SCIENTIFIC
AMERICAN

MIRAGES $1.25

© 1975 SCIENTIFIC AMERICAN, INC



We took the things you said
and engineered them into

This new kind of car was developed
for those people who wanted the
economy and maneuverability of a
small car, but did not want to sacri-
fice comfort and ride.

It is available in two versions: Dodge
Aspen and Plymouth Volaré.

To give you a big-car ride,
we invented a new suspension.

This new kind of small car called for a new sus-
pension. So, our engineers invented an Isolated
Transverse front suspension (Patent Pending).
It’s truly unique. Road shock is kept as far away
from the driver and passengers as possible.

For greater quiet, we engineered
two noise-reducing systems.

Most people take noise for granted in a small car.
But not our engineers. They developed two
special sound systems. A sealing system that
minimizes wind noise and an insulation system
that reduces road noise.

Dodge Aspen and Plymouth Volaré
are roomier than many larger cars.

We reserved smallness for the outside. Our sedan
models offer more total headroom and legroom
than many bigger cars. The two-door coupes seat
five passengers, comfortably. The four-door and
the station wagon models seat six, comfortably.

No small-car scrimping on comfort.

Getting in and out of some small cars can be a
problem. In these cars, our engineers developed
wide door openings that make it easy. On some
models, there’s even available a seat that not
only gives the driver a greater amount of comfort
adjustment than conventional seats, but also a
pull-strap seat-back release that lets you get in
and out of the back seat of the two-doors using
only one hand.

Plymouth Volaré and Dodge Aspen are
designed to make it easier to see the road.

We evaluated the relationship between the
driver, the steering wheel and the seat to put you
in a comfortable position to see the road, and
large windows and windshield make it even
easier to see.

Aspen and Volaré achieved E.P.A. rated
highway mileage of up to 30 m.p.g.
According to official E.P.A. estimated mileage
results, Aspen and Volaré with Slant Six engines
and manual transmissions got 30 on the highway
and 18 in the city with their wagon models, and
27 on the highway and 18 in the city with their
coupes and sedans.” We did this by designing the
shape to reduce wind friction. Then we reduced
weight to about a thousand pounds less than a
full-size car. That all helps increase economy. Of
course, your actual mileage may differ depending
on your driving habits, the condition of your car
and optional equipment.

*In California, see your dealer for E.P.A. mileage
figures for California equipped cars.
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were Important in big cars
a new kind of small car.

Plymouth Volar€ and Dodge Aspen
are covered by The Clincher.

This means that for the first 12 months of use,
any Chrysler Motors Corporation dealer will fix,
without charge for parts or labor, any part of
your 1976 Dodge Aspen or Plymouth Volaré we
supply (except tires) which proves defective in
normal use, regardless of mileage. Of course, the
owner is responsible for normal maintenance
such as changing filters and wiper blades.

With three body styles, your choice
is not restricted.

These new small cars are offered as a 2-door
coupe, a 4-door sedan and a 4-door station wagon—
in several versions. Our new-size wagon weighs
up to 1,200 lbs. less than some bigger ones. That
means you’ll save gas and even though it's two
feet shorter than a full-size wagon, you can carry
92% as much weight and up to 76% as much
bulk. Compare what you can carry with competi-
tive wagons.
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They’re even easy to service.

We included all of our electronic advances. That
means you can forget about replacing points and
condensers. And, under normal driving con-
ditions, there is no recommended transmission
maintenance.

We wanted you to be able to order

the options you wanted.

Many small cars are limited in the number of
convenience options you can add. Ours can take
all the important ones. For example, air con-
ditioning engineered to provide comfort levels
comparable to larger cars, power seats, power
windows, electric door locks, tilt steering wheel,
4-speaker stereo, sun roof, power steering, power
disc brakes, 50,000-mile battery, Sure-Grip axle,
4-speed manual overdrive transmission.

The price may be the biggest

surprise of all.

You will find it hard to believe that you can get so
much car, so much value for such a low price.

We made two versions . . .
with two names . . . Dodge Aspen
and Plymouth Volaré€.

Aspen at your Dodge dealer’s. Volaré at your
Chrysler-Plymouth dealer’s. See them now.

4‘ CHRYSLER

A CORPORATION
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This protects
your most
expensive

. hifi
investment.

Trying to economize by putting off the re-
placement of a worn stylus could be like
throwing away five dollars every time you
play a record. Since the stylus is the
single point of contact between the rec-
ord and the balance of the system, it is
the most critical component for faithfully
reproducing sound and protecting your
record investment. A worn stylus could
damage your record collection. Insure
against this, easily and inexpensively, by
having your dealer check your Shure
stylus regularly. When required, replace
it immediately with a genuine Shure re-
placement stylus. It will bring the entire
cartridge back to original specification
performance.

Shure Brothers Inc.
222 Hartrey Ave., Evanston, IL 60204
In Canada: A. C. Simmonds & Sons Limited

* FREE! 1976 Stereo Directory & Buying
Guide with the purchase of a Shure V-15
Type 111, or the M95 series, M75 Type II
or M91 series of cartridges. Simply send
us your warranty card with the notation
‘‘Send Free Buying Guide' before March
1, 1976. (Offer subject to supply and may
be withdrawn at any time.)

THE COVER

The photograph on the cover appears at first glance to show a two-masted
sailboat and its reflection in the water. In fact, however, the photograph
shows a two-image mirage (see “Mirages,” page 102). In the upper image
the hull of the boat has vanished, a common characteristic of a two-image
mirage. Moreover, a close look at the surface of the water reveals that it is
too rough for the second, inverted image of the sailboat to represent a re-
flection. The mirage, which was photographed on Puget Sound, was caused
by the fact that the temperature over the surface decreased with height, so
that the atmosphere acted as a huge lens, bending the rays of light between
the sailboat and the camera. A different kind of mirage would appear if the
temperature of the air increased with increasing height above the surface.

THE ILLUSTRATIONS

Cover photograph by Alistair B. Fraser
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new paperbacks are published
each year. No wonder you
miss SO many good ones.

Emperor of China

WE THINK YOU'LL ENJOY this easy way to acquire the best paperbacks

published —even those hard-to-find books you’ve probably spent hours
looking for —and you’ll save money too. As a trial member of QPB, you'll re-
ceive our informative catalog, the QPB Review, each issue of which contains
approximately one hundred titles to choose from. You’'ll also immediately
qualify for our Free Book Plan. All QPB books are large-size, durable, hand-
some editions printed on quality paper with modern, readable typefaces. Join
QPB today.

Any 3 books or sets for only *1 each

You simply agree to buy six more within the next year and as a member you'll immediately qualify for our Free Book Plan

HOW MEMBERSHIP WORKS | o |
1. You will receive the QPB Review fifteen times a year —about every | QUALITY PAPERBACK BOOK SERVICE, INC. |
312 weeks. This informative catalog describes the Main Selection plus , Middletown, Pennsylvania 17057 6-QB170-1 |

sg‘s:::;xzr.r:a;elz%‘yoongi:cli’r‘)ix:d Alternates. The Main Selection is always Please enroll me as a member of the Quality Paperback Book Service and

send me the three books or sets whose numbers I've indicated in the
| boxes below. Bill me only $3 for all three, plus shipping. My only obliga- |
tion is to purchase six more books or sets during the coming year, receiving |
a 20% discount on every Main Selection I take. My membership is cancel-
| able any time after I buy the six additional books or sets. A moderate |
3. Free books. For every book or set you buy (exclusive of your three | shipping charge is added to all shipments. |
introductory choices for $1 each) you earn at least one Bonus Point,

: . INDICATE BY NUMBER YOUR 1 |
and the Bonus Points you accumulate entitle you to free books and | :I
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4. Return privilege. If your Review is delayed in the mail and there- |
fore you receive the Main Selection without having had ten days to ! pr)

2. If you want the Main Selection, do nothing. It will be shipped to
you automatically. If you want one or more of the Alternates —or no
book at all —just indicate your decision on the reply form always
enclosed with the Review and return it by the date specified.
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YOU ARE INVITED
to send for a
free, illustrated
brochure which
explains how
your book can
be published,
promoted and
marketed,

Whether your subject is fiction,
non-fiction or poetry, scientific,
scholarly, specialized (even con-
troversial) this handsome 52-
page brochure will show you how
to arrange
for prompt
publica-

=

, tion.

4
//./

/7  Unpublished

/" authors, espe-

= // cially, will find

\ Y this booklet val-

’ uable and in-

formative. For your free copy, or more

information, write to:
Vantage Press, Inc., Dept. F-53
516 W. 34 St.,, New York, N.Y. 10001

MERGER OR
FINANCING?

Are you thinking of equity financ-
ing or merger of your company,
now or in the future? Beckman
Instruments maintains a long-term
search for top quality, technical
growth opportunities serving sci-
ence, medicine, and industry. Per-
haps you or an associate would
like a copy of our Diversification
Interests statement - for your pres-
ent review or future reference.
Available on request and in
confidence.

ROBERT B.BROWN
Director of Corporate Planning

Beckman®

INSTRUMENTS, INC.
2500 Harbor Blvd., Fullerton, CA 92634

LETTERS

We should like to take this opportu-
nity to reply to the comments of Martin
Gardner in his critique of our NASA re-
search report, “Development of Tech-
niques to Enhance Man/Machine Com-
munication” [“Mathematical Games,”
ScienTiFiCc AMERICAN, October, 1975].

The research pertains to the use of an
automatic, solid-state machine that ran-
domly selects from among four hidden
targets while a subject tries to choose
which target was selected. The machine
provides immediate feedback as to the
machine state, and rings a bell for cor-
rect subject responses, to allow him to
try to use this feedback and reinforce-
ment to improve his scores. Of the 147
volunteer subjects, six were identified
whose learning performance was signifi-
cant at the 0.01 level or better; the bino-
mial probability of this occurring by
chance is less than 0.004. At the other
extreme, no subject had a negative learn-
ing slope of equal significance. In our re-
port we took these preliminary findings
to indicate that “there is evidence for
paranormal functioning from our work
with the ESP teaching machine.” This

Scientific American, January, 1976; Vol. 234,
No. 1. Published monthly by Scientific American,
Inc., 415 Madison Avenue, New York, N.Y. 10017;
Gerard Piel, president; Dennis Flanagan, vice-
president; Donald H. Miller, Jr., vice-president
and secretary; George S. Conn, treasurer; Arlene
Wright, assistant treasurer.

Editorial correspondence should be addressed to
The Editors, SciENTIFIC AMERICAN, 415 Madison
Avenue, New York, N.Y. 10017. Manuscripts are |
submitted at the author’s risk and will not be
returned unless accompanied by postage.

Adbvertising correspondence should be addressed |
to C. John Kirby, Advertising Director, ScIEN- |
TIFIC AMERICAN, 415 Madison Avenue, New York,

N.Y. 10017. |

Offprint correspondence and orders should be
addressed to W. H. Freeman and Company, 660
Market Street, San Francisco, Calif. 94104. For
each offprint ordered please enclose 30 cents. |

Sub

iption corr should be ad-
dressed to Subscription Manager, SCIENTIFIC AMER-
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evidence includes one subject who
achieved scores at the p < 106 level of
significance in his 2,800 trials.

Gardner’s major criticism of the ex-
periments is based on an error in fact,
namely his misconception of the manner
in which data were collected. Subjects
made runs of 25 trials. These trials were
automatically printed on continuous fan-
fold paper tape, which carries a perma-
nent record of every trial, machine state
and trial number. After a series of eight
to 10 runs the subject would bring the
continuous fanfold to one of the experi-
menters for entry in the cxpg£i111cnta]
log. The tapes were always delivered to
us intact with all runs recorded. They
were never torn into “disconnected bits
and pieces,” as Gardner asserts (implying
that an individual could post hoc select
which runs he turned in). Since we were
interested in evidence of learning within
each day’s session, it was of particular
importance to us to have the complete
intact tape.

RusseLL TARG
HaroLD PUTHOFF

Electronics and Bioengineering
Laboratory

Stanford Research Institute

Menlo Park, Calif.

Sirs:

As the scientist who actually conduct-
ed the research, I should like to respond
to Martin Gardner’s critique of ESP
teaching-machine research. ...

