rock that have been studied are unlike 
anything in the world's meteorite collec
tions. It seems to follow, they pointed 
out. that a meteorite impact cannot eject 
matter from an object in the solar sys
tem (whether the moon, a planet or an 
asteroid) at a velocity as great as the 
lunar escape velocity, or 2.5 kilometers 
per second. This 2.5-kilometer limit, 
which I shall call Anders' limit, has be
come a cornerstone of post-Apollo me
teorite theory. It means that meteor
ites cannot originate on Mars or Mercu-

CONTORTED STRUCTURE of many irghizites (such as those in the photograph at the 
top of the page) is similar to that of some "Darwin glass" tektites from Tasmania (two al left) 
and tektites from Aouelloul in Mauritania (right). Like the irghizites, the Aouelloul tektites 
are associated with a nearby impact crater; the Darwin glass also appears to be. These speci
mens, two to 2.4 inches long, were collected by Robert F. Fudali of the Smithsonian Institution, 

119 

© 1978 SCIENTIFIC AMERICAN, INC



AUSTRALITE, a tektite from Australia collected by Charles Darwin during the voyage of the 
Beagle and now at the Institute of Geological Sciences in London, is seen from the front (left), 
side (middle) and rear (right); the long dimension is just over an inch. The australites' curi
ous flanged shape is the result of aerodynamic ablation on entry into the earth's atmosphere. 

TEARDROP AND DUMBBELL are typical "splash-form" tektites, suggestive of congealed 
drops of a viscous liquid. These tektites from Thailand are at the Smithsonian. The dumbbell 
is about 4.5 inches long. Such tektites are thought to have derived their shape from the breakup 
of a larger molten jet. Most tektites of this type are more massive than irghizites and other tek
tites associated with impact craters. Their shape suggests control by surface tension, which 
implies a rather stress-free environment during cooling. Presumably they tumbled as they en
tered the atmosphere, so that ablation was not concentrated on one face as in the australites. 

MICROTEKTITES in this photomicrograph were discovered by Billy P. Glass of the Univer
sity of Delaware and his colleagues in a core from the floor of the Caribbean Sea near the island 
of Cura�ao. Their composition is consistent with that of other tektites in the North American 
strewn field; stratigraphic and fission-track evidence dates them in the late Eocene epoch, some 
35 million years ago. The actual size of the large dark microtektite (eel/ter) is .25 millimeter. 
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ry. It means that meteorites cannot be 
splashed directly from an asteroid in the 
asteroid belt to the earth: although the 
initial velocity needed for them to es
cape from a small asteroid would be in
significant, the velocity change req uired 
to put the asteroid material into an orbit 
intersecting the earth would be about 
five kilometers per second. And Anders' 
limit is certainly a further, and final, ar
gument against meteorite impact on the 
moon as the source of tektites. 

The logic does not stop there, howev
er. We must face the fact that Anders' 
limit also excludes, even more strong
ly, the possibility that tektites originate 
from terrestrial meteorite impact! Ve
locities of from four to six kilometers 
per second are req uired by the geo
graphic extent of the large strewn fields, 
even if one disregards atmospheric re
sistance. 

The elimination of both impact hy
potheses is surprising. In the 1960's al
most all investigators were convinced
certainly I was-that tektites were gener
ated by impact, whether on the earth or 
on the moon. What convinced us was 
the discovery by Edward C.-T. Chao of 
the U.S. Geological Survey of nickel
iron spherules in certain tektites. Nickel
iron is the characteristic component 
of meteorites, and such spherules are 
found in non tektite glasses formed by 
meteorite impact. The spherules do tes
tify against terrestrial volcanism, since 
unoxidized iron is rare in lavas. Given 
the relative frequency of nickel-iron 
spherules in the Apollo lunar samples, it 
is now hard to see why, if the spherules 
are associated with lunar impact, they 
are so rare. And with the advantage of 
hindsight it seems strange that they tend 
to be associated with a particular kind of 
tektite glass and that their nickel content 
is low-much lower than that of meteor
ites. The low nickel content is hard to 
reconcile with a terrestrial origin for a 
particular reason. Robin Brett of the 
Geological Survey has pointed out that 
the partial loss of iron from a spherule 
in terrestrial impact glass by oxidation 
usually results in a spherule with a very 
high nickel content (and with an iron
rich halo around it, which is not seen 
in tektites). There is evidence from the 
Apollo samples that some low-nickel 
spherules are generated internally by the 
moon; perhaps the spherules in tektites 
really point to lunar volcanism. 

There are several attractive aspects 
to the hypothesis that tektites have 

been fired at the earth by a volcano on 
the moon. In the first place the inade
quate-velocity argument, which knocks 
out terrestrial volcanism as well as lunar 
and (I believe) terrestrial meteorite im
pact, is answered. Lunar rock is so avid 
for oxygen-so "reducing"-that a lunar 
volcano seems likely to be powered by 
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TEKTITES, LUNAR GLASS AND SANDSTONE are remarkably 
similar in their major-element composition. The bars show how each 
of the three materials differs from standard granite (G-t) in its con-

tent of major oxides. Tektite composition is somewhat closer to that 
of the lunar glass represented here, certain glassy Apollo 14 particles, 
than to that of the Henbury subgraywacke, a terrestrial sandstone. 

hydrogen rather than by steam. More 
specifically, the equilibrium ratio of hy
drogen to steam in contact with lunar 
basalt (or tektite glass) at 1.200 degrees 
C. should be four to one. The acoustic 
velocity in that mixture of gases is three 
kilometers per second. Particle veloci
ties of up to six kilometers per second 
are therefore possible in principle. The 
lunar escape velocity is only 2.5 kilome
ters per second. A hydrogen-powered 
volcano should be able to attain that ve
locity, particularly in the absence of an 
atmosphere. 

The lunar-volcano hypothesis also 
survives the discovery that the moon's 
surface is chiefly basaltic, the finding 
that eliminates lunar impact as an origin 
because tektites are typically silicic in 
composition. The kind of explosive vol
canism required to launch the tektites is 
associated (on the earth at least) with 
silicic volcanoes. If tektites are pro
pelled by lunar volcanism, it is reason
able that tektites should be predomi
nantly silicic: they originated not on the 
lunar surface but in a granitic magma 
somewhere below the lunar surface, and 
there is evidence for such magmas even 
though the moon's surface is almost en
tirely basaltic. 

The hypothesis of tektite origin by 
meteorite impact on the earth contin
ues to be widely supported in spite of 
the implications of Anders' limit. Let 
us suppose my application of the limit 

to the terrestrial-impact hypothesis is 
faulty and thus allow that there are two 
serious possibilities for the origin of 
tektites: lunar volcanism and terrestrial 
impact. The next step is to evaluate 
both possibilities in the light of more 
detailed data concerning the composi
tion of tektites. 

Adherents of terrestrial impact as
sume that the impact was on sedimenta
ry rock (perhaps metamorphosed) be
cause the chemical objections cited 
against volcanic glasses apply also to ig
neous rocks in general. By unfortunate 
coincidence terrestrial sedimentary rock 
and a lunar volcanic source are about 
equally capable of yielding the major
element composition observed in tek
tites. Among terrestrial sediments the 
sandstones, and in particular the rocks 
called subgraywackes, yield the best 
match because some kind of sorting 
process has enhanced their quartz con
tent. Quartz is pure silicon dioxide, and 
because it has no natural cleavage 
planes it is tougher than other common 
minerals and tends to form larger 
grains; any sorting process that respects 
particle size will tend to separate quartz 
from the other minerals. The high con
tent of lime, magnesia and ferrous oxide 
compared with soda and potash, which 
is observed in tektites and distinguishes 
them from granitic glasses, is remark
able only in rocks of high silica content; 
in intermediate or basic (basaltic) rocks 

it is quite usual. Hence all that is needed 
to achieve the major-element composi
tion of tektites in a terrestrial rock is to 
raise the rock's silica content, leaving 
everything else as it is in more basic 
rocks. Sedimentary processes can do 
just that. 

I t was this point more than anything 
else that led geochemists to support a 

terrestrial origin for tektites during the 
1960's. They believed that the moon 
probably would not make granite (and 
in fact it apparently does not make 
much). They assumed that if granite 
were made on the moon, it would be 
much like terrestrial granite because 
the laws of magma evolution should be 
the same on the moon as they are on 
the earth. And on the moon, of course, 
there would be no sedimentation to sort 
the granite into a material having the 
typical tektite composition. 

A number of different granitic com
positions have now been found on the 
moon, and none of them is of the clas
sic terrestrial type. At the Apollo 14 site 
about 1 percent of the very fine soil is 
silica-rich glass. Most of it is also rich in 
potash and thus quite unlike known tek
tites; the reason may be that potash-rich 
tektites do not survive because they are 
rapidly destroyed by weathering. A sig
nificant fraction (some 10 to 20 percent) 
of the lunar granitic glass has only mod
erate amounts of potash, however. Billy 

121 

© 1978 SCIENTIFIC AMERICAN, INC



P. Glass of the University of Delaware 
identified some glassy Apollo 14 soil par
ticles that are much like known tektites 
in their major elements. In particular 
they show the characteristic excess of 
the divalent oxides lime. magnesia and 
ferrous oxide and deficiency of the 
monovalent oxides soda and potash. 
Similar particles have been noted in the 
material from Apollo 12 and Apollo 15. 

The process by which lunar granites 
come to be different from terrestrial 
granites is being studied by Paul C. Hess 
and Malcolm J. Rutherford of Brown 
University. They have found in labo
ratory experiments that the red ucing 
character of a simulated lunar magma 
makes it tend to become rich in iron as 
various crystals settle out; the ferrous 
iron tends to remain in solution, where
as more oxidized ferric iron would 
be trapped in magnetite (Fe304) and 
would settle out. The iron-rich magma 
then divides into two liquids that, like oil 
and water, do not mix. One of them is a 
granitic liquid with the peculiar compo
sition of tektites or lunar granites. (The 
other is a very iron-rich liquid, evidence 
for which seems recently to have been 
found in lunar rocks.) 

Going beyond the major-element 

composition, one can compare the wa
ter content, the minor and trace ele
ments and the "oxygen fugacity," or the 
state of oxidation, of tektites and their 
possible source materials. Tektites are 
much drier than terrestrial sediments: 
they contain about a fiftieth as much 
water. Compared with terrestrial sedi
ments tektites are deficient in the ele
ments whose compounds are still vola
tile at 1,000 degrees C., such as lead, 
thallium, copper and zinc. Finally, there 
is the strong reducing character of tek
tites. At about 1 ,200 degrees C. the oxy
gen fugacity (or equilibrium oxygen 
partial pressure) is only about 10.14 at
mospheres in tektites as against about 
10.8 in terrestrial basalts. 

For a lunar-volcanism origin, on the 
other hand, those three characteris

tics present no difficulty. Dryness, low 
content of volatile elements and low 
oxygen fugacity are the three hallmarks 
of lunar-rock composition, as was noted 
in the first reports on the Apollo 11 speci
mens. Brett has recently shown that at 
magma temperatures the oxygen fugaci
ty of tektites is quite close to the 1 unar 
value. (Just before the first lunar land
ings, incidentally, some of us who had 

been studying tektites predicted that lu
nar rock would have a low water content 
and be deficient in volatile elements.) 

It is true that the loss of volatiles, wa
ter and oxygen might also be explained 
by the process of meteorite impact on 
the earth, at least qualitatively and in 
principle. If a rock is heated to a suffi
ciently high temperature and for a suf
ficiently long time. water. volatile ele
ments and oxygen will escape from it. 
Serious difficulties arise, however. if one 
attempts to account for these losses 
quantitatively. Volatiles can escape at a 
reasonable rate only by forming bubbles 
that rise to the surface of a liquid. With
in a tektite propelled by a meteorite into 
a ballistic trajectory the gravitational 
acceleration is zero; the bubble cannot 
rise because there is no "up." Even un
der normal terrestrial gravitational con
ditions the process of eliminating bub
bles from glass. which glassmakers call 
fining, takes hours or days; it is a major 
factor in the cost of commercial glass 
and has been given much attention. Fin
ing is difficult enough with dry. clean 
glass components and with a glass of 
low viscosity; in the case of wet, dirty 
components and a very viscous glass it 
would be surprising if fining could be 

ABLATION OF AUSTRALITES was mimicked in the laboratory 
by Dean R. Chapman of the Ames Research Center of NASA. He 
subjected artificial tektite glass to a heated airstream in an arc jet, 
producing the models shown at the top in (left to right) front, side and 

back views and as a thin section seen from the side. The same views of 
natural australites are seen at the bottom. The striae in the thin sec
tions meet the back surface at a sharp angle; at the front surface, 
however, they turn and follow the surface as a result of liquid flow. 
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accomplished within the few minutes 
before the tektite material congeals and 
in the absence of an effective value of 
gravity. 

The large reduction in oxygen fugac
ity required to transform a terrestrial 
glass into tektite material leads to a simi
lar difficulty. It means that ferric oxide 
(Fe203) must be changed into ferrous 
oxide (FeO) by the liberation of a vol
ume of oxygen substantially larger (at 
atmospheric pressure) than the volume 
of the tektite. Experiments show that 
at atmospheric pressure the reduction 
stops at a ratio of ferric to ferrous oxide 
that is about eight times higher than the 
ratio in tektites. even at very high tem
peratures. 

There are minor discrepancies be
tween tektite trace elements and the 
only lunar granite that has been thor
oughly analyzed. sample 12013 from 
Apollo 12. The lunar sample is richer in 
chromium and has a lower potassium
to-uranium ratio. a higher ratio of lead 
206 to lead 204. a different set of rare
earth abundances and a lower ratio of 
oxygen 18 to oxygen 16. On the other 
hand. some of the more recent analyses 
have turned up tektites with chromium 
in the lunar range and lunar material 
having a potassium-to-uranium ratio in 
the tektite range. a lead-isotope ratio ba
sically similar to the ratio in tektites and 
rare-earth distributions much like those 
in tektites. As for the oxygen-isotope 
discrepancy. since somewhat similar re
lations are found on the surface of lunar 
dust grains it may simply reflect the fact 
that tektite material has spent some time 
in the form of very fine particles. a possi
bility that is supported by some aspects 
of tektite' morphology. On balance. 
then. the chemical data support a lunar 
origin rather more strongly than they 
support a terrestrial one. 

The most telling arguments in favor 
of the lunar hypothesis. however. 

are based on striking aerodynamic evi
dence produced by Dean R. Chapman 
and his colleagues at the Ames Research 
Center of the National Aeronautics and 
Space Administration. Chapman and 
others had calculated that tektites 
launched from the ground could travel 
only a few hundred meters through the 
undisturbed atmosphere. Shao-Chi Lin 
of the University of California at San 
Diego suggested that the atmosphere 
might not have remained undisturbed: 
that the air might have been set in mo
tion by a gigantic meteorite impact and 
so might have conveyed the tektites at 
ballistic velocity to the top of the atmo
sphere. Lin calculated that the energy 
required to launch tektites in this way 
would have produced a crater some 
300 kilometers in diameter and 40 kilo
meters deep. Chapman and Donald E. 
Gault confirmed Lin's calculation and 
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DEPTH OF ABLATION was calculated by Chapman and Howard K. Larson, for various ve
locities of entry into the atmosphere and for various angles of entry, according to the general
ly accepted ablation theory. The numbers on the curves give the amount of ablation in milli
meters. Since the australites appear to have lost about 10 millimeters to ablation, the calcula
tions indicate an entry velocity of at least 11 kilometers per second at likely angles of entry. 

suggested that it would be rather diffi
cult to conceal such a crater. Indeed. the 
existence of three such craters. undis
covered and in the correct positions 
to account for the Australasian. North 
American and Ivory Coast strewn fields. 
is very doubtful indeed. 

In a brilliant series of experiments and 
calculations Chapman demonstrated 
just how the curious flanged shape of the 
tektites 'from Australia called austra
lites. such as the one brought back by 
Darwin. is generated by aerodynamic 
ablation. As early as 1893 the German 
geologist A. W. Stelzner had suggested 
that the australites had begun as spheres 
and had been partially melted. with the 
melt flowing back from the front face of 
the tektite under air drag. Chapman had 
glass made up to mimic the chemical 
composition of the australites and sub-

jected samples to a heated airstream in 
an arc jet. The glass flowed back from 
the front surface and coiled into the 
characteristic flange. identical even to 
the circular or spiral "ring waves" of the 
natural tektites. 

Chapman showed that the flange. the 
amount of ablation and the pattern of 
the ring waves are inconsistent with ori
gin on the earth. The australites could 
develop a flange only in stable flight. 
(Most tektites presumably do not begin 
as smooth spheres; they tumble in flight 
and are shaped by ablation into irregu
lar forms.) The australites would be sta
ble only during passage through an in
creasingly dense medium; the amount 
of ablation indicates a velocity of from 
10 to 12 kilometers per second. That is 
consistent with descent through the at
mosphere at the entry velocity (11.2 kil-
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LUNAR VOLCANIC ERUPTION, which the author favors as the most likely source of tek
tites, could eject material at the lunar escape velocity, about 2.5 kilometers per second. The 
material would be tightly "clustered" in speed and direction (left). Not much of it would fall 
back to the lunar surface and what fell back would not be spread very far (right); that would 
explain why the moon has not been found to be littered with material of tektite composition. 

METEORITE IMPACT ON THE MOON, on the other hand, would presumably eject materi
al in many directions and at many different speeds, thus spreading material over lunar surface. 

124 

ometers per second} expected for an ob
ject coming from the moon. Chapman's 
calculations. which were confirmed bv 
my colleagues and me, depend on th� 
well-tested theory of ablation that un
derlies the design of heat shields for 
NASA spacecraft and military missiles. 

I n choosing between terrestrial impact 
and lunar volcanism we are in the 

position the pioneer French meteoriti
cist Antoine Franc;:ois de Fourcroy de
scribed in 1804: "compelled to choose 
between ideas that are just as unprece
dented the one as the other." Fourcroy 
wrote that in such a case "it is only by 
eliminating the absurd or the impossible 
that one is forced to accept what would 
at first have seemed almost unbeliev
able" (that meteorites fall from the sky). 

It is absurd to suppose the earth has a 
number of undiscovered Cenozoic cra
ters larger than Ireland or that the stan
dard heat-shield calculations contain 
gross undetected errors leading to un
derestimation of ablation by a factor of 
five. It is impossible to make substantial 
chunks of glass of good quality and de
void of water instantly from common 
rock and soil. or to launch large parti
cles from the earth at six kilometers per 
second by shock, or to penetrate the at
mosphere with gram-size bits of glass 
at hypersonic velocities. And so one is 
forced to accept the conclusion that tek
tites, in spite of their remarkable resem
blance to terrestrial rocks. have been 
fired at the earth by a volcano or volca
noes on the moon. 

If tektites come from the moon, they 
are a selected group of volcanic glasses. 
Volcanism yields nearly vertical launch 
directions (at least on the earth), which 
means that material can be propelled to 
the earth only from a limited set of loca
tions on the moon. That being the case, 
tektites constitute a limited subsample 
of lunar granitic materials. It is not rea
sonable, then, to expect that the aver
age properties of lunar granites would 
match those of tektites. One can only 
expect that those properties would not 
be inconsistent with tektite composi
tions, and that requirement appears to 
be satisfied by the lunar granites that 
have been studied. The compositional 
argument against a lunar origin for tek
tites can therefore be met. 

Another argument against lunar ori
gin derives from the localized distribu
tion of tektites on the earth. It is held 
that tektites that miss the earth on a first 
pass would go into orbit around the sun, 
would eventually be captured by the 
earth and would fall out in a uniform 
distribution over the earth's surface
unless there is some mechanism that de
stroys them before they are recaptured. 
Such a mechanism does exist, however. 
If the albedo, or reflectivity, of a small 
body moving through the solar system is 
so distributed that on the average the 
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albedo of the right side is even slightly 
different from the albedo of the left side, 
the object will be caused to spin by 
the differential radiation pressure of 
sunlight. The spinning will increase to 
bursting speed in a few tens of thou
sands of years, thus destroying an orbit
ing tektite. 

Finally, how is one to account for the 
few craters that do appear to be associ
ated with certain tektite assemblages: 
the irghizites, the Aouelloul tektites and 
perhaps the Darwin-glass tektites? Not 
all tektites need to have come from the 
moon as small objects. Large blocks are 
sometimes ejected from terrestrial vol
canoes. It is at least conceivable that a 
block of tektite material weighing some 
millions of tons could have been pro
pelled toward the earth by a violent 
eruption on the moon, could have ex
cavated the Zhamanshin crater and in 
the process disintegrated, after which 
its material would have recongealed to 
form the irghizites. 

The key to solving the tektite problem 
is an insistence on a physically rea

sonable hypothesis and a resolute refus
al to be impressed by mere numerical 
coincidences such as the similarity of 
terrestrial sediments to tektite material. 
I believe that the lunar-volcanism hy
pothesis is the only one physically possi
ble, and that we have to accept it. If it 
leads to unexpected but not impossible 
conclusions, that is precisely its utility. 

To cite just one example of the utility, 
the lunar origin of tektites strongly sup
ports the idea that the moon was formed 
by fission of the earth. Tektites are in
deed much more like terrestrial rocks 
than one would expect of a chance as
semblage. If tektites come from a lunar 
magma, then deep inside the moon there 
must be material that is very much like 
the mantle of the earth-more like the 
mantle than it is like the shallower parts 
of the moon from which the lunar sur
face basalts have originated. If the 
moon was formed by fission of the 
earth, the object that became the moon 
would have been heated intensely, and 
from the outside, and would have lost 
most of its original mass, and in particu
lar the more volatile elements. The lavas 
constituting most of the moon's present 
surface were erupted early in the moon's 
history, when its heat was concentrated 
in the shallow depleted zone quite near 
the surface. During the recent periods 
represented by tektite falls the sources 
of lunar volcanism have necessarily 
been much deeper, so that any volca
noes responsible for tektites have drawn 
on the lunar material that suffered least 
during the period of ablation and is 
therefore most like unaltered terrestrial 
mantle material. Ironically, that would 
explain why tektites are in some ways 
more like terrestrial rocks than they are 
like the rocks of the lunar surface. 