Gardner’s attack on the research was
based on a number of misconceptions.
First, data were not collected from tapes
torn at the whim of subject and/or ex-
perimenter into “disconnected bits and
pieces.” Fanfold paper data tapes were
torn off only at the end of a daily session;
each session record was delivered to me
intact. Second, Phase 3 research with
Mr. Elgin was conducted as for all other
subjects in Phase 3: I sat beside the sub-
ject and recorded scores by reading the
total number of hits per run of 25 trials
from the digital display on the face of
the machine. Third, prior to the initiation
of each Phase 3 session Mr. Elgin speci-
fied how many “practice” runs of 25
trials he wished to do. In no instance
was such a decision capriciously based
on the outcome of a run. Mr. Elgin’s
average score over the 2,500 experimen-
tal trials in Phase 3 had a probability of
5 X 10, hardly “slight ESP” as Gardner
asserts. We consider this satisfactory
replication of his earlier work with a



YOU HAVE BUT ONE LIFE

— doesn’t it make sense to find out how
to take the best care of it you can?
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ON VITAMIN B4 (PYRIDOXINE)
“The sleeping giant of nutrition”

PUBLISHER'S NOTE A1 intervals over the coming year we plan lo give you a
complete series of reports on the B vitamins, the so~called “nerve vitamins” of
hich 1hs on B. is the second.  An undarstanding of the B vitamins imporiance
nd thir possibie defiency in one’s die are something we think you will find

most helpful [ Iy —

With the cooperation of 64 urologists and 149 of
their private paveats, invesngators from the Labora-
tory for Stone Research at Harvard receatly turned up
a sriking iodioy more than 4% years. And although oooe of the pa-
Just oue urinary stone can be an al-ioo-memorsble U6 WAS known 10 be outrightly deficieat in B,

back pain, or reasl col with i 0% production from an average of 1.3
! stones per patient per year before treatment to 0.10

They were gven 10 milligrams of vitamin B, (also
knowa as pyridoxine) o take daily, aloog with 300
milligrams of magnesium oxide. The study weat oa for

radiatiog across the abdomen. It
haoniasl denton, wd EAlls w04 evek d
e Gve, it was “convenent, well-tolerated, inexpensive,
and completely harmless. ™
The 149 patients dida't have just one stone. They Py
‘were chroaic uripary stone . They were sclected
for » special study because they had historis, 1 cvery
case, of stone formation dating back five years

Medical
men have long concentrated upon sick
people and how to get them well . . . not
upon well people and how to keep them
well. Now many top research scientists
are concentrating their efforts on pre-
ventive medicine . . . how to keep well
people well.

May we suggest that you get the bene-
fits of this new research for yourself?
Do as so many thousands of executives
do. Subscribe to Executive Health Re-
port. The members of our Editorial
Board are among the world’s most dis-
tinguished authorities on preventive
medicine. Their wise advice can help
you not only live longer but enjoy those
extra years!

EDITORIAL BOARD

SIR HANS KREBS, M.D., F.R.C.P. (England),
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What keeps well people well?
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tories, Queen Elizabeth College, University of
London, London, England.

Executive Health Report is not sold on

newsstands but only by private subscrip-

tion at $18 a year in the U.S.A. and its
possessions. $19 per year in Canada
and Mexico. All other countries $21 by
surface mail, $24 by air mail. Indi-
vidual reports (back issues) $1.50 per

copy.

Subscribe now under this unusual in-
troductory offer:

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

(2) Your
during the entire year if you do not

find our reports live up to your expec-
tations.

money back at anytime

Never forget: “Men’s lives are chains
of chances” but as Euripides saw clear-
ly 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:
Sir Hans Krebs, M.D.: On the overuse
and misuse of medication. Too many
patients are being made ill by drugs due
to their own or their physician’s care-
lessness.
James F. Toole, M.D.: On Strokes and
“Little Strokes” . . . their causes and
what you should know about them to
help protect yourself!
Alton Ochsner, M.D.: On “The Chair
Disease” . . . Why blood clots in your
veins are a little-realized occupational
hazard of desk-bound executives.
Dr. Linus Pauling, “On Vitamin C
Against Disease.” Why your health may
be benefited in many ways by a proper
intake of this essential vitamin.
Professor John Yudkin: On “This Slim-
ming Business” . . . The truth about the
prevention and cure of overweight!
Miles H. Robinson, M.D.: On Sugar and
White Flour . . . the Dangerous Twins.
How, with the best of intentions, we
have managed to process natural foods
into appetite-tempting, disease-breeding
trouble makers . . .
Trace Minerals . . . Part I. On Chrom-
ium Deficiency and Atherosclerosis.
On The Arthritis Mystery. Can what
you eat — or don’t eat — make you
arthritis-prone or arthritis-resistant?
Dr. Hans Selye: On Stress Without Dis-
tress. Your mind can make or break
you!
Trace Minerals . . . Part II: On Your
in the water
you drink and the food you eat — and
how to protect yourself!
The B Vitamins . . . Part 1. On B . . .
Some puzzling physical and behavioral
problems and when to suspect a
deficiency of this remarkable vitamin in
your diet.
The B Vitamins . .. Part II. On Vitamin
B: (Pyridoxine) “The Sleeping Giant
of Nutrition.”
Please use the coupon below, under our

Danger From Cadmium

money-back at any time guarantee.

EXECUTIVE HEALTH, Pickfair Bldg., Rancho Santa Fe, Calif. 92067

Gentlemen: Enclosed is my check for $__

_ for a year’s subscription to

Executive Health to start with this month’s issue. I have circled the three $1.50

reports I am to receive free.

It is understood that I am to get my money back if

at any time during the entire yecar I become dissatisfied with your reports. In
addition, I would appreciate your scnding me a complete list of your 70 other
reports alrcady in print because among them may be some from which I might

greatly benefit and would otherwise miss.

NAME (please print)

ADDRESS

STATE/COUNTRY. _

__ZIP/POSTAL CODE SA-4
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This Giant, Library Size

Unabridged, Thumb-Indexed
Webster Dictionary Was
$59.95—Now Only $29.95

13 Pounds, 2,354 Pages,
320,000 Definitions—
Recession Special—
Send No Money—

14 Day Free Trial—
Phone Toll Free

money. Simply call (toll free)
Webster’s National Data Center
(800) 648-3051 anytime including
evenings and weekends. In Nevada
only dial (toll free) 1-800-992-3501.
In Canada call (toll free) 1-800-
261-6362.

Order C.O.D. or use your Bank
Americard, Master Charge or Am-
erican Express. If you prefer to send
Noah Webster (1758-1843. Payment in full, write: The Webster
Father of lexicography and Dictionary Company Inc., Executive
inspiration for founding of Offices, Suite 500, 625 North Michi-

our company.

(800) 648-3051

Can you imagine the world famous Webster
Dictionary Company as a victim of the recession?
It is true. And just as the automakers made rebates
to improve sales, so does Webster announce an
incredible half price slash to reduce inventory and
avoid the high cost of borrowing.

This is the gigantic 13 pound, unabridged,
thumb-indexed, 2,354 page, 320,000 definition,
492 cubic inch, WEBSTER’S NEW TWEN-
TIETH CENTURY UNABRIDGED DICTION-
ARY. Regularly $59.95 now slashed to an in-
credibly low $29.95. Complete with a 175-page
supplement, including 16 full-page maps, 32 full-
page illustrations in color. Latest 1975 edition
up-dated to include the newest colloquialisms.

To get your free home or office trial, send no

gan Avenue, Chicago, Illinois

60611. In all instances you pay
only $29.95 plus $2.75 for freighting and crate.
Illinois residents please add 4% sales tax.

Keep it for 14 days at no risk. Thumb through
it as often as you wish. You must agree that it is
the most thorough and comprehensive dictionary
ever published. The one that defines every subtle
nuance of a living pulsating language. A hand-
some volume that, set on a stand will add a touch
of grace, splendor, knowledge and erudition to
your school, office or home library—or simply re-
pack in original crate and return for full refund.
We will pay the return freight.

You can’t lose. Clip out this message as a re-
minder. This recession induced, emergency money
raising sale is for a limited time only and may
never be repeated. Call or write now.

© Copyright 1975 The Webster Dictionary Co. Inc.

es tror l 3 Multipurpose

s Three reasons why
The Choice. experienced tele-
scope enthusiasts and leading col-
leges, universities and science
centers the world over repeat-

edly select Celestron telescopes:

The Celestron 5. A tabletop
observatory for exploring the
Moon, planets, scores of open star
clusters and gossamer nebulae at up
to 300X. For casual observing or tele-
photography, rest the instrument on
any flat surface, swing up the
tube and focus. Close in
on the whiskers of a
squirrel at the near
focus of 20 ft. or the
face of a friend at half
a mile. The 3%z-1b. tube
demounts for hand-held
shots at 25X. (Size
swung down: 77 x 8" x
167, Wt.: 12 Ibs., Base
price, including electric
star tracker and auto-
matic star locater, $750)

The Celestron 8. Eight full
inches of aperture make this

Celestron Pacific

On Display at Museums and Planetariums Throughout the Country

COLOR
CATALOG

2835 Columbia « Box 3578-S|

portable observatory in a suitcase the
amateutr’s favorite for studying the sur-
face features of Mars, the subdivided
rings of Saturn, the ever-changing
belt structure of Jupiter, the
intricate filamentary detail
of deep-sky nebulae, the
central regions of glob-
ular clusters at up to
500X. Also the ulti-
mate terrestrial tele-
scope or telephoto!
(Size swung down:
9 x 12" x 22",
Wt.: 23 Ibs., $895)
The Celestron 14.
The appeal of this
prestigious, fully
electric dome instrument is enhanced by a
unique design that also makes it the world's
largest one-man-portable. Demount and load it
into your compact car in five minutes! Within
range of the Celestron 14, at up to
850X, are the delicate contrast levels
of the diffuse and planetary nebulae,
the spirals of remote galaxies,
and the quasars. (Size swung
down: 18” x 22" x 44” Wt.: 108

Ibs., $3,750)

* Torrance, CA 90503

World's Leading Manutfacturer of Compact-Portable Telescopes
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printer as a recording device, in which
p < 10%....

PayLLis M. CoLE

| Palo Alto, Calif.

Sirs:

The account by Targ and Puthoff of
how data were collected for Phase 1 of
their ill-fated test of Targ’s ESP teach-
ing machine differs radically from infor-
mation provided by a reliable source
who had access to the original records.
Accordingly I wrote to Dr. Puthoff on
October 16, asking that he allow Scien-
tific American to arrange for a statisti-
cian acceptable to all parties to inspect
the original tapes. There has been no
reply.

Even in cases where a subject turned
in an unbroken tape there is no way to
determine if other runs have been omit-
ted, because the machine’s printer does
not count runs. It counts only guesses
from 1 to 25 within a run. I have no
doubt that Phase 1 was designed with
the expectation that complete tapes of
all runs would be turned in by all 147
participants. I do question that it worked
out that way. I am told that some par-
ticipants, annoyed by the printer’s clat-
ter, stopped using it and turned in hand-
written records. Until the original tapes
can be checked by an outside expert I
stand by my statement that they are in
“bits and pieces.”

Ms. Cole corrects an important error. I
had said that in Phase 3, when Duane
Elgin was “rehabilitated,” his scores
were printer-recorded. The facts are:
Elgin scored significantly in Phase 1,
when the printer was used. In Phase 2,
when the computer provided safeguards
against unconscious bias, his score
dropped to chance. In Phase 3 no printed
records of any kind were made. Ms. Cole

: sat beside him and kept a handwritten
tally of his 7,000 guesses, of which 4,500

were decided (in advance) to be practice
runs that were not counted.

We have here a classic instance of one
firm believer being observed by another
firm believer, both with a strong vested
interest in a favorable outcome. The test
was not even single-blind. None of the
three investigators has made any com-
ment on the central point of my article:
that the results of Phase 2, the only phase
with adequate safeguards, were entirely
negative.

MARTIN GARDNER

Hastings-on-Hudson, N.Y.



Youve invested a lot
in your careet.

Invest 80¢ a week more.
As

Think of the years
and the effort you've
spent to get where you
are in business.

Now think of where
you want to be.

And now read about
a way to help you get
there: The Wall Street
Journal.

The Journal is a national, daily publica-
tion written and edited for men and women
in business who want to be more valuable
than they are now.

So The Journal is filled, page after page
every business day, with solid business infor-
mation, gathered from all over the world,
concerning anything anywhere that may be
pertinent, interesting, informative and useful
to business-minded people. The key word is
“useful.”

That's why The Wall Street Journal is
printed in nine different plants across the
United States. So that the information in it
will get into the hands of Journal subscribers

early enough each day to
be used by them that day.
Try The Journal on
our special introductory
offer. Just 80¢*a week will
ﬁet it delivered to your
ome or office. Fill out
and mail in the attached
card. If someone else has
already used the card, call
this toll-free number 800- 257 0300. (In New
]ersey call 800-462-2000.) For new subscrip-
tions only. Take us up on our 80¢-a-week oferJr
for any period from 13 weeks to a year.
80¢ a week. After all you've already in-

vested in yourself, Th

Wall Street
Journal

2A501 *Price good in United States and possessions and Canada.
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20 AND 100
YEARS AGO

SC

JANUARY, 1926: “Professor Alfred L.
Wegener, of the department of mineral-
ogy and climatology at the University of
Graz, says that millions of years ago the
two Americas, as well as Europe, Asia,
Australia, Antarctica and all the islands
of the present-day world, were one con-
tinent centered around Africa. Tidal
forces—the attraction of the sun and
moon for the earth’s solid mass (not
ocean tides)—broke this super-continent
up, and the pieces slowly dispersed in
various directions, like the blocks of a
great, flat cake of floating ice that is
broken up by the waves. Some of these
pieces, the present continents and is-
lands, are drifting still, gradually mov-
ing away from the nuclear Africa. This
theory is startling. To many it seems ab-
surd. It may prove to be erroneous. It
may gain final acceptance among geolo-
gists. At the present time it is strongly
heterodox, but there is something about
it that seems to captivate the interest of
scientists.”

c/

CAN

“Thousands of surgical operations on
cancers diagnosed early in their course
have yielded positive proof that com-
plete removal at such a stage prevents
recurrence and not only greatly pro-
longs life but also may even yield a cure.
In the attack on cancer physical agents
also have been called into play. The ap-
parently specific effects of high-voltage
X rays may be applied to destroy cancer
cells and to inhibit the growth of new
cells, and radium in the form of the sub-
stance itself and of radium emanation
may be used in certain instances to pro-
duce actual cures of cancer. The primary
emphasis must be laid, however, on the
fact that cancer must be seen and diag-
nosed early. After the tissues have been
invaded and after the cancer has spread
from the first point of origin to neigh-
boring tissues and in some instances
throughout the body, remedial attempts
are usually hopeless.”