< 

B 
�ARTH 

PATHS FROM MOON TO EARTH of tektite material ejected by lunar volcanism are sbown. 
Material ejected at just a little more tban escape velocity would (given tbe velocity of tbe moon 
around tbe eartb) go into an orbit like tbat of tbe moon (A). Material ejected at very bigb ve
locity would go into a retrograde orbit (B), missing tbe eartb and eventuaUy orbiting tbe sun. 
Only material ejected witbin a narrow velocity range (C) would enter an orbit tbat would in
tersect, or tbat could be skewed by tbe eartb's gravitational attraction to intersect, tbe eartb. 
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Organisms That Capture Currents 

A variety of species, from marine sponges to prairie dogs, ha ve 

harnessed aerodynamic and hydrodynamic forces to increase 

the Row of air or water through themselves or their abodes 

I
n any ecological system the chemical 

energy stored in food is a precious 
commodity. It is not only limited in 

quantity but also energetically costly for 
an animal to obtain; hunting. gathering 
and filter feeding are all energy-consum
ing activities. As a result a variety of 
animals have evolved ways of harness
ing plentiful forms of mechanical ener
gy in the environment. such as water 
currents or the wind. to perform tasks 
that would normally require the ex
penditure of chemical energy. These an
imals. ranging from turret spiders to 
prairie dogs. have achieved a consider
able adaptive advantage in the rigorous 
energy economy of the living world. 

The major source of mechanical ener
gy in the environment is the difference in 
velocity between a fluid and the solid 
substratum over which the fluid moves. 
(Ultimately these flows-air currents in 
the atmosphere and water currents in 
the ocean-are driven by energy from 
the sun.) Given the appropriate trans
ducing system. the velocity difference 
created near the interface between a cur
rent and a substratum (such as the 
ground or the surface of an animal) can 
be converted into useful forms of ener
gy. Because the energy of a current re
sides in the movement of a fluid. one 
simple and direct biological application 
is to cause part of that same fluid to 
move through some internal plumbing 
system. Indeed. most organisms that 
capture currents do so to pump air or 
water either through themselves (to fa
cilitate respiration or filter feeding) or 
through a nest or burrow (for ventila
tion or humidification). 

What are some simple ways in which 
currents can be harnessed to in

duce the flow of air or water through an 
organism or a burrow? One mechanism 
is based on the principle of the conserva
tion of energy in a steadily moving fluid. 
first formulated by the Swiss mathe
matician Daniel Bernoulli in 1738. The 
principle states that if a fluid moves hor
izontally so that there is no change in 
gravitational potential energy. the pres
sure of the fluid must decrease whenever 
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its velocity increases so that its total en
ergy remains constant. For example. if 
the fluid is moving through a horizontal 
pipe that narrows and widens at various 
points. the fluid must speed up in pass
ing through the constricted areas. and so 
it exerts the least pressure where the di
ameter of the pipe is smallest. Bernoul
li's principle explains the function of the 
airplane wing: since air moves faster 
over the top of the wing than it does over 
the bottom. it creates a difference in air 
pressure between the top and the bot
tom. or lift. 

Now consider a small V-shaped pipe 
connecting two points of a larger chan
nel. with both ends of the small pipe 
perpendicular to the channel. The fluid 
in the small pipe will move from the end 
where the flow in the channel is slower 
(exerts a higher pressure) to the end 
where flow in the channel is faster (ex
erts a lower pressure). The velocity of 
current flow over one of the openings 
can be increased by elevating the open
ing or altering its shape so that it is 
sharper-edged or less sheltered. In this 
way flow can be induced in the small 
pipe independent of the direction of cur
rent flow in the larger channel. For ex
ample. the flow of smoke up a chimney 
increases when the wind blows. what
ever the direction of the wind. 

Flow can also be induced by the dy
namic pressure of the current as a less 
direct consequence of Bernoulli's prin
ciple. If a small pipe is bent at a 90-de
gree angle and oriented in a larger chan
nel so that one end is directed upstream 
and the other opens perpendicularly to 
the flow of current. the perpendicular 
opening will be exposed only to the stat
ic pressure of the stream whereas the 
opening facing the current will also be 
subjected to the dynamic pressure of the 
oncoming fluid. Flow will therefore be 
induced in the pipe from the upstream 
opening to the perpendicular one. 

A third mechanism for inducing flow 
is based on the viscosity (resistance to 
flow) of real fluids. whether gas or liq
uid. The movement of a fluid past the 
opening of a pipe oriented perpendicu
larly to the current will draw fluid out of 

the pipe. a phenomenon known as vis
cous entrainment. The wider the open
ing of the pipe is or the faster the current 
is. the greater the entrainment will be. 

These three physical effects may work 
singly or together to induce flow in a 

biological system. One simple geometri
cal system often found in nature. which 
I call Type I. consists of a V-shaped pipe 
through a solid substratum with open
ings at each end. If air or water is to be 
persuaded to flow through the pipe. the 
openings must differ in size. shape. ele
vation above the substratum or expo
sure to water currents or the wind. Inter
nal flow will travel from the smaller. 
blunter. lower or more sheltered open
ing (where the fluid pressure is higher) to 
the larger. sharper. higher or less shel
tered opening (where the velocity of cur
rent flow is greater. the fluid pressure is 
lower and viscous entrainment is pro
moted by the larger size of the opening 
or the greater current). 

An excellent example of a Type I sys
tem for inducing flow is provided by the 
burrow of the black-tailed prairie dog. 
a species indigenous to the Great Plains 
of North America. These rodents are 
consummate burrowers. digging tunnels 
that in well-compacted soil may be as 
deep as 10 feet and as long as 50 feet. 
Although a prairie-dog "town" often ap
pears to be a complex network of tun
nels. the burrows are usually simple. 
two-ended passages with only one or 
two side chambers. 

From existing data on the metabolism 
of the prairie dog. soil properties and 
diffusion rates it is an easy matter to 
calculate that the free diffusion of oxy
gen through either the soil or the tunnel 
is insufficient to meet the respiratory 
needs of even a single animal sitting in a 
nesting chamber at the bottom of the 
burrow. Moreover. in the warm months 
cool air is trapped in the chambers. 
making free convective currents negli
gible. How then does adequate oxy
gen reach the prairie dogs inside the 
burrow? Presumably the animals could 
force air through the tunnels by erecting 
their fur and running through the pas-
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FLQW OF AIR OR WATER through the burrow of an animal or the 
animal itself for the purpose of ventilation, respiration or filter feed
ing can be enhanced by harnessing the energy of external currents. 
The examples shown here share a common geometry, termed Type I, 
in which the movement of a fluid over a substratum induces the flow 
of the same fluid through a U-shaped pipe passing through the sub
stratum with openings at each end exposed to the current. Air or wa
ter is forced through the pipe because of physical effects resulting 
from the fact that the two openings differ in size, shape, elevation 
above the substratum or exposure to water currents or the wind. In 
the prairie-dog burrow (a) air flows from the lower, rounded "dome" 

mound to the higher, sharper-edged "crater" mound, providing need
ed ventilation. In the vertical burrow of the turret spider (b) air en
ters through the porous surface � the soil and exits through the ele
vated burrow opening, bringing up moist air that protects the animal 
from desiccation. The burrow of a marine worm (c) resembles the 
burrow of the prairie dog in that one opening is elevated above the 
substratum, inducing the flow of water through the channel. In a large 
flying beetle (d) the wind generated by the forward movement of the 
insect and the beating of the wings induces the flow of air through 
large tracheas (internal air pipes) that open directly to the outside, 
thereby enhancing supply of oxygen to the beetle's flight muscles. 
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sages like pistons, but as we shall see 
an energetically cheaper alternative is 
available. 

Each end of the prairie dog's burrow 
emerges in the center of a mound of 
dirt; such mounds are commonly re
garded as lookouts or as protection 
from flash floods. Two types of mound 
are scattered through a town: a low, 
rounded "dome" mound and a high
er, sharper-edged "crater" mound. The 
difference is clearly ·more than an ac
cident of excavation, since after a 
rain the animals carefully rebuild the 
mounds, maintaining the distinction be
tween them. Delbert L. Kilgore, Jr., 
of the University of Montana identi
fied the openings of a given burrow by 
the simple expedient of forcing smoke 
down one hole and observing where it 
emerged. He found that a typical bur
row has a crater mound at one end and a 
dome mound at the other. 

The burrow of the prairie dog there
fore meets the geometrical require

ments of a Type I flow inducer. Does 
air actually flow through it? Kilgore 
dropped small smoke bombs into a few 
burrows and noted that whenever a 
breeze sprang up, a plume of smoke ap-

a 

peared above the end of the burrow with 
the higher crater mound. To test wheth
er the Type I mechanism was involved 
Charles P. Ellington and I, working in 
my laboratory at Duke University, built 
a model burrow in which all the linear 
dimensions were reduced tenfold and 
tested the model in a wind tunnel at air
speeds 10 times higher than those ex
pected in nature. (One change compen
sates for the other.) When scale mod
els of the dome mound and the crater 
mound were added to the model bur
row, it transmitted air in a manner indis
tinguishable from that of the real bur
row. The effect was detectable in the 
wind tunnel at low wind speeds, indicat
ing that even a barely perceptible breeze 
of about one mile per hour (.45 meter 
per second) over a real burrow should 
suffice to change the air inside about 
once every 10 minutes. 

Measurements made with a series of 
different mound configurations on the 
model burrow demonstrated that flow 
could be induced by either a difference 
in height between the mounds or a dif
ference in shape; in practice the two dif
ferences work in concert. The direction 
of the wind passing over the mounds did 
not alter the direction of induced airflow 

b 

> 

1 

through the burrow. This finding makes 
"biological" sense: although wind is a 
dependable feature of the climate in 
Dodge City, Kans. (the closest Weather 
Bureau station to Kilgore's burrows), 
wind direction is notably variable. 

Turret spiders (genus Geolycosa) con
struct single-opening vertical burrows in 
sand or porous soil on roadsides, in open 
fields and near ocean fronts. Over the 
entrance of the burrow is the "turret," a 
craterlike ring of sand, pebbles or bits of 
vegetation perhaps half an inch high, 
lined and laced together with silk. Dur
ing the day the spider stays at the bot
tom of the burrow, a foot or so below 
the surface; at night it straddles the 
turret, poised to pounce on prey. This 
structure too is no mere accident of 
excavation: in addition to serving as 
a handy perch and as some insurance 
against inedible objects rolling into the 
burrow, the turret induces a flow of air 
through the tunnel. If a small flow-mea
suring device is inserted into the burrow 
and a second device is placed near the 
turret, recordings from the two are cor
related: whenever a breeze crosses the 
turret. air moves upward in the burrow. 

If the burrow has only one opening, 
where does the air come from? The an-

c 

PHYSICAL EFFECTS are exploited by living organisms to induce 
the flow of fluid through some internal plumbing with a minimal ex
penditure of metabolic energy, According to the principle formulat
ed by the mathematician Daniel Bernoulli, the pressure of a steadily 
moving fluid must decrease whenever its velocity increases so that its 
total energy remains constant. Thus in a flow will be induced in a U
shaped pipe if one end is elevated above the substratum because the 
velocity of the current there will be greater and the pressure accord
ingly lower. In b, a less direct consequence of Bernoulli's principle, 

flow is induced through the L-shaped pipe because the perpendicular 
opening is exposed only to the static pressure of the stream whereas 
the opening facing the current is also subjected to the dynamic pres
Sure of the oncoming fluid, A third mechanism for inducing flow (c) 
is based on the viscosity (resistance to flow) of a fluid: the movement 
of a current past the opening of a pipe oriented perpendicularly to it 
will draw fluid out of the pipe, an effect known as viscous entrain
ment. In cases a and c the flow of air or water through pipe is induced 
in only one direction regardless of the direction of external current. 
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swer is that the surface of the sand or 
soil around the entrance serves as a sec
ond opening, because only very slight 
pressures easily generated by gentle 
winds are needed to draw air through 
the porous substratum in which the spi
ders live. Thus the turret-spider burrow 
matches the Type I model. 

What is the functional significance of 
induced airflow for the spiders? Is it just 
a by-product of a turret built for another 
purpose or does it play a more direct 
role? Turret spiders live in what amount 
to local deserts, and since they have no 
regular access to standing water desicca
tion can be a serious problem. Even in a 
desert, however, the air between soil or 
sand particles is usually saturated with 
water only a few inches below the sur
face. A system for slowly drawing moist 
air into the burrow could enable the spi
der to spend its days in air of high hu
midity, thereby minimizing the loss of 
body fluid. In addition, as will not sur
prise anyone who has walked barefoot 
across sand on a relatively calm sunny 
day, the air in the upper part of the bur
row can get very hot. A slow upward 
flow could prevent the penetration of 
hot surface air into the deeper part of 
the burrow. 

On the ocean shore many intertidal 
mud flats are perforated with thou

sands of openings belonging to the dou
ble-ended burrows of marine inverte
brates such as lugworms, clam worms 
and burrowing shrimps. Like the bur
rows of the prairie dog, these burrows 
have one opening elevated above the 
substratum, as can be demonstrated by 
injecting dye into one opening with a' 
basting syringe and observing where the 
dye emerges. The worms, at least, will 
also excavate their burrow in buckets of 
mud in the laboratory. If they can then 
be persuaded to leave the burrow, the 
induction of flow through the burrow 
can easily be demonstrated; indeed, giv
en the layout of the burrow, some spe
cial device would be needed to prevent 
the induction of flow when the water 
above the burrow is in motion. 

When a marine worm is in its burrow, 
however, its body plugs or nearly plugs 
the passage, and the worm displays 
a wide repertory of rhythmic pumping 
movements, raising the question of 
whether induced flow is significant un
der natural conditions. The worms can 
clearly sense external currents, but it is 
difficult to judge whether they are mak
ing use of the currents to augment their 
pumping. On the other hand, some of 
the burrowing shrimps are reported 
to leave the main tunnel of their bur
row open, residing in a small side cham
ber after excavation is complete. Under 
such circumstances flow would certain
ly be induced and might serve to en
hance the feeding and respiration of the 
animal. 

An example of induced flow at the 

STOMATE, or leaf pore, of the walnut tree Pterocarya stelloptera is magnified 6,700 diame
ters in this scanning electron micrograph. The stomate is surrounded by craterlike lips that 
may induce a flow of air within the leaf by a Type I mechanism (much like the crater mound 
of the prairie-dog burrow), thereby enhancing the diffusion of carbon dioxide into the cells, 
Perhaps because of the drying effect of the induced flow such craterlike stomates are gener
ally Iimi,ted to the leaves of hydrophytes (plant species that possess liberal supplies of water). 

) ) 

CROSS SECTION OF THE LEAF of a hydrophyte illustrates the induced flow of air through 
the continuous air passages that connect the stomates. Since the stomates near the upwind edge 
of the leaf are subjected to higher wind speeds than those farther from the edge, air should en
ter the stomates in the center of the leaf and exit through the stomates at the edge of the leaf. 
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SECOND ARRANGEMENT for the induction of flow, known as 
Type n, is exploited by a wide variety of living organisms. This con
figuration involves a conical or cylindrical protuberance of the sub
stratum with small holes around the base or covering the side walls 
that are connected internally to a large central cavity; air or water 
flows into the circumferential holes and out through the top of the 
protuberance. Unlike the Type I system, the entire Type n system is 
located above the substratum. Marine sponges (a) exploit induced flow 
to increase the rate at which nutrient-rich ocean water passes through 
their filtration system. The giant mounds of African termites of the 
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genus Macrotermes (b) induce the flow of air for the purpose of ven
tilating the brood chamber in the center of the mound. The keyhole 
limpet (c) has an opening, or "keyhole," at the apex of its conical shell 
so that currents induce a flow of water under the lower rim of the 
shell and out through the keyhole. The brachiopod (d) orients itself 
perpendicularly to a current so that water is forced into the sides of its 
gaping shells, passes through the filtration apparatus within and exits 
through the center of the gape. When the direction of the external 
current changes, brachiopod will rotate on its stalk in order to contin
ue to benefit from the induced flow. This is its only known behavior. 
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microscopic level is provided by the sto
mates. or leaf pores. through which 
plants exchange gases. In certain hydro
phytes (plants that have liberal supplies 
of water) the stomates are surrounded 
by crater like lips and are interconnected 
within the leaf by continuous air pas
sages. Ellington has proposed that the 
movement of wind across such a leaf 
might induce the flow of air into one 
stomate and out through another. since 
the stomates near the upwind edge of 
the leaf would be subjected to a higher 
wind speed than those farther from the 
edge. If the flow is induced by a mech
anism of Type I. the stomates at the 
edge of the leaf should function as exit 
pores and those in the center as entrance 
pores. Observations of the flow of dye 
through leaves whose air passages have 
been filled with water indicate that such 
bulk flow does occur. although at rather 
low speeds. 

A function for induced airflow with
in leaves is not hard to imagine. Green 
plants utilize carbon dioxide as their 
source of carbon for growth and energy 
storage. but this gas is only a minor con
stituent of the atmosphere. about one 
part in 3.000. In order for carbon diox
ide to diffuse into a leaf there must be a 
still lower concentration of the gas in
side it. A forced airflow. however. could 
circumvent this requirement. The fact 
that only the leaves of hydrophytes pos
sess the crater-lipped stomates required 
for the induction of flow suggests that 
only plants with large supplies of water 
can tolerate the drying effect of induced 
airflow within their leaves. Reducing the 
phenomenon to quantitative terms has 
proved difficult. because the pores and 
passages of leaves are less than a tenth 
of a millimeter in diameter. For this rea
son the relative contribution of diffusion 
and induced flow to gas exchange in the 
leaves of hydrophytes remains to be de
termined. 

W
hat other biological applications 
of Type I flow induction might 

there be? Let me suggest a few possibili
ties. Insects in flight consume prodigious 
amounts of oxygen. which is supplied to 
their flight muscles through a set of tra
cheas. or air pipes. opening directly to 
the surface of the insect's body. In cer
tain large flying beetles the wind gener
ated by the beating of the wings and 
the forward motion of the insect has 
been shown to induce airflow through 
the thoracic tracheas. Flying birds also 
require rapid gas exchange and have 
evolved lungs through which air passes 
in only one direction. In the most ad
vanced birds air capillaries loop off the 
fine passages of the lungs in such a way 
that induced flow enhances the diffusion 
of oxygen into the blood. 

One species of kangaroo rat (Dipodo
mys spectabilis) of the American South
west builds mounds several feet in diam
eter in the middle of cleared areas. Up to 

a dozen relatively large holes perforate 
the face of the mound; in passages radi
ating outward from the holes the rat 
stores supplies of seeds and other plant 
materials. The mound appears to func
tion as a flow-inducing device to draw 
moist soil air into the passages and 
thereby increase the water content of the 
stored food. one of the kangaroo rat's 
few sources of water. Still other in
stances of induced flow may well be 
found in the diverse burrows of ants. 
wasps. rodents and moles and even (for 
water) in the nostrils of certain fishes. 
There is certainly no dearth of possibili
ties awaiting investigation. 

Another geometrical arrangement for 
inducing internal flow is called Type 
II. This configuration involves a coni
cal or cylindrical protuberance of the 
substratum with small holes around the 
base or covering the side walls; the holes 
are connected internally to a large cen
tral cavity that opens to the outside at 
the top of the protuberance. Air or wa
ter flows into the circumferential holes 
and flows out at the top of the central 
cavity. Unlike the Type I system. the 
entire Type II system is above the sub
stratum. 

Marine sponges provide the best ex
amples of the induction of flow by a 
Type II mechanism. Sponges make their 
living by passing enormous quantities 
of water through themselves ( 10.000 to 
20.000 times their body volume per day) 
and filtering out microorganisms and 
other nutrient particles. Water enters 
through tiny holes in the animal's sur
face and is forcibly expelled through 
one or more large openings at the top of 
the animal. To the surprise of early in
vestigators the flow is generated not by 
muscular action but by the uncoordinat-

ed beating of a very large number of tiny 
flagella. 

According to many accounts. marine 
sponges prefer habitats in which the 
water is normally moving. Do they un
der certain circumstances derive benefit 
from induced flow while actively pump
ing with their flagella? To answer this 
question William L. Bretz of the Duke 
University Marine Laboratory and I 
built a cylindrical plastic model of a 
sponge with one large hole near the top 
and a ring of small holes near the base. 
When the water around the model was 
moving. water flowed into the small 
holes and out of the large hole just as if 
the "animal" were actively pumping. 

At the Bermuda Biological Station I 
was able to record flow within and adja
cent to eight species of sponges without 
removing them from their site of attach
ment or even touching them. In all cases 
any increase in the velocity of the cur
rent around the sponge was closely mir
rored by an increase in the rate at which 
water passed through the sponge. Even 
local currents well below the pumping 
velocity of 10 to 20 centimeters per sec
ond were effective. and higher currents 
nearly doubled the flow rate. The ad
vantage to a sponge of such augmenta
tion of flow is obvious: filter feeding in 
most places is a marginal business. with 
the energy cost of processing water not 
far below the energy yield of the filtrate. 
Any device that increases the filter
ing rate without direct metabolic cost 
should therefore prove profitable. 

Further investigation revealed that 
sponges. supposedly among the sim

plest of macroscopic animals. are ex
quisitely designed to take maximal ad
vantage of induced flow. In most species 

SHAPE OF A SPONGE is adjusted to the magnitude of the prevailing local currents to allow 
the maximal utilization of induced flow. Two colonies of the same species (Halichondria pa
nicea) are shown. The sponge at the left grows in calm water and has chimneylike extensions 
on its output openings, which are exposed to the more substantial currents located well away 
from the substratum. The sponge at the right, on the other hand, grows on surfaces swept by 
fast-moving water and is therefore lower, more rounded and has smaller and less elaborate 
exit holes. The extreme plasticity of this sponge species increases its ecological versatility. 
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there is an open space just under the 
outer skin that allows water entering the 
upstream holes under the pressure of the 
current to enter the parts of the filtration 
system on the downstream side of the 
animal as well; a set of valves in the skin 
appears to prevent backflow where the 
pressure inside the animal is greater 
than that outside. As a result no matter 
what the direction of the current around 
a sponge is, the animal can take advan
tage of both the positive water pressure 
on its upstream entrance holes and the 
negative pressure at its exit holes. 

Moreover, the very shape of sponges 
is adjusted to the magnitude of prevail
ing local currents in just the manner ap
propriate for maximal utilization of in
duced flow. Even within a single species 
individuals growing in relatively calm 
water are commonly taller and may 
have chimney like extensions on their 
output openings; these arrangements ex
pose the exit holes to the more substan
tial currents located well away from 
the substratum. In contrast, sponges of 
the same species that grow on surfaces 
swept by faster-moving water are lower, 
more rounded and have smaller and less 
elaborate exit holes. The extreme plas
ticity of the shape of sponges is there
fore a remarkable strategy for increas
ing ecological versatility. 