“Incontestably the greatest blot upon
the government and people of the United
States is their treatment of the Indian.

10

It is a story of brutal tyranny, broken
pledges and cynical contempt. Strong
words? Yes. But so far as may be, Con-
gress must atone for the past by swift
and adequate legislation for the unhappy
descendants of those proud races whom
our forefathers dispossessed.”

“Dr. J. Allen Gilbert, Ph.D., of Port-
land, Ore., has been conducting a sim-
ple but effective test with the coopera-
tion of Scientific American. It has been a
test of the truth or falsity of communica-
tions through spirit mediums. More than
300 mediums have sent messages. Of
that number 284 revealed what they
believe to be a secret countersign agreed
upon by Dr. Gilbert and Mrs. Gilbert be-
fore her death. Every one of the entire
284 was wide of the mark.”

JANUARY, 1876: “The year 1875 will
ever be a memorable date in the history
of geographical discovery. Within the
twelvemonth two of the most important
questions of African geography have
been settled, and in the far North the
demonstration of an open water way be-
tween Europe and the countries drained
by the great Siberian rivers is perhaps
the most important addition to science
that could be made in polar regions. The
source of the Nile! For twenty centuries
the boldest spirits have essayed its dis-
covery, only to be turned back by insu-
perable obstacles. Its conquest waited
for the plucky energy and the relentless
push of Stanley. In the meantime Cam-
eron has taken up the unfinished work
of Livingstone and has crossed Africa
through its most difficult and dangerous
part, from Tanganyika to the mouth of
the Congo. Less significant geographi-
cally but of far greater promise economi-
cally is Professor Nordenskjold’s discov-
ery of an open passage by sea between
Europe and northern Asia.”

“Only 36 years ago the mails between
England and Halifax, Nova Scotia, were
conveyed in sailing vessels. The possi-
bility of steam navigation had been dem-
onstrated 12 or 14 years earlier, and
coasting steamers were then actually en-
gaged in trade. Thoughtful men had al-
ready begun to see that this steam coast-
ing trade would probably be extended to
the ocean. Mr., afterwards Sir Samuel,
Cunard, threw himself heartily into the
enterprise, came to England from Can-
ada for the purpose of promoting it, and
accepted the Government tender for the

© 1975 SCIENTIFIC AMERICAN, INC

carriage of mails across the Atlantic. To-
day the Cunard fleet consists of 49 ves-
sels having an aggregate of 90,506 tons.
In the year 1874 the ocean vessels of the
Atlantic fleet made 123 trips from Liver-
pool to New-York and Boston, and the
same number in the opposite direction.
The outward bound steamers carried
9,198 cabin passengers and 26,570 steer-
age passengers (mostly immigrants) from
England to America.”

“MM. Albert and Gaston Tissandier
made a balloon ascent in Paris lately,
and after a three hours’ trip alighted
near Illiers, about six miles from Paris.
At 800 meters above the ground they
entered a solid stratum of cloud 700
meters thick, the temperature being four
degrees Centigrade below zero. At 1,500
meters altitude they passed through a
succession of ice crystals, a galaxy of lit-
tle hexagonal stars, which danced round
the car and sparkled in the sun. These
did not exist in the lower stratum of
cloud, but were suspended in the atmo-
sphere over an expanse from 150 to 200
meters thick. The temperature here was
at zero, and higher still it was at six de-
grees. Cumuli clouds were perceived
overhead at about 2,300 meters altitude,
but the aeronauts did not go higher than
1,700 meters, about one mile.”

“The prospects of the Philadelphia
Centennial Exhibition are so gloomy just
now that its friends are filled with alarm.
Every effort has been made to stimulate
the people of the United States to en-
thusiasm in its favor, but there is a very
widespread feeling among potential ex-
hibitors across the Atlantic that exhibi-
tions are a nuisance, and that if the re-
quested funds cannot be obtained for
the completion of the undertaking from
a people who refuse to respond to the
most pressing invitations for subscrip-
tion, the entire enterprise may not be
worth the candle. As a last resource the
promoters of the Centennial Exhibition
are going to Congress for a vote of
$1,500,000.”

“The number of deaths in New-York
(population 1,060,000) in the four weeks
ending October 23 was 2,226. Of this
number 932 were deaths of children un-
der five years. The remaining deaths
were distributed among the following
causes: violence, 97; small-pox, 41;
diphtheria, 186; scarlatina, 16; measles,
4; croup, 75; whooping-cough, 32; ty-
phoid fever, 50; typhus fever, 4; puer-
peral diseases, 17; diarrhoeal diseases,
224; consumption, 318; lung diseases
other than consumption, 230.”



Scientific

Sinclair’s new Scientific Programmable is no ordinary
calculator. It has only 19 keys—and a very low price—but its
problem-solving capability far exceeds that of any ordinary
scientific calculator. Sinclair’s big plus is programmability —
the ability to remember a calculation sequence of up to 24
steps entered directly from the keyboard. Once stored in the
program memory, a calculation sequence can be recalled at
the touch of a single key, and applied to new numbers to
produce new results. So if you carry out repetitive calculations,
the Scientific Programmable will save you key strokes and

lots of time. It will also save you from errors, since the
calculation sequence will be recalled exactly as you entered it,
over and over again.

Programming Entering a calculation sequence into the pro-
gram memory couldn’t be easier. Press the B E key to tell the
calculator to remember a sequence. Then key in the calcula-
tion almost exactly as you normally would. Use VAR at the
points where you’ll want the program to stop, so that you can
enter new numbers ordisplay partial results. During entry, the
number of steps is displayed, so you won't exceed the program
memory’s capacity. When you've finished, press B E again to
tell the calculator that the sequence is complete. The program
is now available until you overwrite it with another program or
until you switch the calculator off. Just enter new numbers,
press EXEC, and get new results. Of course, the Scientific
Programmable can be used as an ordinary scientific calculator.
Even half-way through the execution of a program, you can
stop, carry out a calculation from the keyboard, then press
EXEC to continue execution of the program when you're ready.

Sinclair Program Library You don’t have to be a programmer to
use the Scientific Programmable’s full problem-solving capa-
bility. Each calculator comes with a fully documented library
of hundreds of programs to solve standard problems, and
completeinstructionson how to use them.

Applications The Scientific Programmable has many applica-
tions in areas of computation other than repetitive calcula-
tions. It can be used for the analysis of experimental data, the
evaluation of integer functions, and with a variety of methods
for the iterative solution of equations. They are dealt with in
detail in the instruction book and Program Library. And,
although the Scientific Programmable is no toy, it does play
games—and wins!

Programmable

Display 5 digit mantissa, 2 digit exponent. Number entry is
floating decimal point and/or scientific notation; results in
scientific notation.

Logic Reverse Polish Notation.

Functions Sine, cosine, arctangent (radians), log, alog (base
10), square root, reciprocal, change sign, clear/clear entry.

Memory Store, recall, exchange.

The Scientific Programmable is small enough to hold in your
hand and big enough to use on your desk. It measures 6” x
2-7/18" x 1-1/4", has non-slip rubber feet and a big green display.
It uses a small, inexpensive 9v battery or the Sinclair AC
adapter.

$79.95 includes battery, AC adapter, carrying case, instruction
book and the Sinclair Program Library.

10 Day Trial Offer If the Scientific Programmable doesn’t meet
your requirements return it to us within 10 days for a prompt
refund.

Warranty The Scientific Programmable is backed by Sinclair’'s
full one-year parts and labor warranty.

| — | — ||

i_F'I_ease send me___Scientific Programmable(s) at $79.95
I (NY residents add sales tax).
| OO0 Enclosed is my check for [ Please charge my
| credit card account

375 Park Avenue, New York, NY 10022
(212) 688-6623

: Credit card Account# Expires
| Name Signature
: Address

|-
| Mail to: Sinclair Radionics Inc.,375 Park Avenue,
| New York, NY 10022 Or call: (212) 688-6623

In England: Sinclair Radionics, Ltd., London Road,
St. Ives, Huntingdon, Cambs. (0480) 64646
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The amazing Mercedes-Benz 450SE.
Take a good, close look.
You've never seen anything like it.

Here’s a walk-around checklist for one of the most
important sedans ever engineered by Mercedes-Benz — or by anyone else.
It'll help you see, firsthand, why the 450SE defies imitation
...and why it deserves your closest consideration.

L
Start here. Look at the trunk space. An uncluttered 18.2 cubic feet.
Spare tire is stored out of the way, flat under the floor,
where it can also serve as an additional impact-absorbing device. 14.
£d

Aerodynamically ribbed rear
lights use airflow to stay clear in
foul weather or on dusty roads.

2.

Heated rear
window. Auto- . .
matic timer Cockpit. Control panel has
prevents wasted full instrumentationl. 'liacl]\(—
i ometer, quartz crystal clock,
zilaesls’g!l'l'l;;r;fje:d. cruise g control, AM/ FM
Standard stereo r.adlo,
equipment electrically
' operated
3. windows are all
Rain channels use sFandard
airflow to divert equipment.
rainwater from side 12.
and rear windows. \\ VY Safety
cone door
L]
Chrome strip/side locks. So
protection molding is strong that
rubber-mounted to one of them
eliminate metal-to-metal can support
contact. the weight
f of the entire
5. | 450SE.
Interior is fully padded 11
for safety and sumptu- ° .
ousness. Sealed against Central locking

system. Locks all

noise and heat. Four
doors, trunk and

different sound-

absorbing materials. gas filler port at the
turn of a key.
6.
Maximum-visibility 10.

windshield. All-
around visibility in

the 450SE totals 313°.
Overlapping windshield
wipers clear 73 percent
of the entire wind-

The outside rearview
mirror. Distortion-free,
folds full forward and
rear for pedestrian safety.
Large, inside rearview

shield. mirror folds and breaks
away on impact for
A driver and passenger
Steel-belted radial safety.
tires. Standard
equipment.
8.
Safety bumpers, i~
rubber protected, 450 Sl
hydraulic-regenerative. 9,
Front and rear. Halogen fog lights.
Standard equipment.
12
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The amazing Mercedes-Benz 450SE.
Now; look at 8 things you don't see.
You've still never seen anything like it.

You'’ll experience and appreciate some of them during
your test drive. (Your Dealer can arrange it at your convenience.)
The others are special Mercedes-Benz bonuses.
All of them are standard equipment.

22.

Safety advances. The entire

passenger compartment is protected

by collapsible extremities and a rigid

steel shell. The shell is an enormously

. strong, welded structure. The roof

4 LA alone can sustain over 5 tons weight.

15. The gas tank is mount.ed over the
Automatic rear axle, nearly four feet in from the

Cli C | e rear bumper, and surrounded by
imate LControl 2@y steel bulkheads. The gas filler pipe is

maintains R . AR designed to pinch closed on impact.

a preselected e ;-j ti”

temperature; | el \ 1.

dehumidifies, - .. - /\

heats and
cools.

16.
Undercoating
extends up to the
rocker molding for
extra protection.
The underside of the
450SE is buffered by four
different materials including
anti-corrosion wax and al- [
most 24 pounds of \
plasticized vinyl.

17

A unique engine. A trim
4.5 liter, overhead camshaft
V-8 with a breakerless,
transistorized ignition
system and an all-new,
mechanically operated

fuel injection system that

maintains optimum fuel/ -
air mixture at all times. ; f;ﬁ
'V & g

S

18.

21.

Remarkably smooth
automatic transmission,
3 speeds, with torque con-
vertor. You shift without
interrupting power flow
_and can even override the
! automatic to shift manu-
ally within proper engine
1 speed ranges.

20.

Fully independent
front and rear Retained value.
suspension. Based on the average

official used car prices
over the past 5 years,
Mercedes-Benz holds

/ its value better than
' any make of luxury
car sold in America.

They set new handling
standards— even for
Mercedes-Benz. No do-
mestic sedan has any-
thing like them. They
combine with the sophis-

ticated Mercedes-Benz | And among
recirculating ball-type , Mercedes-Benz models
power steering to give you listed, the 450SE’s
extraordinary control at — e figures are outstanding.

all times. \ _ P ‘IJ
19. J &;‘-_- . _-'-‘ by

Power disc brakes on all four wheels.

The brakes are ventilated — then further cooled by special Mercedes—Benz

turboblades. They are designed to stop you smoothly,

securely time after time — without disconcerting fade. Engineeredlike noothercarin t7l'sls Wdortl}d.
©19 ercedes-Benz

13
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/-—MEASUREMENI_‘EEOMPUTATION advances from Hewlett-Packard

Broad-coverage,
small-scale data
from satellites (1)
are evaluated

to select more
limited areas for
the acquisition of
more costly (per
acre), larger-
scale imagery
data (2, 3) from
high-, then low-
flying aircraft.
These data, in
turn, are used

to select specific
ground plots

(4) for on-site
measurement of
individual plants
and detailed
assessment of
species mix, size,
age, and condition.

New information gathering and processing techniques hold
high hope for improved management of our renewable resources.

Every nine days, two satellites circle the earth,
recording all surface data between 82° Nto 82°S
latitudes. Handling and interpreting these mas-
sive amounts of data are two of the keys to
improved resource management. ESL Incorpo-
rated, using an HP 3000CX computer-based
system, is helping to handle the data and proc-
ess it quickly and economically into multilevel,
cross-comparative forms.

The effective management of renewable natural
resources over any but small areas depends di-
rectly on frequent, accurate, large-scale inven-
tories, and the ability to compare them. Heretofore,
adequate data were difficult, sometimes impossi-
ble, to acquire on a timely basis. And where such
acquisition was possible, the sheer volume of data
needed was costly and discouraged adequate
interpretation—let alone comparison over time.

Now, with multispectral scanner data of almost
any locale available from NASA’s LANDSAT satel-
lites, complemented by optimal analysis of small-
and large-scale photography from high- and low-
flying aircraft, and relevant ground data such as
tree size and condition, a cost-effective alternative
to existing information gathering and analysis
procedures is possible.

To exploit this volume of data from complemen-
tary sources, ESL Incorporated of Sunnyvale,
California, has developed a complete systems ap-
proach, the hub of which is an interactive digital
image processing system (IDIMS), utilizing an HP
3000CX as the host computer for several data-

handling and processing subsystems.

By applying techniques facilitated by the ESL sys-
tem, thematic maps, inventory statistics, assess-
ments, and predictions can be made and updated
to meet a variety of objectives: timber volume esti-
mates, wild land studies, censuses of people and
animals, costal zone management, and range and
forest inventory, to name a few.

The advantages of the system are impressive. Spa-
tial and spectral resolution characteristics of the
digital data appear to be near optimum for compu-
ter mapping of surface vegetation. Geometric fidel-
ity, spatial resolution, and computer compatability
of sampling and analysis combine to simplify the
generation of map overlays demarcating various
boundaries—of administrative, management,
ownership, and political areas—to meet diverse
informational needs. Satellite coverage is both sys-
tematic and periodic, providing a broad, uniform
data base and the opportunity for frequent updat-
ing of the resource information base through iden-
tification and mapping of surface changes.

The ESL system is used by NASA at the Ames
Research Center and the Johnson Space Flight
Center, and by the EROS Data Center maintained
by the U.S. Department of the Interior in Sioux
Falls, South Dakota. ESL maintains a service
bureau in Sunnyvale, California, and another is
planned for the Washington, D.C. area. For more
information, write or call ESL Incorporated.

For more information on the versatile HP 3000CX,
talk to us. Hewlett-Packard, 1504 Page Mill Road,
Palo Alto, California 94304.

System prices for the HP 3000CX start at $99,500*.

© 1975 SCIENTIFIC AMERICAN, INC



This fetal monitor frees
the obstetrical team to care
for mother and unborn child.

Obstetricians have been relying on cardiotoco-
grams, especially during difficult deliveries, for
more than a decade of fetal monitoring. By con-
tinuously measuring fetal heart rate and mater-
nal labor contractions, the fetal monitor (car-
diotocograph) gives the obstetrical team valu-
able information about the stress of birth on the
fetus, from which they can better manage labor
and deliver healthier babies.

Virtually automatic in its operation, the new HP
8030A Cardiotocograph frees the delivery team
from the task of managing the instrument for the
much more important one of caring for the mother
and unborn child. Specifically, the instrument can
measure fetal heart rate by any of four methods
(direct or abdominal ECG, ultrasound, or heart
sound) and labor activity by internal or external
methods. The nurse or physician need only plug
the desired transducer into the appropriate
connector—and the instrument automatically
switches to the correct mode, calibrates the input
signal, adjusts its sensitivity and makes the mea-
surement accurately.

A built-in scope continuously shows the fetal
input waveform and thus helps the obstetrical
team to place the transducer for the best signal. The
trace itself does not fade and its intensity adjusts
automatically to changes in room light; it can also
be “frozen” for inspection by pressing the STOP
button.

The computed beat-to-beat heart rate and maternal
uterine pressure are displayed simultaneously on
large, clear digital readouts while status lamps

HEWLETT |7) " PACKARD

Sales and service from 172 offices in 65 countries

clearly identify the type of measurement method in
use. An acceptance lamp lights with every valid
heart rate measurement, and an INOP indicator
immediately signals if there is any problem in the
ECG electrode or transducer.

The instrument checks its own operation and cir-
cuits at the touch of a button; its built-in silent
recorder prepares a permanent cardiotocogram on
smudgeless thermal paper; and it is easily con-
figured to various monitoring modes simply by
plugging printed circuit boards into the instru-
ment chassis.

From any point of view, the 8030A meets the needs
and preferences of the obstetrical team. Prices start
at $6,250*.

For more information on these products, write to
us, Hewlett-Packard, 1504 Page Mill Road, Palo
Alto, California 94304.

Mail to: Hewlett-Packard, 1504 Page Mill Road, Palo Alto, CA 94304.

Please send me further information on

() HP 3000CX Computer System
() HP 8030A Cardiotocograph

Name

Company

Address

City State Zip

*Domestic USA prices only. 00640
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It Takes Fine Tools...

to produce fine wood work, whether you
carve, sculpt, make your own furniture,
do occasional repairs. Garrett Wade of-
fers you only the finest hand tools,
most available nowhere else in the U.S.
Craftsman-made tools are the best, for
better, easier, safer work.

Carving tools, steel and extraordinary
wood-body planes; well-balanced mal-
lets, Arkansas sharpening stones, cabinet-
maker’s chisels; unique measuring and
marking tools; mitre boxes, saws, clamps,
vises; 7 distinctively different, beauti-
ful, imported workbenches, with un-
usual features; hundreds of accessories;
books — The Yankee Wood Craftsman
Catalog is packed with exciting gift ideas,
information for beginner and expert. 1

SEND TODAY FOR FREE 48-PAGE
COLOR CATALOG/WOODCRAFT MANUAL

Garrett Wade Company, Inc., Dept. 1IKK,

1 302 Fifth Ave., New York 10001
I Name
|\Address7 Sl }

IF YOU USE A TELESCOPE
OR MICROSCOPE PHOTO-
GRAPHICALLY, THE AIC
MIRANDA LABOREC 35mm

‘‘...may be as much camera as you’ll
ever need - and for $170, it's quite a
bargain.”’

ASTRONOMY MAGAZINE, OCTOBER 1975

SPECIAL FEATURES INCLUDE
e Three year guarantee
* Absolutely no mirror vibration
e Aerial image focusing
e Oversize mirror - no cutoff
e Exceptionally smooth shutter
® Special knob film advance
¢ Front and top cable sockets
Special cable release included
Only 21 ounces
First (prime) focus
Eyepiece projection
Barlow projection
e Accepts many lenses - use coaxially (not for
general photography)
¢ Optional light meter available for sun, moon,
terrestrial and microscope use
¢ Includes special microscope lens
e Introductory price $170

For Details Write:

Robert T. Little Co
P.O. Box E, Dept. SA., Brooklyn
N.Y. 11202 - 212/834-1888

THE AUTHORS

H. A. BETHE (“The Necessity of Fis-
sion Power”) has devoted much of his
time and effort in the past few years to
a study of the role of nuclear power in
the context of the world energy problem,
particularly since his retirement last July
from active teaching at Cornell Uni-
versity. Born and educated in Germany,
Bethe joined the Cornell faculty in 1935
after working at universities in Germany
and Britain. His years at Cornell were
interrupted by World War II, when he
worked first at the Radiation Laboratory
of the Massachusetts Institute of Tech-
nology and later as head of the theo-
retical-physics division of the Los Ala-
mos Scientific Laboratory. His basic
research on the theory of the atomic nu-
cleus has won him many honors, among
them the Nobel prize for physics,
awarded in 1967 for his discovery in the
late 1930’s of the nuclear reactions that
power the stars. Over the years he has
also served as a consultant to both Gov-
ernment and industry on the design
of nuclear power reactors. His current
“one-man campaign for increasing our
energy sources other than oil and gas,”
the latest in a series of activities that
have involved him in national issues,
stems from a conviction that “the gen-
eral public is not well enough informed
about science and technology and their
role in our society. This allows any num-
ber of nuts to dispense misinformation
couched in noble rhetoric. I only take on
issues for which I feel my professional
background qualifies me; I don’t want to
make a career of public advising.”

MICHAEL H. CARR (“The Volca-
noes of Mars”) is chief of the astrogeo-
logic-studies branch of the U.S. Geo-
logical Survey in Menlo Park, Calif. A
graduate of the University of London,
he came to the U.S. to attend Yale Uni-
versity, acquiring his M.S. and Ph.D.
there in geochemistry. He then went
to the University of Western Ontario,
where he worked on the shock deforma-
tion of rocks. That led to an interest in
impact craters and hence to lunar geolo-

| gy. Since joining the Geological Survey

in 1962, he writes, “I have been in-
volved in a variety of lunar and plane-
tary projects. As leader of the Viking

| Orbiter imaging team I am currently in-

volved in plans for extending our orbital

| photographic coverage of Mars when

the Viking spacecraft arrives there this
summer. On those rare occasions when
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I am home I like to rouse my neglected
horse and go riding through the adja-
cent hills.”

DAVID B. CLINE, ALFRED K.
MANN and CARLO RUBBIA (“The
Search for New Families of Elementary
Particles”) pursue their collaboration in
spite of geography. Cline is professor of
physics at the University of Wisconsin,
where he received his Ph.D. in 1965.
Mann is professor of physics at the Uni-
versity of Pennsylvania, to which he
moved in 1949, two years after obtain-
ing his Ph.D. from the University of Vir-
ginia. Rubbia is professor of physics at
Harvard University; a native of Italy, he
completed his graduate training at the
University of Pisa and worked for eight
years at the European Organization for
Nuclear Research (CERN) before be-
coming a member of the Harvard faculty
in 1970.

TOM MANIATIS and MARK
PTASHNE (“A DNA Operator-Repres-
sor System”) did most of the research
described in their article in Ptashne’s lab-
oratory at Harvard University. Maniatis,
who now works at the Cold Spring Har-
bor Laboratory, went to Harvard as a
National Institutes of Health Fellow in
1971 after obtaining his Ph.D. in mo-
lecular biology from Vanderbilt Univer-
sity. Before that he was an undergrad-
uate at the University of Colorado.
Ptashne, now professor of biochemistry
and molecular biology at Harvard, was
graduated from Reed College in 1961
and received his Ph.D. in molecular bi-
ology from Harvard in 1968.

ROY L. CALDWELL and HUGH
DINGLE (“Stomatopods”) first became
acquainted with these fierce marine
crustaceans in the course of a zoological
field trip to Bermuda in the summer of
1966. At that time both of them were
associated with the department of zo-
ology at the University of Iowa, Cald-
well as a graduate student and Dingle as
an instructor in zoology. Caldwell, who
obtained his Ph.D. from Iowa in 1969
for his work on the population dynamics
of insects and the control of insect mi-
gration, has since joined the faculty of
the University of California at Berkeley.
He has continued his interest in the be-
havior of stomatopods, explaining that
“although they are certainly not the
easiest animals to study, the rewards
have been great, since most of my work
has had to be conducted in such lovely
spots as Curagao, Eniwetok and Thai-
land.” Dingle, who is now professor of
zoology at Iowa, is a graduate of Cornell



University and holds an M.S. and a
Ph.D. from the University of Michigan.
He also admits to indulging a “passion
for travel,” noting that “I am in addi-
tion an avid birdwatcher, a foible that
is endured stoically by Caldwell and my
family.”

HARRY ]. JERISON (“Paleoneurolo-
gy and the Evolution of Mind”) is pro-
fessor of psychiatry and psychology at
the University of California School of
Medicine in Los Angeles. A native of
Poland, his degrees are from the Uni-
versity of Chicago: a B.S. in 1947 and
a Ph.D. in 1954. He was a research
psychologist at the Aeromedical Labora-
tory from 1949 until 1957, when he was
appointed director of the behavior-
research laboratory at Antioch College,
a position he held until he moved to
U.C.L.A. in 1969. Jerison is the author
of Evolution of the Brain and Intelli-
gence, published by Academic Press in
1973.

ALISTAIR B. FRASER and WIL-
LIAM H. MACH (“Mirages”) are at
Pennsylvania State University; Fraser is
associate professor of meteorology and
Mach is a research assistant in the de-
partment of meteorology. Fraser, who
is Canadian, was graduated from the
University of British Columbia and then
began work as a weather forecaster with
the Canadian government. He obtained
his Ph.D. from the Imperial College of
Science and Technology in London in
1968. “From my earliest days as a
weather forecaster in Vancouver,” he
writes, “I have been particularly fasci-
nated with meteorological information
that could be deduced from naked-eye
observation.” Mach received his bache-
lor’s and master’s degrees at the Uni-
versity of Washington in 1969 and
1972 respectively. He is a Ph.D. can-
didate at Penn State.

WILLIAM L. LANGER (“The Pre-
vention of Smallpox before Jenner”) is
Archibald Cary Coolidge Professor of
History emeritus at Harvard University.
His active association with Harvard ex-
tended over many years: he received his
B.A. there in 1915, his M.A. in 1920 and
his Ph.D. in 1923, and he was a mem-
ber of the faculty from 1926 to 1964.
A past president of the American His-
torical Society, Langer is perhaps best
known as the editor of An Encyclopedia
of World History, which was first pub-
lished in 1940 and is now in its fifth
edition, and the series “The Rise of
Modern Europe,” of which 18 volumes
have been published to date.
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LET HIM GROW WITH A QUESTAR

A child’s wonder at the world about him can hold a promise, for many
a scientist can remember that his present preoccupation with the uni-
verse began with an intense curiosity early in life.