The archaeocyathids ("ancient cups") 
were a group of sessile animals that oc-

iNTERVALLUM 

INNER WALL ----.=;..,,;;;; 

HORIZONTAL 
PARTITION 

VERTICAL PARTITION 

cupied a major portion of reefs during 
the Cambrian period, some 500 million 
years ago. Although nothing is known 
of their behavior or of the soft parts 
of their anatomy, the typical archaeo
cyathid was about four inches high, was 
shaped like a vase and had a central cav
ity that opened wide at the top and was 
surrounded by two concentric walls of 
calcified material. The outer wall was 
perforated by a large number of holes; 
the inner wall was also perforated, but 
the holes were larger. Archaeocyathids 
were probably filter feeders, and since 
their remains are found in coarse sedi
ments they probably lived in moving 
water. 

William L. Balsam of Brown Universi
ty first pointed out that archaeocyathids 
were quite reasonably shaped to take 
advantage of induced flow, somewhat in 
the manner of their possible relatives 
the sponges. To test this hypothesis Bal
sam and I made an approximation of 
an archaeocyathid out of aluminum: a 
double-walled inverted cone with small 
holes in the outer wall and larger ones in 
the inner wall. When we tested the mod
el in a flow tank, the model induced flow 
much more strongly than even the best 
sponge models. In effect it had a two
stage induction system: the external cur
rent not only drew water up out of the 
central cavity but also drove a large vor
tex in the cavity, which in turn drew 

CENTRAL CAVITY 

OUTER WALL 

ARCHAEOCY ATHIDS were sessile animals, somewhat akin to modern sponges, that thrived 
in the Cambrian period some 500 million years ago. A typical specimen was abont four inches 
high, was shaped like a vase, had a central cavity that opened wide at the top and was surround
ed by concentric walls of calcified material held together by horizontal and vertical partitions. 
The walls were perforated by a large number of holes whose diameter increased from the outer 
wall to the inner one. Archaeocyathids were almost certainly filter feeders, and because their 
fossil remains are found in coarse sediments they appear to have lived in moving water. It seems 
likely that they used the Type II mechanism to enhance the flow of water through themselves. 
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more water through the holes in the in
ner wall. 

The contrast between sponges and ar
chaeocyathids raises some interesting 
questions. Modern sponges that are the 
size of fossil archaeocyathids have a 
more constricted exit opening, a feature 
that reduces the efficiency of flow induc
tion but acts as a nozzle to increase out
put speed and lessen the chance that 
when outside currents are slow, the 
sponge will simply be reingesting water 
it has already filtered. If the archaeo
cyathid lacked a metabolically powered 
pump, then it could filter feed only in the 
presence of an external current and thus 
would never have confronted the prob
lem of reingesting already filtered water. 
Is the wide opening of the central cavity 
of the archaeocyathid evidence that it 
lacked an active pump? If it is, then per
haps these primitive animals were more 
completely dependent on currents than 
sponges are, a lack of behavioral flexi
bility that may ultimately have contrib
uted to their extinction. A corollary of 
this hypothesis is that flow induction in 
macroscopic filter feeders may be a de
vice more ancient than metabolically 
driven pumping. 

The giant mounds of certain African 
termites (genus Macrotermes) com

bine the ventilation problem of the prai
rie-dog burrow with the geometry of the 
marine sponges. Millions of termites 
together with their associated fungi 
may live in a mound as much as 16 feet 
high; their substantial demand for oxy
gen makes some kind of ventilation sys
tem essential. In some mounds found 
in forests the heat generated in the cen
tral brood chamber drives a convective 
air current up through the middle of 
the mound and down through periph
eral passages located just under the out
er walls [see "Air-conditioned Termite 
Nests," by Martin Luscher; SCIENTIF
iC AMERICAN, July, 1961]. In other 
mounds found in more open country, 
however, the peripheral passages are re
placed by porous-walled tunnels around 
the base of the mound and in a turret at 
the top. According to R. Loos of the 
National University of Zaire, in such 
mounds the convective flow of air is 
augmented by a wind-driven compo
nent, apparently another instance of the 
induction of flow by a Type II system. 

A different species of African termite 
builds mounds equipped with large, fun
nel-shaped holes that are connected 
with the network of passages within and 
under the mound. John S. Weir of the 
University of New England in Australia 
found that air entered such mounds 
through holes without rims around the 
periphery of the mound and exited 
through holes with rims near the top. 
Some holes on the sides of the mound 
could act as either entrances or exits, 
depending on the direction of the wind. 
but on the whole the airflow inside the 

© 1978 SCIENTIFIC AMERICAN, INC



MODEL OF AN ARCHAEOCYATHID was made out of alumi
num by William L. Balsam and the author at Duke University to en
able them to test whether the animal was the right shape to take ad
vantage of induced flow. In the assembled model the cone at the left 

INDUCED FLOW through the model archaeocyathid is demonstrat
ed in a flow tank by injecting dye near the outside pores. The external 
current draws the dye into the upstream pores and out through the 
central cavity, as is shown in this photograph. A vortex in the central 

fits snugly into cone at the right when they are fastened with a screw 
through their apexes. Two small holes in the outer wall communicate 
with one larger hole in the inner wall through the grooves in the sur
face of smaller cone. Model is seven centimeters high and five wide. 

cavity is also created that draws more water through the holes in the 
inner wall. The efficiency of this two-stage flow induction suggests 
that the archaeocyathid exploited external currents for filter feeding. 
Indeed, the animal may have been totally dependent on induced flow. 
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Better rpagnets make smaller electric motors. 
Smaller motors can mean lighter cars. (Some cars 
have over 20 motors.) And lighter cars can mean fuel 
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Rare-earth magnets offer the hope of achieving 
such a weight reduction. And that's why, years ago, 
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effective motor and pole-magnet designs by accurately 
defining the flux distribution (main illustration) and 
effects of iron saturation and armature reaction. 
o A practical way of making pole magnets in thin, 
curved shapes did not exist. Thus evolved an original 

powder metallurgy pro
cess consisting of special 
pressing in a radially 
aligned magnetic field 
followed by constrained 
sintering to prevent dis
tortion. It forms pre
cise, wafer-thin magnet 
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mound was unidirectional, as it is in oth
er Type II systems. 

Keyhole limpets are a family of ma
rine mollusks in the same class as snails, 
but instead of being coiled-up cones 
they are squat and uncoiled: they are 
two or three times as broad as they 
are high and an inch or two in overall 
length. They make their living by scrap
ing algae from the rocks of the intertidal 
or subtidal zone. Keyhole limpets differ 
from other species of limpet in that they 
have an opening, or "keyhole," at the 
apex of their cone. John Markham of 
the Bermuda Biological Station first 
suggested that keyhole limpets might 
make use of flow induction, and Gor
don R. Murdock of Duke later found 
that the flow of water through the mol
lusk, from the lower rim of the shell to 
the hole at the apex, was faster when 
the surrounding water was in motion. 
Moreover, some of the limpets oriented 
themselves to face an oncoming current 
and partly withdrew their gills to allow 
an even faster flow of water through 
themselves. The function of such in
duced flow in the keyhole limpet is 
unclear; the animals are not filter feed
ers and live in well-oxygenated water, 
so that little metabolic energy is re
quired to satisfy their modest respirato
ry needs. Still, gills do take up space, and 
induced flow might confer a real selec
tive advantage if, for example, it made it 
possible for the animal to have smaller 
gills and larger ovaries or testes. 

The brachiopods are another group 
of marine invertebrates. Although they 
were enormously abundant in Paleozoic 
seas, some 300 to 500 million years ago, 
only a few hundred species now remain. 
At first glance brachiopods resemble 
clams, but their hinged shells form the 
anatomical top and bottom of the ani
mal rather than the left and right halves. 
The shells gape at one edge, revealing 
an elaborate filtration apparatus within. 
Water leaves the filter at the center of 
the gape and enters on each side. 

Michael C. LaBarbera of the Univer
sity of Chicago investigated several spe
cies of brachiopod that are attached by a 
stalk to subtidal rocks. He observed that 
the animals rotated on their stalk so that 
the widest central portion of the gape 
was oriented perpendkularly to the fast
est flow of current, with the sides of 
the gape exposed to lower speeds. In 
this orientation the circulation of water 
through the filtration system was en
hanced by flow induction. A change in 
the direction of the current resulted in 
a shift in the animal's orientation, so 
that it continued to benefit from the in
duced flow. These findings contradicted 
the widespread assumption that brachi
opods possessed little in the way of sen
sory equipment or overt behavior, since 
current flow as an environmental stimu
lus had been overlooked by earlier in
vestigators. Organisms care about flow, 
and biologists should too. 

Undoubtedly the most elegant and 
sophisticated biological exploitation of 
an environmental velocity difference 
does not fit into either Type I or Type II 
but should not go unmentioned. Certain 
birds practice what is called dynamic 
soaring, in which they are able to stay 
aloft without either beating their wings 
or having an upward current of the air 
around them. By alternately diving and 
climbing they are exposed to different 
wind speeds and from the difference can 
extract the energy to remain aloft. 

Human beings have also learned to 
extract energy from velocity differences. 
The operation of windmills, carburet
ors, chimneys and certain types of venti
lators depends at least in part on flow 
induction. James T. Yen of the Grum
man Corporation recently devised a 
wind-energy extractor that avoids the 
long blades of conventional windmills; 
his device bears some functional resem
blance to a sponge. The traditional ar
chitecture of many cultures also exploits 
the induced flow of air for heating or 
cooling purposes. Sydney A. Baggs of 
the University of New South Wales has 
pointed out that opal miners in the Aus
tralian outback often ventilate their 
dugout dwellings with a wind-driven 
system resembling that of the prairie
dog burrow. The tepees of the American 

Indians of the Great Plains are conical 
structures with a porous lower edge and 
an opening near the top that induce flow 
by the Type II mechanism; such struc
tures are naturally well ventilated and 
are both comfortable in the heat of sum
mer and capable of containing a fire in 
winter without asphyxiating the inhabi
tants. The traditional architecture of the 
Middle East provides some even more 
sophisticated examples of cooling by 
flow induction [see "Passive Cooling 
Systems in Iranian Architecture," by 
Mehdi N. Bahadori; SCIENTIFIC AMERI
CAN, February]. 

What conclusions can be drawn 
from this excursion into what 

might be called experimental natural 
history? One important point is that 
careful and imaginative consideration 
of the physical world is imperative when 
investigating the adaptive strategies of 
living organisms. The particular phys
ical opportunities as well as the con
straints under which an organism lives 
must be appreciated. Moreover, the bi
ologist should hesitate to invoke expla
nations of phenomena that require the 
expenditure of chemical energy until 
simpler physical mechanisms have been 
ruled out. In matters of energy nature 
seems to love a bargain. 

WIND-ENERGY EXTRACTOR designed by James T. Yen of the Grumman Corporation 
avoids the long blades of conventional windmills; instead it exploits Type II flow induction 
much as a sponge does. Convective hot-air currents from solar heating or the burning of fuel, 
together with the currents induced by the wind, drive a ceutral turbine to generate electricity. 
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THE AMATEUR 
SCIENTIST 

Observations on grinding glass by hand 
and on making the most of a fireplace 

by] earl Walker 

j\though the optics industry has so
phisticated machines for grind
ing glass into lenses and mirrors, 

many amateur makers of optical instru
ments prefer grinding by hand. The 
term for the task is free abrasive grind
ing. This hand technique involves rub
bing a hard object in a random motion 
over a fine abrasive grit on the object 
being ground. One usually begins with a 
grit of fairly large size and then shifts to 
progressively smaller grit sizes until the 
ground object reaches the desired size, 
shape and smoothness. 