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

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

him all his life?

© Questar Corporation 1976

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

QUESTAR, THE WORLD’S FINEST, MOST VERSATILE
TELESCOPE IS PRICED FROM $865. SEND FOR OUR
BOOKLET IN FULL COLOR WITH 150 PHOTOGRAPHS
BY QUESTAR OWNERS. $1 COVERS MAILING ON THIS
CONTINENT; BY AIR, TO SOUTH AMERICA, $3.00;
EUROPE AND NORTH AFRICA, $3.50: ELSEWHERE, $4.

QUESTAR

Box 20G, New Hope, PA 18938




WE VE BEEN WORKING ON
FORTHE LAST 100 YEARS.

And we're still working on it. .

You see, the invention of the telephone didn’t stop with Alexander ﬁ(’?& 4
Graham Bell. It just started. N |

Because the telephone is just the beginning of a telephone call.
It's part of an intricate network of a trillion parts and nearly
a billion miles of circuits.

To build this network, we at Bell Labs and Western
Electric have long worked as a team with AT&T and your
Bell telephone company. ;

As a result, America has the best telecommunications it
system in the world. e

And the world has the benefits of such Bell System [ 't
innovations as the transistor, the coaxial cable and direct >
distance dialing.

Working together, we've created entirely new communi- 7
cation systems. Like our latest switching machine that can |2
route 550,000 calls an hour. 4] -lreertioe | B8

At the same time, we're constantly improving existing g Che Lannacdla) |
systems. Like tripling the capacity of our major microwave radio ;

system in the last ten years. 3 !
Even the standard telephone that you probably think never P
changes has had virtually every major part improved since 1972. .
In fact, we've made more than 2,500 improvements in your
phone in the last twenty-five years.
Not just to make it look different. But to make it work better.
And to keep its cost down.

= " —}
_ i “E
- * f

|

Improvements like these don't just happen. - - ':.__3,;:1{5 »
The Bell System invests more than $750 millionayear = s % vl
in research and development. < " Lo ‘
As an outgrowth, we receive an average of more than Sia. ‘:;’,_ -
two patents every working day. And nearly half the things e = iz
Western Electric will make this year didn't even "’ 5 ”?? i 7. _g

exist four years ago.

In the next 10 years, we plan to
expand the capacity of the telephone
network as much as we have in the
past 100 years.

To keep this network operating and
growing takes the innovative teamwork
of Bell Labs and Western Electric.

The kind of innovative teamwork
that makes us say:

One Bell System. It works. Wil ey W —~ . '
963~ Lapeich ol it i el
(o ommmuseileon S Szteiz T “""'H,, 1 - 7 A
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YOUR NEXT PHONE CALL

N
S 4 ) ¢ Yl -n‘\q

Bell Labs
Western Electric
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“How We Solved
The Paper Shortage’

More than 100 years ago,
during the Franco-Prussian
war, René Dagron
photographed some 1,000
messages on a film two inches
wide. He then strapped his film
to a pigeon’s leg and his
message flew to Paris where it
was projected by lantern on a
sereen and read.

That was the beginning of
microfilm.

Today’s microfilm systems
allow you to store information
in 1/56th the space you're
used to.

1400 1bs. of paper will fit
in your hand as 5 lbs. of
microfiche.

A warehouse-full of
computer printouts can be
stored in a single room.

20

And as paper becomes
increasingly more expensive
and more difficult to get, the
use of computer output micro-
film becomes a necessity.

The MMS COM System

It’s CalComp’s way of
putting together a COM
printer, a controller with
built-in magnetic tape unit and
tape-cartridge drive, a key-
board printer, and the software
you need for a microfiche
management system. It
stands alone..It does not
require a host computer.

The CalComp system
uses either 105 mm. micro-
fiche or 16 mm. roll film. It
can reduce images 24, 42, or
48 times. And the output
emerges titled and indexed.

CIATLICIOIMIP
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Job instructions can be
typed in from the keyboard
printer. This saves you costly
re-programming.

Examine the CalComp
system. We think you’ll find
the best performance for price
in the industry.

Call your local CalComp
office, or contact California
Computer Products, Inc.,
SA-M1-76, 2411 West La Palma
Avenue, Anaheim, California
92801. (714) 821-2011.
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The Necessity of Fission Power

If the U.S. must have sources of energy other than fossil

fuels, the only source that can make a major contribution

between now and the end of the century is nuclear fission

he quadrupling of the price of oil

I in the fall of 1973 came as a rude

but perhaps salutary shock to the

Western world. It drew attention to the

fact that oil is running out, and that man-

kind must turn to other fuels, to strict
energy conservation or to both.

The price increase was not entirely
unjustified. From 1950 to 1973 the price
of oil, measured in constant dollars, had
declined steadily. Moreover, it has been
estimated that if world oil production
were to continue to increase at the same
rate that it has in the past two decades,
the upward trend could persist only until
about 1995; then the supply of oil would
have to drop sharply [see illustration on
next page]. Accordingly the oil-produc-
ing countries must see to their own eco-
nomic development while their oil lasts
so that they can rely on other sources of
revenue thereafter. At the same time the
rest of the world must take measures to
become less dependent on oil—particu-
larly imported oil-while there is still
time.

What would it take for the U.S.,
which currently gets more than 15 per-
cent of its energy in the form of imported
oil, to become “energy independent?”
In a report issued last June the Ener-
gy Research and Development Agency
(ERDA) outlined its plans for the U.S.
to achieve this goal. The ERDA projec-
tions are expressed in terms of quads, or
quadrillions (1013) of British thermal
units (B.t.u.). According to ERDA, the
drive to achieve energy independence

by H. A. Bethe

calls for a two-pronged approach. First,
the U.S. must be technologically geared
not only to expand the production of its
existing principal energy resources (oil,
gas, coal and uranium) but also to de-
velop several new energy sources. Sec-
ond, a major energy-conservation effort
must be initiated both to reduce total
energy consumption and to shift con-
sumption to sources other than oil. Only
if both remedies are successfully applied
can energy independence be achieved—
and then it can be achieved only by 1995
[see illustration on page 23]. Without
any new initiatives the need for imported
oil will rise steadily from about 12 quads
at present to more than 60 in the year
2000. At current prices the importation
of that much oil would cost about $120
billion, compared with $25 billion in
1974, an increase of $95 billion.

Now, $95 billion may not sound like
a gigantic sum when this fiscal year’s
Federal budget deficit is projected to be
about $70 billion. The economics of in-
ternational trade, however, is a different
matter. Even a $10 billion trade deficit
has a major effect on the stability of the
currency. It is almost impossible to think
of exports that could bring in an addi-
tional $95 billion. Besides, if current
trends are allowed to continue, the U.S.
would take about 30 percent of the
world’s oil production when that pro-
duction is at its maximum. Clearly it
is critical that the U.S. not follow this
course.

What is critical for the U.S. is a matter
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of survival for Japan and the countries of
western Europe. After all, the U.S. does
have substantial amounts of oil and gas
and plenty of coal. Japan and Italy have
none of those fuels. England and Norway
will have a limited domestic supply of
oil in a few years, but other countries of
western Europe have no natural oil re-
sources of their own and have limited
amounts of coal. If the U.S. competes for
scarce oil in the world market, it can only
drive the price still higher and starve the
economies of western Europe and Japan.
The bankruptcy of those countries in
turn would make it impossible for the
U.S. to export to them and thus to pay
for its own imports.

For the next five years or so there is

only one way for the U.S. to make
measurable progress toward the goal of
energy independence, and that is by con-
serving energy. There are two kinds of
energy conservation. One approach is to
have the country lower its standard of
living in some respects, for example by
exchanging larger cars for smaller ones.
This measure has been widely accepted,
probably at some cost in safety. To most
Americans, however, it appears unde-
sirable to continue very far in this direc-
tion.

The other approach to conservation
is to improve the efficiency with which
energy is consumed. A number of useful
suggestions have been made, such as in-
sulating houses better, increasing the
efficiency of space-heating and water-
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heating systems, improving the way
steam is generated for industry and up-
grading other industrial processes. Con-
versions of this type require substantial
investment, and their cost-effectiveness
on a normal accounting scheme is not
clear. Much leadership, public education
and tax or other incentives will be need-
ed to realize the potential for increased
efficiency. If all these things are provid-
ed, the total energy consumption of the
U.S. in the year 2000 could be reduced
from 166 quads to 120.

ERDA predicts that if at the same
time the generation of electricity from
coal and nuclear fuel is allowed to ex-
pand as it is needed, the U.S. can achieve
an intermediate trend in oil imports: a
satisfactory decline in the first 10 years,
followed by a rise until oil imports are
higher in 2000 than they are now. En-
ergy independence will not have been
achieved by that course either.

In all three ERDA projections it is as-
sumed that the U.S. will move gradually
from liquid fuels (oil and gas) to solid
fuels (coal and uranium). For example,
in President Ford’s State of the Union
Message in January, 1975, the actual
contribution of various fuels to our ener-
gy budget in 1973 was presented along

with the President’s aims for 1985 and
the expected situation in 1985 if no ac-
tion is taken [see illustration on page
24]. The latter situation would require
the importation of 36 quads of oil, in
fair agreement with ERDA’s prediction
of 28 quads for 1985.

The Ford projection envisions a total
U.S. consumption of 103 quads in 1985,
28 quads more than in 1973. Since much
of the added energy would go into the
generation of electricity, with a thermal
efficiency of 33 to 40 percent, however,
consumable energy would increase by
only 17 quads, or 26 percent. Taking
into account an expected 22 percent in-
crease in the working population during
that period, the consumable energy per
worker would stay roughly constant.

The Ford message projects that do-
mestic oil production will increase by
seven quads by 1985 and that natural-
gas production will decrease by only two
quads, in spite of the fact that in the
U.S. oil production has declined in the
past two years and natural-gas discov-
eries have run at less than half of con-
sumption for the past eight years. The
ERDA report agrees that by stimulating
the domestic production of oil and gas
the U.S. could attain just about the total
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FINITE SUPPLY OF OIL is responsible for the shape of this curve representing world oil
production over a two-century span. The projection is based on the work of M. King Hub-
bert of the U.S. Geological Survey, who estimates that if world oil production were to con-
tinue to increase at the same rate that it has in the past two decades, output would peak
in about 1995 and then drop sharply. Energy content of various fuels discussed in this ar-
ticle is expressed in quads, short for quadrillions (1015) of British thermal units (B.t.u.).
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production figure used by the President,
53 quads, with gas somewhat higher
than his estimate and oil lower.

Of course, the country would be de-
pleting its resources more rapidly and
would have to pay for it by having less
domestic oil and gas in the years after
1985. The proposed stimulation of do-
mestic oil and gas production, however,
would provide the breathing space need-
ed to bring other forms of energy into
play. The only energy resources the U.S.
has in abundance are coal and uranium.
Accordingly President Ford calls for
a massive increase in coal production,
from 600 million tons in 1973 to 1,000
million tons in 1985. Meanwhile the Ad-
ministration’s energy program calls for
the building of 200 nuclear-fission re-
actors with an energy output equivalent
to about 10 quads.

Coal should certainly be substituted
for oil and gas in utilities and in other
industrial uses wherever possible. The
conversion of coal into synthetic gas or
oil is essential; demonstration plants for
these processes and price guarantees
should be given the highest priority. The
same applies to oil from shale.

Coal cannot do everything, however,
particularly if it is used intensively for
making synthetic fuel. The U.S. needs
another, preferably nonfossil, energy
source. The only source that is now suf-
ficiently developed to play any major
role is nuclear fission. Thoughtful people
have raised a number of objections to
nuclear-fission reactors, which I shall
discuss below, but first let me review
some of the alternative energy sources
that have been suggested.

Nuclear fusion is the energy source
that has most strongly captured the
imagination of scientists. It is still com-
pletely unknown, however, whether use-
ful energy can ever be obtained from
the fusion process. It is true that both
stars and hydrogen bombs derive their
energy from the fusion of light atomic
nuclei, but can such energy be released
in a controlled manner on the earth?
The requirements for accomplishing the
task are tremendous: a mixture of heavy-
hydrogen gases must be brought to a
temperature of about 100 million degrees
Celsius and kept there long enough for
energy-releasing reactions between the
hydrogen nuclei to take place at a rate
sufficient to yield a net output of energy.
The most obvious way to try to satisfy
this condition is by magnetic confine-
ment. At 100 million degrees hydrogen
is completely ionized, and the positively
charged nuclei and negatively charged
electrons can be guided by magnetic



fields. Since the early 1950’s physicists
in many countries have designed many
intricate magnetic-field configurations,
butthey have not succeeded in attaining
the break-even condition. Great hopes
have alternated with complete frustra-
tion. At present the prospects seem bet-
ter than ever before; a few years ago
Russian experimenters developed the de-
vice named Tokamak, which has worked
at least roughly according to theoretical
expectations. This device has been re-
produced in the U.S. with comparable
success. More than $200 million has now
been committed by ERDA for a much
larger device of the Tokamak type, to
be built at Princeton University; if that
machine also fulfills theoretical expecta-
tions, we may know by the early 1980’
whether or not power from fusion is fea-
sible by the Tokamak approach.