Two seeming paradoxes are associat
ed with grinding. One of them has been 
understood in essence since the time 
when the wave nature of light was ac-

Disk to be qround 

cepted. The question is: How can grind
ing the surface result in a smoother sur
face, one that is optically good enough 
to be useful in an instrument such as a 
telescope? The answer lies in the transi
tion to increasingly fine grit. The devia
tions from smoothness on the surface 
correspond roughly with the size of the 
grit. Therefore they are gradually re
duced during the grinding and polish
ing until they are the same size as or 
smaller than the wavelength of light. In 
that condition the surface then appears 
smooth and optically true. 

The second paradox has, I believe, 
only recently been understood. Indeed, 
more work could be done to firm up the 
understanding. This second question is: 
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How are scratches on the ground sur
face avoided in spite of the fact that in 
any abrasive compound the distribution 
of grit sizes ranges over about two 
orders of magnitude, so that the com
pound surely contains some relatively 
large particles that should scratch the 
surface? Free abrasive grinding appears 
to have become so much of an art, de
pending a great deal on the grinder's ex
perience and sense of touch, that few 
people seem to have investigated why 
more scratches are not made. 

Recently Edward J. Saccocio of Co
lumbus, Ohio, developed a model that 
seems to resolve this second paradox, at 
least in part. The success of free abra
sive grinding appears to depend on the 
shape of the edge of the object moved 
over the grit. Normally the lapping tool 
on top is a metal or a glass that is as hard 
as or harder than the material being 
ground. Between the two lies a slurry of 
the grit. Saccocio found that the leading 
edge of the tool determines the size of 
the particles that can get between the 
tool and the ground object. 

If the edge is sharp. oversize particles 
will enter the space between the tool and 
the ground object less easily than'if the 
edge is rounded. The height of the space 
is largely determined by the average size 
of the grit. Scratching appears to result 
when a particle that is much larger than 
average enters the space. becomes stuck 
on one of the surfaces and then gouges a 
scratch in the other surface. Hence a 
tool with a sharp leading edge should 
produce fewer scratches on the average 
than one with a dulled and rounded 
leading edge. which will more readily 
allow oversize particles to get under 
the tool. 

To test these ideas about the causes 
and prevention of scratches Saccocio 
performed several simple experiments. 
I have repeated them. as you can; more
over. you can use them as a base for 
more experiments to track down the 
causes of scratches. The material chosen 
to be ground was a molybdenum disk 
(brass would be more convenient for 
you). the harder material was glass and 
the abrasive grit was aluminum oxide in 
three nominal grit sizes: 30. 15 and three 
microns. The specimen of molybdenum 
was a short cylinder 15 millimeters in 
diameter; it was worked over a large 
plate of glass in an inversion of the nor
mal grinding arrangement. The grinding 
compounds are available from the Ed
mund Scientific Company (7778 Ed
scorp Building, Barrington. N.J. 08007). 
from Buehler Ltd. (2 120 Greenwood 
Street. Evanston. Ill. 60204) and from 
certain hobby shops. 

A grit was spread on a portion of the 
glass plate to provide a grinding medi
um for the molybdenum disk. Saccocio 
mixed the aluminum oxide with water 
to form a slurry, which is the usual prac-

© 1978 SCIENTIFIC AMERICAN, INC



tice in free abrasive grinding, but I left 
my grit dry. The molybdenum surface 
was first made smooth and scratch-free 
by grinding it with each of the three 
grit sizes in descending order. I moved 
the cylinder around in the grit random
ly, applying pressure as evenly as I 
could. One of the difficulties in the ex
periments, something that requires ex
perience, is determining what pressure 
is appropriate. Too light a pressure pro
longs the grinding process; a pressure 
that is too heavy results in scratches. 

I had to replenish the grit frequently 
to avoid scratches. Perhaps this was 
partly because pieces of metal that had 
been abraded from the disk contaminat
ed it. In addition the amount of grit un
der the disk seemed to diminish. 

Why do scratches occur? Presumably 
with too much pressure the abrasive 
particles can no longer roll or tumble 
smoothly between the moving surfaces 
while removing small amounts of mate
rial, and the larger particles in the grit 
catch in one surface and gouge the oth
er. Saccocio believes this catching oc
curs when the two surfaces are at an 
angle to each other, which happens 
when the pressure is applied unevenly 
or when the grinding has already worn 
the surfaces into concave and convex 
shapes. I could sense when a scratch 
was being made because the disk gave 
a slight jerk and the grinding sound 
changed notict;ably. With an appropri
ate amount of pressure the abrasive par
ticles grind away the molybdenum sur
face either molecule by molecule or at 
least by crater like sections that are too 
small to be seen; moreover, the abra
sion is confined to the surface. 

Following Saccocio's lead, I checked 
the idea that oversize particles ca use 
scratching. I put some 3D-micron grit 
into grits of the two smaller sizes. I first 
ground the disk over a region of the 
uncontaminated smaller grit and then. 
without lifting the disk, moved it into 
the contaminated region. With about 
equal amounts of the two grit sizes in 
the contamination, mixed as uniformly 
as I could mix them, scratching seemed 
no more frequent than normal. As I 
repeated the experiment with smaller 
amounts of the 3D-micron grit in the 
same amount of smaller grit, however, 
scratching seemed to be more likely. 

In each of the trials I had to maintain 
about the same amount of pressure on 
the disk. Some variation in scratch fre
quency surely resulted fr.om my inabili
ty to do this precisely. Still, it appears 
that if larger particles are present in 
small amounts, they are more likely to 
cause scratching. Apparently in such 
cases the spacing between the disk and 
the glass is largely determined by the 
smaller grit. If the larger particles enter 
the space, they must force the disk up. 
Since the disk would then be supported 
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in fewer places, the contact points of 
those larger particles must sustain more 
pressure. With more pressure on a few 
spots the larger particles are more likely 
to catch and gouge the surface. 

I next tried to rub the disk in one di
rection only and then only once or twice 

\ \ \"� , Sharp edqe J ,  \ 

\ 
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Sloped leadinq edge � 

before blowing off the grit to examine 
the molybdenum surface. In that way I 
could tell where the scratches began and 
stopped. Some of the scratches started 
at the leading edge of the disk; others 
began at random places inside the pe
rimeter. Some of them appeared to be-
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gin in a rather wide track that later nar
rowed. This narrowing could be due to 
the fracturing of the gouging particle. 
Other tracks seemed, at least when I in
spected them with a simple magnifying 
lens, to remain about the same width. 
All the tracks were significantly wider 
than the particles. One can imagine that 
the point of a gouging particle catches in 
a moving surface and that in the course 
of its subsequent motion it pulls and dis
torts a fairly wide area of the surface 
before the distortion is severe enough 
for the surface to rip. It is possible that 
some tracks could be narrow at the be
ginning and could grow wider if the 
gouging particle digs into the moving 
surface progressively more, although I 
could not find any such tracks. 

The fact that some scratches begin at 
the edge and others begin on the inside 
is probably due to chance. The gouging 
particles are not round (they would not 
be likely to gouge if they were) and 
they have sharp points. It is a matter of 
chance when one of these particles hap
pens to tumble into an orientation where 
one side catches and the other side goug
es. A degree of chance must also have 
been introduced by the random motion 
and pressure I applied to the disk. Occa
sionally I must have borne down more 
on one side of the disk and increased the 
likelihood of scratches on that side. 

To test the effect of the leading edge 
on the frequency of scratching Saccocio 

performed several experiments with a 
molybdenum disk encased (except for 
the surface to be ground) in a hard plas
tic or epoxy material. The leading edge 
was the plastic ring surrounding the 
perimeter of the molybdenum surface. 
The ring had a slope of from three to five 
degrees, arranged so that the outside of 
the ring was farther from the glass than 
the inside, which was adjacent to the 
molybdenum surface. Saccocio did his 
grinding with uncontaminated slurries, 
and he found that with the sloped lead
ing edge the molybdenum surface was 
scratched more often than when another 
(unencased) molybdenum disk having a 
sharp leading edge was rubbed in the 
same slurry. Once again, applying the 
same pressure on both specimens is diffi
cult, and failure to do so can lead to 
spurious results. Nevertheless, Saccocio 
believed the difference in the scratch fre
quencies was due somewhat to the shape 
of the leading edge. The sloped lead
ing edge gave more opportunity for 
the oversize particles responsible for 
scratching to get into the space between 
the disk and the glass plate. 

I repeated this experiment with some 
30-micron particles contaminating one 
and then the other of the smaller grits 
and found the same general results. I 
also tried the experiments with an un
encased molybdenum disk, purposely 
sloping one edge. keeping another edge 
sharp and rubbing the disk through the 
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grit in a single direction, first with the 
sharp edge leading and then, after in
spection, with the sloped edge leading. 
Although the results varied. they were 
generally consistent with Saccocio's. 

I also noticed a curious scratching pat
tern that appeared occasionally when 
the sloped edge was leading. Scratches 
were mostly to the sides of the sloped 
edge rather than directly behind it. If 
this pattern is indeed characteristic 
(more trials will be required to show 
whether it is), it might be because the 
disk pivots over a central ridge of over
size particles running from the sloped 
edge and across a diameter to the rear. 
More of the oversize particles will enter 
by way of the sloped edge than by way 
of the sharper sides, and this selection 
tends to raise the center of the disk. 
Thereafter I shall have to push inadver
tently and randomly more on one side 
than on the other, causing the disk to 
pivot around the central ridge. Because 
the sides have fewer oversize particles 
than the central ridge does, the increase 
in pressure on one side will result in 
more gouging there than in the central 
ridge. 

Much more could be done on these 
experiments. You could get more data 
with the molybdenum-and-glass system, 
and you could try other abrasive com
pounds (both wet and dry) and other 
grinding materials such as glass (on 
glass), aluminum, copper, brass and 
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lead. The data would be easier to inter
pret if you could standardize the pres
sure applied to the specimen. You might 
try placing a known weight on the disk 
and then rubbing the disk through the 
slurry by pushing horizontally on the 
disk and the weight. For a given grit 
size, how does the scratch frequency de
pend on the applied weight? Since the 
scratching is random, you will need lots 
of data properly interpreted statistically 
to answer the question. 

When I first put my molybdenum disk 
on the grit, the full range of particle sizes 
in the grit was under the disk. Does the 
full range of sizes remain after you have 
ground for a while or does the grinding 
somehow eliminate the larger particles 
while a sharp leading edge prevents new 
ones from entering the space under the 
specimen? Why did I have to replenish 
the grit in order to avoid scratches? 
When I ground with the IS-micron grit 
for a while, the glass plate became 
opaq ue, and it was covered with a fine 
dust that seemed to decrease the fre
quency of scratching. Does this result 
arise because the disk is then so close to 
the glass that oversize particles have 
even more trouble getting under it? 

The fireplace is an ancient and com
mon source of heat for the home. 

The output of the fireplace is mainly 
limited to one of the three possible types 
of heat transfer: convection, conduction 

!A 
J! 

and radiation. Little of the heat comes 
into the room by convection because the 
heated air is lost up the chimney. Hardly 
any heat enters by conduction for want 
of solid objects between the fire and the 
room. Most of the heat enters by radia
tion, largely in the infrared region. Most 
of this radiated heat comes from the hot 
coals in the fire rather than from_ the 
visible flames, which is why the fire is 
hot only after enough wood has burned 
to create the coals. 