There have been too many disappoint-
ments, however, to allow any firm pre-
dictions. Work on machines of the Toka-
mak type is also going forward in many
other laboratories in the U.S., in the
U.S.S.R. and in several countries of west-
ern Europe. If the problem can be
solved, it probably will be. Money is not
the limiting factor: the annual support
in the U.S. is well over $100 million, and
it is increasing steadily. Progress is limit-
ed rather by the availability of highly
trained workers, by the time required to
build large machines and then by the
time required to do significant experi-
ments. Meanwhile several alternative
schemes for magnetic confinement are
being pursued. In addition there are the
completely different approaches of laser
fusion and electron-beam fusion. In my
own opinion the latter schemes are even
further in the future than Tokamak.

Assume now that one of these schemes
succeeds in the early 1980’s. Where are
we then? The problem is that the en-
gineering of any large, complex industri-
al plant takes a long time, even after the
principle of design is well known. Since
preliminary fusion-power engineering is
already under way, however, it is a rea-
sonable hope that a prototype of a com-
mercial fusion reactor could operate in
about 2000, and that fusion might con-
tribute a few percent of the country’s
power supply by 2020.

Solar power is very different. There
is no doubt about its technical feasibility,
but its economic feasibility is another
matter. One should distinguish clearly
between two uses of solar power: the
heating of houses and the production of
all-purpose power on a large scale.

Partial solar heating of houses may
become widespread, and solar air-con-
ditioning is also possible. ERDA is spon-
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THREE PROJECTIONS of the extent to which the U.S. will continue to be dependent on
imported oil and gas for the rest of this century were made in a 1975 report by the Energy
Research and Development Administration (ERDA). Curve @, which shows the U.S. end-
ing its dependence on imported fuel in about 1995, assumes that all the recommendations
of ERDA’s National Plan for achieving “energy independence” are put into effect. Curve b
shows the effect of an intermediate approach emphasizing energy conservation. Curve ¢
shows the expected trend in oil imports in the absence of any major new initiatives. All
three curves assume that the energy efficiency of automobiles will improve by about 40 per-
cent over the next five years or so as a result of the trend toward smaller cars and that the
number of coal-burning and nuclear power plants will expand to meet rising demand for
electricity. Any slowdown on nuclear plants would shift all three curves sharply upward.

soring the development of model solar-
heated houses. Private estimates for so-
lar-heating systems, for a “standard”
house of 1,200 square feet, run between
$5,000 and $10,000 in mass production,
compared with about $1,000 for conven-
tional heating systems. With such an in-
stallation one might expect to supply
about 50 percent of the house’s heating
requirements (more in the South, less in
the North, particularly in regions of fre-
quent cloud cover). In any case an aux-
iliary heating system supplied with gas,
oil or electricity must be provided; other-
wise the cost of the solar-heating system
becomes exorbitant.

ERDA estimates that 32 million new
households will be established between
1972 and 2000, and that they will then
comprise about a third of all dwelling
units. If all the new units are equipped
with solar heating, it would require a
private investment of $150 to $300 bil-
lion. The heating requirement for all
residential units in 1973 was close to 10
percent of the country’s total energy con-
sumption, and that fraction is likely to
remain about the same. Some of the new
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dwelling units will not use solar energy,
but let us assume (optimistically) that
an equal number of older houses will be
converted to solar heat. In that case a
third of all houses would derive on the
average about half of their heat from
the sun, which would then supply some-
what less than 2 percent of the country’s
total energy needs. This contribution
would be helpful but clearly would not
be decisive.

The use of solar heat on a large scale
for power generation is something else
again. (Here I shall assume electric pow-
er, but the situation would not be essen-
tially different if the energy were to be
stored in fuels such as hydrogen.) Of
the many proposals that have been
made, the most practical in my opinion
is to have a large field (perhaps a mile
on a side) covered by mirrors, all of
which reflect sunlight to a central boiler.
The mirrors would be driven by a com-
puter-controlled mechanism; the boiler
would generate electricity in the conven-
tional manner. At least three separate
groups, supported by ERDA, are work-
ing on this kind of project. The best esti-
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mates I have heard give about $2,500
per installed kilowatt (power averaged
over the 24-hour day) exclusive of in-
terest and the effects of inflation during
construction. On the same basis nuclear-
fission reactors cost about $500 per kilo-
watt, so that solar power is roughly five
times as expensive as nuclear power.
That cost estimate may sound high,
but a little thought will show that it is
not. First of all, the sun shines for only
part of the day. On a sunny winter day
in the southern U.S. one square mile of
focused mirrors is just about enough to
generate an average of 100 megawatts of
electric power at a cost of about $250
million. To achieve that output the full
heat of the sun must be utilized when-
ever it shines. At noon such a system
would generate about 400 megawatts;
near sunrise and sunset it would gen-
erate correspondingly less; at night it
would generate none. To get an average
of 100 megawatts one must have equip-
ment to generate 400 megawatts, so that
the generating equipment (boilers, tur-
bines and so on) would cost roughly
four times as much as they would in a
comparable nuclear or fossil-fuel power
plant. To this total cost must be added

the cost of storing the energy that will
be needed at night and on cloudy days.
(The means of storage is so far a largely
unsolved problem.)

Assume now that half of the cost is
allotted to the mirrors and their elec-
tronic drive mechanisms; that would
amount to $125 million for a plant of one
square mile, or less than $5 per square
foot. It is hardly conceivable that the
mirrors and their drives could be built
that cheaply, even in mass production,
when a modest house costs $30 a square
foot. I conclude therefore that all-pur-
pose solar power is likely to remain ex-
tremely expensive.

Although it seems clear that solar
power can never be practical for western
Europe and Japan, the countries that
need power most urgently, it might be
just the right thing for certain develop-
ing countries, provided that the capital-
cost problem can be solved. Many of
those countries have large desert areas,
rather modest total energy needs and
abundant cheap manpower, which is
probably required for the maintenance
of any solar-power installation.

In addition to the alternative energy
sources discussed above, a variety of
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TWO ESTIMATES of the contribution of various fuels to the energy budget of the US. in
1985 are presented here along with the actual energy budget in 1973 (light gray bars). The
chart is based on President Ford’s State of the Union Message for 1975, in which he com-
pared the expected impact of his administration’s energy program (dark gray bars) with
the expected situation if no action is taken (colored bars). The total U.S. energy con-
sumption in 1973 was 75 quads; the total for 1985 in the absence of any major new programs
is projected here to be about 112 quads, including some 36 quads of imported oil; Ford pro-
gram, which includes a major energy-conservation effort aimed at saving about nine quads
per vear by 1985, envisions a total U.S. energy consumption of 103 quads for that year.
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other schemes have been suggested, such
as harnessing the wind or the tides,
burning garbage or agricultural wastes,
converting fast-growing plants into fuels
such as methane or tapping the earth’s
internal heat. Each of these approaches
presents its own special difficulties, and
at best each can make only a minor con-
tribution toward the solution of the en-
ergy problem.

I do not mean to imply that work on
alternative-energy projects is worthless.
On the contrary, I believe that research
and development on many of them
should be pursued, and in fact ERDA is
stepping up this type of work. I want to
emphasize, however, that it takes a very
long time from having an idea to proving
its value in the laboratory, a much longer
time for engineering development so
that the process can be used in a large
industrial plant and a still longer time
before a major industry can be estab-
lished. Certainly for the next 10 years
and probably for the next 25 years the
U.S. cannot expect any of the proposed
alternative energy schemes to have much
impact.

For all these reasons I believe that nu-
clear fission is the only major nonfossil
power source the U.S. can rely on for
the rest of this century and probably
for some time afterward. Let us now
examine the objections that have been
raised against this source of power.

Some concern has been expressed
over the fact that nuclear reactors in
routine operation release radioactivity
through outflowing liquids. According to
the standards originally set by the Atom-
ic Energy Commission and now adminis-
tered by the Nuclear Regulatory Com-
mission, these releases must be kept “as
low as practicable,” and under no cir-
cumstances must the additional radiation
exposure of a person living permanently
near the fence of the power plant be
greater than five millirem per year. Most
modern fission power plants release far
less than this limit. For the purposes of
comparison an average person in the
U.S. receives 100 millirem per year in
natural radiation (from cosmic rays, ra-
dioactivity in the earth and in buildings
and radioactive substances inside his
body) and an average of about 70 milli-
rem per year from diagnostic medical
X rays. It has been estimated that in the
year 2000 a person living in the U.S.
would on the average receive an addi-
tional tenth of a millirem from nuclear
reactors if 1,000 of them are deployed.
Chemical plants for reprocessing the nu-
clear fuel may add a couple of tenths of
a millirem, but the Nuclear Regulatory
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Commission is tightening the regulations
further. In view of these very small num-
bers the controversy over the routine re-
lease of radioactivity, which was strong
in the 1960’s, has pretty much died
down.

A more popular fear at present is that
a reactor accident would release cata-
strophic amounts of radioactivity. Here
it must be said first of all that a reactor
is not a bomb. In particular, light-water
reactors, which make up the bulk of U.S.
reactors at present, use uranium fuel
with a readily fissionable uranium-235
content of only 3 percent. Such material,
no matter how large the amount, can
never explode under any circumstances.
(For breeder reactors, which can only
come into operation about 20 years from
now, the argument is slightly more com-
plicated.)

It is, however, conceivable that a re-
actor could lose its cooling water, melt
and release the radioactive fission prod-
ucts. Such an event is extremely unlike-
ly, and one has never happened. There
are at least three barriers to such a re-
lease. The radioactive fission products
are enclosed in fuel pellets, and those
pellets have to melt before any radioac-
tivity is released. No such “meltdown”

JANUARY, 1971— JANUARY, 1971— JANUARY, 1973—V MID-1974—
JANUARY, 1978

JANUARY, 1978

has occurred in nearly 2,000 reactor-
years of operation involving commercial
and military light-water reactors in the
U.S. Moreover, even if there were to be a
meltdown, the release of radioactivity
would be retarded by the very strong re-
actor vessel, which typically has walls six
to 12 inches thick. Finally, once this re-
actor vessel melts through, the radioac-
tive material would still be inside the
containment building, which is equipped
with many devices to precipitate the
volatile radioactive elements (mainly
iodine, cesium and strontium) and pre-
vent them from escaping to the outside.
Only if very high pressure were to build
up inside the reactor building could the
building vent and release major amounts
of radioactivity. The chance of that hap-
pening is extremely small, even in the
event of a meltdown.

One may nonetheless ask: Exactly
how likely is such a reactor accident?
Obviously it is very difficult to estimate
the probability of an event that has never
happened. Fortunately most of the con-
ceivable failures in a reactor do not lead
to an accident. Reactors are designed so
that in case of any single failure, even of
a major part of the reactor, the reactor
can still be safely shut down. Only when

© 1975 SCIENTIFIC AMERICAN, INC

JANUARY, 1981

START OF PROJECT
JANUARY, 1983 COMMERCIAL OPERATION

however, a large fraction of the cost increase is due to inflation
and interest during construction. Cost of building a coal-burning
power plant has risen at a comparable rate during this period. (The
bar for nuclear plants started in 1971 was revised upward in 1973.)

two or more essential elements in the
reactor fail simultaneously can an acci-
dent occur. This makes a probabilistic
study possible; an estimate is made of
the probability of failure of one impor-
tant reactor element, and it is then as-
sumed that failures of two different ele-
ments are independent, so that the
probability of simultaneous failure of the
two is the product of the individual
probabilities. This, however, is not al-
ways true. There can be “common mode”
failures where one event triggers two or
three failures of essential elements of the
reactor; in that case the probability is
the same as that of the triggering event,
and one does not get any benefit from
the multiplication of small probability
numbers. The probability of such com-
mon-mode failures is of course the most
difficult to estimate.

Working on the basis of these prin-
ciples, a Reactor Safety Study commis-
sioned three years ago by the AEC esti-
mated the probability of various types of
reactor accident. The results were pub-
lished in draft form in August, 1974, in
a document that has come to be known
as the Rasmussen report, named for the
chairman of the study group, Norman C.
Rasmussen of the Massachusetts Insti-
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tute of Technology. The final report was
published last October.

The methods applied in the Rasmus-
sen report have been used for several
years in Britain to predict the probability
of industrial accidents. Experience has
shown that the predictions usually give a
frequency of accidents somewhat high-
er than the actual frequency. Several
groups, including the Environmental
Protection Agency and a committee set
up by the American Physical Society,
have since studied various aspects of the
problem and have come out with some-
what different results. Those differences
have been taken into account in the final
Rasmussen report; the most important of
them will be discussed here.

The basic prediction of the Rasmussen
report is that the probability of a major
release of radioactivity is about once in

ROUT!INE EMISSION OF RADIATION (2)

MOTOR-VEHICLE
ACCIDENTS
(50,000)

100,000 reactor-years. (Common-mode
failures were found to contribute com-
paratively little to the total probability.)
Such an accident would involve the re-
lease of about half of the volatile fission
products contained in the reactor. A re-
lease of that scale would have to be pre-
ceded by a meltdown of the fuel in the
reactor, an event for which the report
gives a probability of once in 17,000
reactor-years. Finally, the report pre-
dicts that the water coolant from a re-
actor will be lost once in 2,000 reactor-
years, but that in most cases a meltdown
will be prevented by the emergency
core-coolant system.

There is at least some check on those
estimates from experience. For one
thing, there has never been a loss of
coolant in 300 reactor-years of commer-
cial light-water-reactor operation. Fur-

NUCLEAR REACTOR ACCIDENTS (2)

~
" FIRES AND HOT
~ SUBSTANCES
(7,000)

DROWNING
(6,000)

OTHER
ACCIDENTS
(30,000)

ACCIDENT RISKS estimated for the entire U.S. population as the result of the operation
of 100 nuclear power plants are compared here with the risks from several leading causes
of accidents in terms of the average number of deaths per year attributable to each cause.
(The averages for the latter categories are rounded to the nearest 1,000 fatalities.) The
figure for the risk of death from nuclear accidents is based on the conservative assumption
that there is likely to be one major release of radioactivity in the U.S. every 1,000 years,
resulting in about 1,000 eventual deaths from cancer, and that once in 10,000 years there
could be a more serious accident resulting in approximately 5,000 eventual deaths. The aver-
age risk from nuclear reactors is obviously extremely small compared with other risks that
society accepts. It must be noted, however, that the nuclear-power risk can only be pre-
dicted, whereas the other risks are actuarial, that is, derived from statistics of actual events.
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thermore, there has never been a fuel
meltdown in nearly 2,000 reactor-years
of commercial and naval light-water-re-
actor operation. If Rasmussen’s estimate
were wrong by a factor of 20 (in other
words, if the probability of a meltdown
were once in 850 reactor-years), at least
one meltdown should have occurred by
now.

What would be the consequences in
the extremely improbable event of a ma-
jor release of radioactivity? The immedi-
ate effects depend primarily on the pop-
ulation density near the reactor and on
the wind direction and other features of
the weather.

For a fairly serious accident (one that
might take place in a million reactor-
years) Rasmussen estimates less than
one early fatality but 300 cases of early
radiation sickness. He also predicts that
there could be 170 fatalities per year
from latent cancers, a death rate that
might continue for 30 years, giving a to-
tal of some 5,000 cancer fatalities. In ad-
dition there might be 25 genetic changes
per year; counting the propagation of
such changes through later generations,
the total number of genetic changes
could be about 3,000.

The number of latent cancers in the
final version of the Rasmussen report is
about 10 times as high as it was in the
original draft report; that change was
largely suggested by the study of the
American Physical Society, as modified
by a very careful study made by the
Rasmussen group. A major release of ra-
dioactivity under average weather and
population conditions (probably one in
100,000 reactor-years) would cause about
1,000 latent cancers, but it would not re-
sult in any cases of early radiation sick-
ness.

It is obvious that 5,000 cancer deaths
would be a tragic toll. To put it in per-
spective, however, one should remember
that in the U.S. there are more than
300,000 deaths every year from cancers
due to other causes. A reactor accident
clearly would not be the end of the
world, as many opponents of nuclear
power try to picture it. It is less serious
than most minor wars, and these are un-
fortunately quite frequent. Some possi-
ble industrial accidents can be more
serious, such as explosions and fires in
large arrays of gasoline storage tanks or
chemical explosions. The danger from
dam breaks is probably even greater.

The probability of a serious reactor
accident was predicted in the Rasmussen
report to be once in 10,000 years when
there are 100 reactors, which is about
the number expected for the U.S. in the
year 1980. What if the number of reac-
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COST ESTIMATES summarized in this bar chart were made in late
1973 by the Philadelphia Electric Company for prospective electric-
power plants consuming three different types of fuel: coal, oil and
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the assumption that plant construction would start in 1974. (The

tors increases to 1,000, as many people
predict for the year 2000 or 20107 The
answer is that reactor safety is not static
but is a developing art. The U.S. is now
spending about $70 million per year on
improving reactor safety, and some of
the best scientists in the national labora-
tories are engaged in the task. I feel
confident that in 10 years these efforts
will improve both the safety of reactors
and the confidence we can have in that
safety. I should think that by the year
2000 the probability of a major release
of radioactivity will be at most once in
10 million reactor-years, so that even if
there are 1,000 reactors by that time, the
overall chance of such an accident will
still be no more than once in 10,000
years.

Taking into account all types of re-
actor accidents, the average risk for the
entire U.S. population is only two fa-
talities per year from latent cancer and
one genetic change per year. Compared
with other accident risks that our society
accepts, the risk from nuclear reactors is
very small [see illustration on opposite
page].

A special feature of possible reactor
accidents is that most of the cancers
would appear years after the accident.
The acute fatalities and illnesses would
be rather few compared with the 5,000
estimated fatalities from latent cancers in
the foregoing example. The problem is
that many more than the 5,000 victims
will think they got cancer from the radia-
tion, and it will be essentially impossible
to ascertain whether radiation was really
the cause. The average probability that
the exposed population will get fatal
cancer from the released radioactivity is
only about 1 percent, compared with the
15 percent probability that the average
American will contract fatal cancer from
other causes. Will the affected people in
the case of a reactor accident be rational
enough to appreciate this calculation?
Or would an accident, if it occurs, have
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a psychological effect much more devas-
tating than the real one?

he problem of nuclear energy that

is considered most serious by many
critics is the disposal of nuclear wastes.
Will such wastes poison the atmosphere
and the ground forever, as has been
charged? It is true that the level of radio-
activity in a standard 1,000-megawatt
reactor is very high: about 10 billion
curies half an hour after the reactor is
shut down. The radioactivity then de-
cays quite quickly, however, and so does
the resulting heat.

When the spent nuclear fuel is un-
loaded from a reactor, it goes through a
number of stages. First the highly radio-
active material, still in its original form,
is dropped into a tank of water, where
it is left for a period ranging from a few
months to more than a year. The water
absorbs the heat from the radioactive de-
cay and at the same time shields the sur-
roundings from the radiation.

After the cooling period the fuel will
in the future be shipped in specially pro-
tected trucks or railcars to a chemical-
reprocessing plant. (No such plant is cur-
rently in operation, but a large one is be-
ing built in South Carolina and could go
into operation next year.) In the chemi-
cal plant the fuel rods will be cut open
(still under water) and the fuel pellets
will be dissolved. The uranium and the
plutonium will be separated from each
other and from the radioactive fission
products. The uranium and plutonium
can be reused as reactor fuel and hence
will be refabricated into fuel elements.
The remaining fission products are the
wastes.

These substances are first stored in a
water solution for an additional period
to allow the radioactivity to decay fur-
ther. Special tanks with double walls are
now being used for that purpose in or-
der to ensure against leakage of the so-
lution.
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bars representing fuel costs for coal and oil have been updated
to 1975.) The bottom two entries refer to an indefinite date in the
future when uranium is expected to become much more expensive.
According to this study, electricity from nuclear fuel will con-
tinue to be substantially cheaper than that from fossil fuel.

After five years the wastes will be con-
verted into solids, and after another five
years they will be shipped to a national
repository. Three different methods have
been developed for solidifying wastes;
one method now operates routinely at
ERDA’s reactor test station in Idaho to
solidify the wastes from Government-
owned reactors. The solid wastes can
then be fused with borosilicate glass and
fabricated into solid rods, perhaps 10
feet long and one foot in diameter. (Ap-
proximately 10 such rods will be pro-
duced by a standard 1,000-megawatt re-
actor in a year.) The rods are then placed
in sturdy steel cylinders closed at both
ends. It is difficult to see how any of the
radioactive material could get out into
the environment after such treatment,
provided that the material is adequately
cooled to prevent melting.

There are two possibilities for the na-
tional repository. One, for interim stor-
age, would be in an aboveground desert
area; the steel cylinders would be en-
closed in a heavy concrete shield to pro-
tect the external world from the radia-
tion. Cooling would be provided by air
entering at the bottom of the concrete
shield, rising through the space between
the steel and the concrete and escaping
at the top after having been heated by
about 20 degrees C. Natural air circula-
tion would be sufficient; no fans are re-
quired. The proposal for such a national
repository has been studied and ap-
proved by a committee of the National
Academy of Sciences.

The area required for such an interim-
storage repository is not large. A stan-
dard reactor produces about two cubic
meters of solid waste a year. The Na-
tional Academy of Sciences committee
estimated that all the wastes produced
by U.S. reactors by 2010 could be stored
on a tract of 100 acres. The cost is esti-
mated at $1.5 billion, a small fraction of
the probable cost of the reactors.

The second possibility for the national
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ACTUAL POWER COSTS for the first quarter of 1975 were obtained by averaging the
total costs, including fuel (color), for 22 utilities that operate nuclear reactors as well as
other plants. These figures, compiled by the Atomic Industrial Forum, are in accord with
those in illustration on preceding page. (The capital investment in these currently operating
plants was of course much lower than that estimated for the future plants in that example.)

repository is permanent storage deep un-
derground. The preferred storage me-
dium here is bedded salt, which presents
several advantages. First, the existence
of a salt bed indicates that no water has
penetrated the region for a long time;
otherwise the salt would have been dis-
solved. Water trickling through the stor-
age site should be avoided, lest it leach
the deposited wastes and bring them
back up to the ground, an extremely
slow process at best but still better
avoided altogether. Second, salt beds
represent geologically very quietregions;
they have generaily been undisturbed
for many millions of years, which is good
assurance that they will also remain
undisturbed for as long as is required.
Third, salt flows plastically under pres-
sure, so that any cracks that may be
formed by mechanical or thermal stress
will automatically close again.

The first attempt by the AEC to find
a storage site in a salt mine in Kansas
was unfortunately undertaken in a hurry
without enough research. (Drill holes in
the neighborhood might have allowed
water to penetrate to the salt bed and
the waste.) Now ERDA is carefully ex-
amining other sites. A promising location
has been found in southeastern New
Mexico. There are roughly 50,000 square
miles of salt beds in the U.S.; only three
square miles are needed for disposal of
all the projected wastes up to the year
2010.

The method of disposal is this: In a
horizontal tunnel of a newly dug mine in
the salt bed, holes would be drilled in
the wall just big enough to accommo-
date one of the steel cylinders contain-
ing waste. It has been calculated that
the cylinders could be inserted into the
salt 10 years after the waste comes out
of the reactor. The residual heat in the
waste, five kilowatts from one cylinder,
is then low enough for the salt not to
crack. (The high heat conductivity of
salt helps here.) If the calculation is
confirmed by experiment in the actual
mines, the wastes could go directly from
the chemical-processing plant into per-
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manent disposal and interim storage
would be unnecessary. Otherwise the
wastes would be placed for some years
in the interim repository and then be-
shifted from there to permanent storage
underground.

It seems to me virtually certain that a
suitable permanent storage site will be
found. It is regrettable that ERDA is so
slow making a decision and announcing
it, but after the difficulties with the Kan-
sas site it is understandable that ERDA
wants to make absolutely sure the next
time.

Most of the fission products have short
half-lives, from a few seconds to a few
years. The longest-lived of the common
products are cesium 137 and strontium
90, with half-lives of about 30 years. The
problem is that the wastes also contain
actinides: elements heavier than urani-
um. In the present chemical process .5
percent of plutonium and most of the
other actinides go with the wastes. Plu-
tonjum 239 has a half-life of nearly
25,000 years, and 10 half-lives are re-
quired to cut the radioactivity by a fac-
tor of 1,000. Thus the buried wastes
must be kept out of the biosphere for
250,000 years.

Scientists at the Oak Ridge National
Laboratory have studied the possible
natural events that might disturb radio-
active-waste deposits and have found
none that are likely. Similarly, it is al-
most impossible that man-made inter-
ference, either deliberate or inadvertent,
could bring any sizable amount of radio-
activity back to the surface.

The remaining worry is the possibility
that the wastes could diffuse back to the
surface. The rate of diffusion of solids in
solids is notoriously slow, and experi-
ments at Oak Ridge have shown that the
rate holds also for the diffusion of most
fission products in salt. Ultimately this
observation will have to be confirmed in
the permanent storage site by implant-
ing small quantities of fission products
and observing their migration.

In the meantime one can draw fur-
ther confidence from a beautiful “ex-
periment” conducted by the earth itself.
It has been discovered that in the part of
Africa now called the Gabon Republic
there existed some 1.8 billion years ago
a natural nuclear reactor. A metal ore in
that area is extremely rich in uranium,
ranging from 10 to 60 percent. Whereas
the present concentration of uranium
235 in natural uranium is .72 percent,
the concentration 1.8 billion years ago
was about the same as it is in present-
day light-water reactors (3 percent). The
ore also contained about 15 percent
water. Therefore conditions were similar
to those in a light-water reactor (except
for the cooling mechanism). In the nat-
ural nuclear reactor plutonium 239 was
formed, which subsequently decayed by
emitting alpha radiation to form uranium
235. The interesting point is that the
plutonium did not move as much as a
millimeter during its 25,000-year life-
time. Moreover, the fission products, ex-
cept the volatile ones, have stayed close
to the uranium, even after nearly two
billion years.

Assuming that plutonium is made in
appreciable amounts, it must be kept
from anyone who might put it to de-
structive use. Contrary to a widespread
fear, however, there is little danger that
plutonium could be stolen from a work-
ing nuclear reactor. The reactor fuel is
extremely radioactive, and even if an
unauthorized person were to succeed in
unloading some fuel elements (a dif-
ficult and lengthy operation), he could
not carry them away without dying in
the attempt. The same is true of the used
fuel cooling in storage tanks. The places
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from which plutonium might in prin-
ciple be stolen are the chemical re-
processing plant (after the radioactive
fission products have been removed),
the fuel-fabrication plant or the trans-
portation system between the plants and
the reactor where the refabricated fuel
elements are to be installed.