The fireplace is considered to be an 
inefficient source of heat because only a 
relatively small fraction of all the ener
gy released by the fire ends up in the 
room. Even some of that energy is often 
wasted because it has become fashion
able to place a glass screen in front of 
the fireplace to prevent sparks from fly
ing into the room. The glass is rarely 
designed to transmit infrared radiation. 

Until the conservation of energy be
came a matter of widespread interest lit
tle was done about improving the effi
ciency of the fireplace. Lawrence Cran
berg, a physicist of Austin, Tex., began 
investigating the stacking of logs in the 
fireplace. He concluded that the conven
tional stacking (three or so in a triangu
lar cross section) was a poor design be
cause much of the heat radiated by the 
fire appeared to be sent upward and 
therefore lost to the brickwork above 
the fire or to the chimney. Cranberg 
also noticed that the coals, which are re-
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sponsible for most of the radiated heat, 
are not exposed well to the room but 
are instead hidden under the unburned 
wood. Thus in order to heat the room 
enough one is tempted to burn the logs 
at such a rate that flames leap upward 
into the chimney and the logs are con
sumed fairly quickly. 

With this poor radiation pattern in 
mind Cranberg designed a new fireplace 
grate that holds the logs in a slotlike ar
rangement. His thought was that if the 
fire were contained in a slot of logs, the 
exposed area of coals would be greatly 
increased and the radiated heat could be 
beamed into the room (instead of the 
chimney) by the slot. Since the radiated 
heat would be produced more efficient
ly, the fuel would burn slower, with less 
open flame and better exposure of the 
coals to the room. The slot would even 
be partly self-controlling to provide a 
uniform horizontal distribution of radi
ation, because if the slot widened at 
some point, more heat would be radiat
ed out of the slot from that point and the 
local temperature of the area would 
drop somewhat. Eventually the rest of 
the slot would widen to the same extent. 
Cranberg's grate" which is now patent
ed, is available from the Texas Fire
frame Company (P.O. Box 3435, Aus
tin, Tex. 78764) in five sizes. 

I arranged an experiment to measure 
the radiation patterns from the conven
tional grate and stacking pattern and 

11Or;:===;:=:r==;==:;:=:::::;==r==il 

80 
;--. 
t':: 
"" 

-t 70 
E 

+= 
560 

� 
if) 

� 50 
<:5 

c;::: 

'b 40 

-t
.-S: 

cr .30 
.(U 
:r: 

20 

10 

o I.----L. 
a 2 3 4 5 6 7  

Temperature chanqe 
(deqrees eelsius) 

The radiatioll pattem measured from a "slot desigll" grate 

143 

© 1978 SCIENTIFIC AMERICAN, INC



LEAR SIEGLER TERMINALS 
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All units shipped in original with accessories 
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Classical in quality and workmanship 
yet modern in design, Quantum 
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tion and mechanical refinements, 
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nicians insuring a lifetime of flaw
less performance. 

Prices start at $895. 
We invite you to send for our 
descriptive literature. 

OPTICAL TECHNIQUES, INC. 
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NEWTOWN, PA 18940 
215/968·4739 

from Cranberg's slot design (Texas Fire
frame Model U·25, priced at $39.95 
plus 10 percent for shipping in the U.S.). 
Lacking an infrared detector, I decid· 
ed to measure the radiated heat with a 
simple arrangement of flasks contain· 
ing water and thermometers. Directly 
in front of a fireplace I placed four flasks 
at various heights from the floor and in 
a vertical line. They were 250·milliliter 
Erlenmeyer flasks containing 200 milli· 
liters of water. I put a Celsius thermom· 
eter in each flask, and then (to avoid los· 
ses from evaporation) I closed the top 
of each flask by stuffing the opening 
with plastic food wrap. Some of the in· 
frared radiation emitted by a fire would 
be absorbed by the water in the flasks 
and would warm it. I could monitor the 
warming with the thermometers and 
thus have a rough idea of the vertical ra· 
diation pattern from a particular fire. 

One of the problems with this meth· 
od is that the warming of the water 
lags behind any rise in the intensity of 
the radiation from the fire. I was less 
concerned with how the radiation pat· 
tern varied with time, however, than 
with how it varied vertically. I therefore 
made the assumption that the general 
shape of the vertical distribution of radi
ation into the room could be roughly 
determined by monitoring the changing 
temperature of the water in the flasks. 

I tried to choose logs of the same type 
and sizes for both fires. The sizes were 
determined by the recommendations in 
a publication Cranberg sent me: there 
should be one large log about six inches 
in diameter in the back of the slot. one or 
two logs of medium size on the top and 
two smaller logs on the bottom. AI· 
though my wood was all the same type, I 
did not know or find out what kind it 
was. Moreover, my effort to keep the 
sizes of the logs the same for both fires 
was at best an approximation, since logs 
are far from being standardized objects 
like machine parts. Still. I think my reo 
suIts were not critically dependent on 
the type or sizes of the logs. The amount 
of heat radiated into the room by a fire 
laid to Cranberg's design, however, can 
be greatly increased by using a bigger 
rear log so that the slot is wider. 

Because I wanted to measure the ra· 
diation pattern I was determined not 
to monitor the air temperature in the 
room. The air temperature would vary 
vertically because warmer air rises. The 
air temperature would also depend on 
the size of the room and on its contents 
and so would be of little general value. 
Hence I determined the change in the 
temperature of each flask about every 
five or 10 minutes after I had lighted a 
fire. A slight cool breeze was blowing 
through the room from a door partly 
open to the outside throughout the ex· 
periments, which helped to keep the 
room temperature constant. I lighted 
both fires on the same evening to avoid 
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possible variations in the experiment 
because of changes in the outside air 
temperature and hence the draft rate 
through the chimney. Some variation 
probably occurred anyway because the 
outside air became cooler. 

I began with the conventional ar
rangement, monitoring the water tem
peratures for about an hour. Typical 
temperature changes are plotted in the 
illustration on page 142. Note that the 
radiation pattern peaked in intensity in 
the flask that was 84 centimeters from 
the floor, was almost zero in the top 
flask at a height of 101 centimeters and 
was below the peak value in the lower 
two flasks. Apparently the heat was ra
diated strongly upward but not much 
horizontally. Evidently the top flask re
ceived little radiation, partly because 
the overhang from the fireplace shielded 
it from the fire and partly because it pre
sented a smaller cross-sectional area to 
the fireplace than the other flasks did. 
The overall radiation pattern from the 
conventional stacking of logs would 
seem to be directed upward. As Cran
berg suspected, much of the radiation 
was being lost to the brick in the over
hang and to the chimney. 

I then replaced the conventional grate 
with the slot design, installed fresh logs 
in the slot arrangement and lighted the 
fire. I tried to keep the logs lying tight
ly against one another to avoid slits 
or holes in the slot arrangement. The 
patented grating is helpful in this re
spect because the arms holding the up
per logs are adjustable in height, so that 
the upper logs can be positioned snugly 
against the rear log. The adjustable arms 
are also useful because the rate of com
bustion can be controlled by varying the 
height of the slot. The burning was slow
er with this arrangement, and flames ap
peared only on the small lower logs but 
were uniform across the length of the 
slot and required no rotation or stirring 
of the logs. The upper logs were partly 
charred on the surfaces facing the slot, 
and the one pressed against the rear log 
was glowing with red coals. The rear log 
was largely red coals inside the slot. Pre
sumably this was a good design because 
little of the wood was being consumed in 
the relatively useless open flames. The 
coals necessary for good heat radiation 
were there instead. 

The radiation pattern was again mon
itored for about an hour. This time the 
vertical profile appeared to peak at 
about floor level. As Cranberg had cal
culated, the pattern was largely deter
mined by the slot directing the radiation 
into the room. Less radiation was direct
ed upward to the higher flasks. Thus the 
overall pattern implies that little of the 
radiated heat was lost upward to the 
overhang or the chimney and that nearly 
all of it must have been coming out into 
the room. 

The radiation pattern 'from the slot 
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rare privilege. © Questar Corporation 1978 

The Standard Questar with its beautiful star 
chart is shown <IbQve; at right is the Duplex 
Questar in the leather carrying case which 
complements both model,. 

QUESTAR, THE WORLD'S FINEST, MOST VERSATILE 
TELESCOPE IS DESCRIBED IN OUR BOOKLET IN 
COLOR WITH PHOTOGRAPHS BY QUESTAR 
OWNERS: $1 FOR MAILING ON THIS CONTINENT; 
BY AIR, TO S. AMERICA, $3; EUROPE AND AFRICA, 
$3.50; ELSEWHERE, $4. 

QUE STAR 
Box 20PS, New Hope, P A 18938 
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design is easily determined by hand. I 
moved my hand upward in front of the 
fire at floor level and then held it directly 
over the top logs. The heat was very 
noticeable in the first position and much 
less so in the second. 

Cranberg's conception of the radia
tion pattern from his log holder is cor
rect. You might want to experiment 
with the adjustment of the arms, the 
height of the slot and the length of the 
logs. You could also measure the radia
tion pattern and intensity against time 
for the two types of log stacking. Does 
the conventional pattern always pro
duce radiation slower than the new de
sign? How does the rate of production 
from the slot fire depend on the size of 
the rear log and thus on the height of the 
slot? (To do this experiment with reli
able results you will have to standardize 
the logs and whatever technique you use 
to start the fire. Cranberg recommends 
starting with newspaper if the wood 
is seasoned and with kindling if it is 
green.) 

You could replace the wood logs with 
the pressed-paper logs that are available 
commercially. (Similar logs of waxed 
paper are designed to burn by them
selves.) Can you find an advantageous 
method of stacking the logs other than 
in Cranberg's arrangement? While you 
are at it you could also test the transmis
sion properties of a glass or metal screen 
placed in front of the fire. The radiation 
pattern should not change much (al
though the screen will distort it to a cer
tain extent), but you should find your 
water flasks warming somewhat more 
slowly. 

Tast December I described Haidinger's 
L brushes (the hourglass figure you 
can see when you look into linearly po
larized light) and various experiments 
you can do with the figure and a home
made quarter-wave plate. Part of the ex
planation for that series of experiments 
depended on the birefringence of your 
cornea, which I attributed to a preferred 
orientation of the collagen fibrils in the 
cornea. I have been corrected by Freder
ick A. Bettelheim of Adelphi Universi
ty. According to research by him and by 
others, only 25 percent of the cornea's 
birefringence is due to such a preferred 
orientation of the fibrils; the other 75 
percent results from the fact that these 
long, thin fibrils do not have the same 
index of refraction as the material in 
which they are embedded. The fibrils do 
lie parallel in a layer, but their orienta
tion from layer to layer through the 
thickness of the cornea is almost ran
dom. Although the fibrils are birefrin
gent and would contribute a much larg
er net birefringence to your vision if 
they were parallel throughout the thick
ness of the cornea, the random orienta
tion from layer to layer diminishes that 
contribution. 
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Offprints are a textbook's 
best friend 

A textbook helps to organize a course; supplementary readings help 

to enrich it. 

A textbook provides the background reading necessary to introduce 

a topic and to present a broad overview of the subject. For many 

students, the text is the only reference they will ever use for a particu· 

lar field of study. Good supplementary reading can go beyond the text 

in giving students a feeling for the intellectual excitement of a topic. 

Some of the best supplementary readings for the sciences are Scientific 
American Offprints. 

Offprints are a constantly growing list of Scientific American articles 

that have been selected for their special educational value. Each Off· 

print explores a given topic from the point of view of an author who is 

actively involved in research on the subject. Students respond to these 

clearly written, beautifully illustrated reports with a fresh enthusiasm 

for their courses and a better grasp of their SUbjects. 

Some of the hundreds of articles available as Offprints: The Tropical 

Rain Forest. Genetic Dissection of Behavior. The Anchovy Crisis. Intel

ligence and Race. Duet·Singing Birds. Can Time Go Backward? Toxic 

Substances in Ecological Cycles. How the Immune Response to a Virus 

Can Cause Disease. The Exploration of the Moon. How Children Form 

Mathematical Concepts. Antimatter and Cosmology. The Effects of 

Smoking. The Prospects for a Stationary World Population. Slips of the 

Tongue. Marihuana. Extending the Nuclear Test Ban. The Asymmetry 

of the Human Brain. Plate Tectonics and Mineral Resources. The Social 

Power of the Negro. Sex Differences in the Brain. "Imprinting" in 

Animals. Pleasure Centers in the Brain. Wine. The Visualization of 

Genes in Action. Prostaglandins. 

Why not investigate Offprints for your course? Each costs 40c. 
Write for a free brochure. 

I. W. H. FREEMAN AND COMPANY 
660 Market Street, San Francisco, California 94104 
58 Kings Road, Reading, England RG1 3AA 

147 

© 1978 SCIENTIFIC AMERICAN, INC



BIBLIOGRAPHY 

Readers interested in further explana
tion of the subjects covered by the articles in 
this issue may find the following lists of 
publications helpful. 

MATHEMATICAL GAMES 

IMPOSSIBLE OBJECTS AS NONSENSE SEN

TENCES. D. A. Huffman in Machine 
Intelligence: Vol. 6, edited by Bernard 
Meltzer and Donald Michie. Ameri
can Elsevier Publishing Company. 
Inc., 1971. 

SOME NOVEL MOBIUS STRIPS. Charles Jo
seph Matthews in Mathematics Teach
er, Vol. 65, No. 2. pages 123-126; 
February. 1972. 

THE THEORY OF BRAIDS AND THE ANAL
YSIS OF IMPOSSIBLE FIGURES. Thad
deus M. Cowan in Journal of Mathe
matical Psychology, Vol. 11. No. 3. 
pages 190-212; August, 1974. 

ORGANIZING THE PROPERTIES OF IMPOS

SIBLE FIGURES. Thaddeus M. Cowan 
in Perception, Vol. 6. No. 1. pages 41-
56; 1977 . .  

THE GAS 
CENTRIFUGE 

TECHNICAL BASIS OF THE GAS CENTRI
FUGE. Donald R. Olander in Advances 
in Nuclear Science and Technology: 
Vol. 6, edited by Ernest J. Henley and 

Jeffery Lewins. Academic Press. Inc., 
1972. 

URANIUM ENRICHMENT BY GAS CENTRI
FUGE. D. G. Avery and E. Davies. 
Mills & Boon Limited, London, 1973. 

CENTRIFUGATION. Stelio Villani in Iso
tope Separation. American Nuclear 
Society. 1976. 

STELLAR WINDS 

THE CIRCUMSTELLAR ENVELOPE OF AL
PHA HERCULIS. Armin J. Deutsch in 
The Astrophysical Journal, Vol. 123. 
No. 2. page 210; March. 1956. 

THE SOLAR WIND. E. N. Parker in Scien
tific American. Vol. 210. No. 4. pages 
66-76; April. 1964. 

THE FAR-ULTRAVIOLET SPECTRA OF SIX 
STARS IN ORION. Donald C. Morton in 
The Astrophysical Journal. Vol. 147. 
No. 3. pages 1017-1024; March. 
1967. 

THE HOMINIDS 
OF EAST TURKANA 

EARLIEST MAN AND ENVIRONMENTS IN 
THE LAKE RUDOLF-BASIN: STRATIGRA
PHY, PALEOECOLOGY AND EVOLUTION. 

Edited by Yves Coppens. F. C. How
ard. Glynn Ll. Isaac and Richard 
E. F. Leakey. University of Chicago 
Press. 1976. 

148 

HUMAN ORIGINS: LoUIS LEAKEY AND 

THE EAST AFRICAN EVIDENCE. Edit
ed by Glynn Ll. Isaac and Elizabeth 
R. McCown. W. A. Benjamin. Inc .• 

1976. 
KOOBI FORA RESEARCH PROJECT, VOL. 1: 

THE FOSSIL HOMINIDS AND AN INTRO

DUCTION TO THEIR CONTEXT 1968-
1974. Edited by Mary Leakey and 
Richard E. F. Leakey. Oxford· Uni
versity Press. 1978. 

THE TOMATO 

THE HISTORY OF THE USE OF THE TOMA
TO: AN ANNOTATED BIBLIOGRAPHY. 

G. A. McCue in Annals of the Missouri 
Botanical Garden, Vol. 39. pages 289-
348; 1952. 

PO'fENTIAL GENETIC RESOURCES IN To

MATO SPECIES: CLUES FROM OBSERVA
TIONS IN NATIVE HABITATS. Charles 
M. Rick in Genes, Enzymes, and Popu
lations, edited by Adrian M. Srb. Ple
num Press, 1973. 

VARIETAL INFLUENCE ON NUTRITIONAL 

VALUE. M. A. Stevens in Nutritional 
Qualities of Fresh Fruits and Vegeta
bles, edited by Philip L. White. Futura 
Publishing Company. Inc. , 1974. 

THE TOMATO. Charles M. Rick in Hand
book of Genetics: Vol. 2, edited by Rob
ert C. King. Plenum Press. 1975. 

NEGATIVE ABSOLUTE 
TEMPERATURES 

A NUCLEAR SPIN SYSTEM AT NEGATIVE 
TEMPERATURE. E. M. Purcell and R. 
V. Pound in The Physical Review, Vol. 
81. No. 2. pages 279-280; January 15. 
1951. 

THERMODYNAMICS AND STATISTICAL 
MECHANICS AT NEGATIVE ABSOLUTE 
TEMPERATURES. Norman F. Ramsey 
in The Physical Review, Vol. 103. No. 
1. pages 20-28; July 1. 1956. 

SPIN TEMPERATURE. A. Abragam and 
W. G. Proctor in The Physical Review. 
Vol. 109. No. 5. pages 1441-1458; 
March 1. 1958. 

THE THERMOSTAT 
OF VERTEBRATE ANIMALS 

TEMPERATURE REGULATION IN MAM
MALS AND OTHER VERTEBRATES. J. 
Bligh. Elsevier North-Holland Pub
lishing Company. 1973. 

PROBING THE ROSTRAL BRAINSTEM OF 

ANESTHETIZED, UNANESTHETIZED, 

AND EXERCISING DOGS, AND OF HIBER

NATING AND EUTHERMIC GROUND 

SQUIRRELS. Harold T. Hammel. H. 
Craig Heller and F. R. Sharp in Fed
eration Proceedings, Vol. 32. pages 
1588-1596; 1973. 

THERMOREGULATION DURING SLEEP AND 

HIBERNATION. H. Craig Heller and S. 
F. Glotzbach in International Review 
of Physiology, Vol. 15. pages 147-187; 
1977. 

SLEEP AND HIBERNATION: ELECTRO

PHYSICAL AND THERMOREGULATORY 

HOMOLOGIES. H. Craig Heller. J. M. 
Walker. G. L. Florant. S. F. Glotz
bach and R. J. Berger in Strategies in 
Cold: Natural Torpidity and Thermo
genesis, edited by Lawrence Wang and 
Jack W. Hudson. Academic Press. 
Inc .. 1978. 

THE TEKTITE PROBLEM 

TEKTITE STUDIES, I-X. G. H. R. von 
Koenigswatd in Proc. K. Ned. Akad. 
Wetens., Amsterdam, Series B. Vols. 

63-78; 1960-1975. 
ON THE LUNAR ORIGIN OF TEKTITES. 

Dean R. Chapman and Howard K. 
Larson in Journal of Geophysical Re
search. Vol. 68, No. 14. pages 4305-
4358; July 15. 1963. 

THE CHEMISTRY, ORIGIN AND PETRO

GENETIC IMPLICATIONS OF LUNAR 
GRANITE AND MONHZONITE. M. J. 
Rutherford. P. C. Hess. F. J. Ryerson. 
H. W. Campbell and P. A. Dick in 
Proceedings of the Lunar Science Con
ference, Seventh, 1976. Pergamon 
Press. 1976. 

TEKTITES AND THEIR ORIGIN. John A. 
O·Keefe. Elsevier Scientific Publish
ing Company. 1976. 

ORGANISMS THAT CAPTURE 
CURRENTS 

INTERFACIAL ORGANISMS: PASSIVE YEN
TILATION IN THE VELOCITY GRADI
ENTS NEAR SURFACES. Steven Vogel 
and William L. Bretz in Science, Vol. 
175. No. 4018. pages 210-211; Janu
ary 14. 1972. 

WIND-INDUCED VENTILATION OF THE 
BURROW OF THE PRAIRIE DOG, CYNO
MYS LUDOVICIANUS. Steven Vogel. 
Charles P. Ellington and Delbert L. 
Kilgore. Jr.. in Journal of Comparative 
Physiology, Vol. 85. No. 1. pages 1-
14; 1973. 

CURRENT-INDUCED FLOW THROUGH LIV
ING SPONGES IN NATURE. Steven Vo
gel in Proceedings of the National 
Academy of Sciences. Vol. 74. No. 5. 
pages 2069-2071; May. 1977. 

BRACHIOPOD ORIENTATION TO WATER 
MOVEMENT,I:THEORY,LABORATORY 
BEHAVIOR AND FIELD ORIENTATIONS. 

Michael C. LaBarbera in Paleobiolo
gy. Vol. 3. No. 3. pages 270-287; 
Summer. 1977. 

THE AMATEUR 
SCIENTIST 

BASIC MECHANISM IN FREE ABRASIVE 
GRINDING. Edward J. Saccocio in Ap
plied Optics, Vol. 14. No. 11. pages 
A224-A227; November. 1975. 

© 1978 SCIENTIFIC AMERICAN, INC



still Moments 

Absolute tranquility- pausing on a woodland path to listen to the myriad sweet sounds of the forest, 

paddling over motionless mirrored blue skies, or simply lounging, soaking up the sun, and if you 

tire of that, 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, beneath the Borealis, the silence broken only by the loon's lonely cry-

still moments, absolute tranquility, the North begins again. For more about resorts and northern 

adventure vacations, call COLLECT (416) 965-4008, or write: 

Ontario Travel, Dept. R., Queen's Park, Toronto M7A 2E5. We'll send you our Traveller's Encyclopaedia. 

ontatioJWCanada 
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If you like Scotch, you'll love light 
Jameson Irish. 

Try a glass of Jameson Irish the way 
you would your favorite Scotch. 

You'll notice how much it tastes like 
fine Scotch-only lighter and more 

delicate. Not smoky tasting like Scotch. 
The dedicated Scotch drinker will in

stantly appreciate this flavor difference. 
Though it may take a little time 

getting used to saying, "J ameson Irish on 
the rocks, please:' 

Jameson. World's largest .. selling Irish Whiskey. 

80 & 86 PROOF. CALVERT DIST. CO., N.Y.C. 
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