Transportation seems to be the most
vulnerable link. Therefore it is probably
desirable to establish the chemical plant
and the fuel-fabrication plant close to-
gether, leaving only the problem of
transportation from there to the reactor.
Actually the problem of secure and safe
transportation is essentially solved, at
least in the U.S. The sophisticated safe-
guards now in force for nuclear weapons
can be easily adapted for the transporta-
tion of nuclear materials. The protection
of plants against theft is also being
worked on and does not appear to pre-
sent insuperable problems. For example,
people leaving a plant (including em-
ployees) can be checked for possession
of plutonium, even in small amounts, by
means of automatic detectors, without
requiring a body search. These direct
measures for safeguarding plutonium are
necessary and cannot be replaced by
simple inventory-accounting procedures,
which would be far too inaccurate. By
ensuring that no plutonium (or fission-
able uranium) has been diverted from
U.S. plants one can be reasonably con-
fident that no terrorists in this coun-
try can make an atomic bomb (which,
by the way, is not as easy as some
books and television programs have pic-
tured it).

It has been asserted that the proposed
measures for safeguarding plutonium
and similar measures for protecting nu-
clear power plants from sabotage will
interfere with everyone’s civil liberties. I
do not see why this should be so. The
workers in the nuclear plants, the guards,
the drivers of trucks transporting nuclear
material and a few others will be sub-
ject to security clearance (just as people
working on nuclear weapons are now).
I estimate their number at less than
20,000, or less than 1 percent of our

present armed forces. The remaining 200
million Americans need sufferno abridge-
ment of their civil liberties.

Plutonium has been called the most
toxic substance known. The term toxic-
ity can be misleading in this context, be-
cause it implies that the danger lies in
some chemical action of plutonium. Ex-
periments with animals have shown that
it is the level of radioactivity of the plu-
tonium that counts, not the quantity
inhaled, as is the case with a chemi-
cal poison. Nonetheless, the radioactive
hazard is indeed great once plutonium
is actually absorbed in the body: .6 mi-
crogram of plutonium 239 has been es-
tablished by medical authorities as the
maximum permissible dose over a life-
time, and an amount approximately 500
times greater is believed to lead to lethal
cancer.

Plutonium can be effectively absorbed
in the body if microscopic particles of
it are inhaled. About 15 percent of the
particles are likely to be retained in the
lung, where they may cause cancer. For-
tunately there is little danger if pluto-
nium is ingested in food or drink; in that
case it passes unchanged through the
digestive tract, and only about one part
in 30,000 enters the bloodstream. There-
fore effective plutonium poisoning of the
water supply or agricultural land is vir-
tually impossible.

Some opponents of nuclear power
have maintained that because of the
very low maximum permissible dose
even small amounts of plutonium in the
hands of terrorists could cause great
damage. This point has been put in per-
spective by Bernard Cohen, who has in-
vestigated in theory the effect of a de-
liberate air dispersal of plutonium oxide
over a city. He finds that on the average
there would be one cancer death for
every 15 grams of plutonium dispersed,
because only a small fraction of the oxide
would find its way into people’s lungs.
Other, soluble compounds of plutonium
would be even less effective than an in-
soluble oxide. A terrorist who manages
to steal six kilograms or more of plu-
tonium could probably do more damage

by fashioning a crude bomb from it than
by dispersing it in the air of a city.

Will the spread of nuclear reactors en-
courage the proliferation of nuclear
weapons? That in my opinion is the only
really serious objection to nuclear pow-
er. The availability of fissionable mate-
rial is obviously a prerequisite for mak-
ing nuclear weapons. Even after the
material is available, however, the man-
ufacture of a nuclear bomb is still a mas-
sive undertaking: in each of the six
countries that have so far conducted nu-
clear explosions, thousands of scientists
and technicians have worked on the de-
velopment of the weapon. Nonetheless,
a number of additional countries would
be capable of this effort if they wanted
to make it, and if they had the material.

Many countries in need of nuclear
power will soon be in the market for the
purchase of nuclear power plants from
any country willing to sell them. Nuclear
power plants sold in international trade
are usually put under the inspection sys-
tem of the International Atomic Energy
Agency (IAEA) in order to ensure that
no fissionable material is diverted for
military purposes. The IAEA needs
strengthening and more money for its
force of inspectors. An important ad-
ditional safeguard would be to prevent
the proliferation of nuclear chemical-
processing plants, since it is from those
plants rather than from the reactors that
fissionable material could be diverted.
A good proposal is that the chemical
processing be centralized in plants for
an entire region rather than dispersed
among plants for each nation. Another
approach would be to have the country
supplying the reactor lease the fuel to
the customer country with the require-
ment that the used fuel be returned.

The original fuel for a light-water re-
actor is mostly uranium 238 enriched
with about 3 percent of readily fission-
able uranium 235. If an explosive were
to be made from this fuel, the two iso-
topes would have to be separated, a
procedure that requires a high level of
technology. The used fuel contains in
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estimates of total resources, measured in millions of short tons of
uranium oxide (UzOg), range up to three times those given here.
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URANIUM REQUIRED for the initial fueling (colored bars) and 40-year operation (gray
bars) of a 1,000-megawatt nuclear power plant is indicated (again in millions of short tons
of Uz0y) for the four principal types of reactor system. For the breeder reactor the pluto-
nium required for initial fueling is expected to be available as a by-product of previously
operational light-water reactors. Candu is the Canadian name for their heavy-water natural-
uranium reactor, which can be modified to convert thorium into the isotope uranium 233.

addition some plutonium, which can be
separated from the uranium by chemical
procedure, a less difficult task. The re-
sulting plutonium has a high concentra-
tion of plutonium 240 (with respect to
plutonium 239), which could be used to
make rather crude bombs by a country
just beginning in nuclear-weapons tech-
nology. Breeder reactors contain more
plutonium per unit of power, with a
smaller percentage of plutonium 240. I
personally would therefore recommend
that breeder reactors not be sold in in-
ternational trade.

Proliferation would not be prevented
if the U.S. were to stop building nuclear
reactors for domestic use or if it were to
stop selling them abroad. Western Eu-
rope and Japan not only need nuclear
power even more than the U.S. does but
also have the technology to acquire it.
Moreover, they need foreign currency to
pay for their oil imports and so they will
want to sell their reactors abroad. The
participation of the U.S. in the reactor
trade may enable us to set standards on
safeguards, such as frequent IAEA in-
spection, that would be more difficult if
we left the trade entirely to others.

It has been alleged that nuclear power
is unreliable. The best measure of re-
liability is the percentage of the time a
plant is available for power production
when the power is demanded. This
“availability factor” is regularly reported
for nuclear plants and runs on the aver-
age about 70 percent. There are fewer
good data on the availability of large
coal-fired plants, but where the numbers
exist they are about the same as those
for nuclear plants.

The “capacity factor” is the ratio of
the amount of power actually produced
to the amount that could have been pro-
duced if the plant had run constantly at
full power. That percentage is usually
lower than the availability factor for two
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reasons: (1) some nuclear power plants
are required for reasons of safety to op-
erate below their full capacity, and (2)
demand fluctuates during each 24-hour
period. The second factor is mitigated
by the operation of nuclear reactors as
base-load plants, that is, plants that are
called on to operate as much of the time
as possible, because the investment cost
is high and the fuel cost is low. A rea-
sonable average capacity factor for nu-
clear power plants is 60 percent. One
utility has estimated that at a capacity
factor of 40 percent nuclear and coal-
fired plants generating the same amount
of electricity would cost about the same;
operation at 60 percent therefore gives
the nuclear plant a substantial edge.

But are not nuclear power plants ex-
pensive to build? An examination of the
construction cost of such plants planned
between 1967 and 1974, and expected
to become operational between 1972
and 1983, shows thatthe cost of a 1,000-
megawatt power plant of the light-water-
reactor type has risen from $135 million
to $730 million in this period [see illus-
tration on page 25]. Closer inspection re-
veals, however, that a large fraction of
the cost increase is due to inflation and
to a rise in interest rates during construc-
tion; without those factors the 1974 cost
is $385 per kilowatt of generating capac-
ity. This figure represents a cost increase
of about 300 percent, which is more than
the general inflation from 1967 to 1974.
The main cause must be looked for in
the steep rise of certain construction
costs, particularly labor costs, which rose
about 15 percent per year, or 270 per-
cent in seven years.

The cost of building coal-fired plants
has risen at a comparable rate. A major
factor here has been the requirement of
“scrubbers” to remove most of the sulfur
oxides that normally result from the
burning of coal. Coal plants equipped
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with scrubbers may still be about 15
percent cheaper to build than nuclear
plants. Any massive increase in coal
production would, however, call for sub-
stantial investment not only in the open-
ing and equipping of new mines but also
in the provision of additional railroad
cars and possibly tracks, particularly in
the case of Western mines. If this “hid-
den” investment is included, the capital
cost of coal-burning power plants is not
very different from that for nuclear
plants. Even disregarding this factor the
overall cost of generating electricity from
nuclear fuel is already much less than it
is for generating electricity from fossil
fuel, and recent studies indicate that nu-
clear power will continue to be cheaper
by a wide margin [see illustration on
page 27].

There is some truth in the charge that
“nuclear power does not pay its own
way,” since the Government has spent
several billion dollars on research on nu-
clear power and several more billions
will undoubtedly have to be spent in the
future. On the other hand, the Govern-
ment is also spending about $1 billion a
year as compensation to coal miners who
have contracted black-lung disease.

It has also been said that uranium will
run out soon. It is true that the proved
reserves of high-grade uranium ore are
not very large, and the existing light-
water reactors do require a lot of urani-
um. If all reactors were of this type, and
if the U.S. were to set aside all the ura-
nium needed for 40 years of reactor op-
eration, then the total uranium-ore re-
sources of the U.S. would only be
enough to start up 600 reactors, a num-
ber that might be reached by the year
2000. Beyond that date it will be im-
portant to install reactors that consume
uranium more efficiently. The most sat-
isfactory alternative to emerge so far is
the breeder reactor, which may be ready
for industrial operation by 1990. The
breeder in effect extracts the energy not
only from the rare isotope uranium 235
but also from other isotopes of uranium,
thereby increasing the supply of ura-
nium about sixtyfold. Even more im-
portant, with the breeder the mining of
low-grade uranium ore can be justified
both economically and environmentally.
With these added resources there is
enough uranium in the U.S. to supply
1,000 reactors for 40,000 years [see bot-
tom illustration on preceding two pages].

As interim alternatives two other
types of reactor are attractive: the high-
temperature, gas-cooled, graphite-mod-
erated reactor and the Canadian natural-
uranium reacter (“Candu”), which is
moderated and cooled by heavy water.



The Candu reactor can be modified to
convert thorium by neutron capture into
the fissionable isotope uranium 233.

In weighing the overall health hazard
presented by nuclear reactors it is ap-
propriate to compare nuclear plants with
coal-burning power plants. Recent find-
ings indicate that even if scrubbers or
some other technology could reduce the
estimated health effects from coal burn-
ing by a factor of 10 (which hardly
seems attainable at present), the hazard
from coal would still exceed that from
nuclear fuel by an order of magnitude
[see illustration at right]. This compari-
son is not meant as an argument against
coal. The U.S. clearly needs to burn
more coal in its power plants, and even
with coal the hazard is not great. The
comparison does point up, however, the
relative safety of nuclear reactors.

In sum, nuclear power does involve
certain risks, notably the risk of a re-
actor accident and the risk of facilitating
the proliferation of nuclear weapons.
Over the latter problem the U.S. has
only limited control. The remaining risks
of nuclear power are statistically small
compared with other risks that our so-
ciety accepts. It is important not to con-
sider nuclear power in isolation. Objec-
tions can be raised to any attainable
source of power. This country needs
power to keep its economy going. Too
little power means unemployment and
recession, if not worse.

| MINING AND MILLING
TRANSPORTATION,
MANUFACTURING AND OPERATION
|: POLLUTION

ACCIDENTS

OVERALL HEALTH HAZARDS presented
by a nuclear power plant and a coal-burning
power plant, both capable of generating
1,000 megawatts of electricity, are compared
here in terms of the estimated number of
deaths resulting from one year of operation.
(Injuries and other health effects have been
translated into equivalent deaths by a suit-
able formula.) The data were gathered pri-
marily by C. L. Comar of the Electric Power
Research Institute and L. A. Sagan of Stan-
ford University. The coal-mining figure re-
fers to underground mining; surface mining
is much less dangerous. The figure for pol-
lution from coal includes sulfur dioxide pol-
lution only. As the second set of bars shows,
even if sulfur dioxide “scrubbers” were to
succeed in reducing the estimated hazard
from coal-burning by a factor of 10, adverse
health effects from coal power would still
be greater than those from nuclear power.
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ALBA PATERA is probably the largest single volcanic structure
on the planet Mars. A partially filled caldera lies at the center of a
ring of fractures that cuts across a fine pattern radiating from the
caldera. The pattern is caused largely by flow features visible only
in high-resolution photographs made from the spacecraft Mariner
9. The fractures, which are part of a set that extends outward from
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a bulge in the crust of Mars in the Tharsis region (see illustration
on pages 36 and 37), developed after the main volcanic structure
of Alba Patera had already formed, and thus they were deflected
around it. Fracture ring is about 600 kilometers in diameter. Pic-
ture is a rendering that combines information from many photo-

- graphs taken by Mariner 9, some of which were of uneven quality.
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THE VOLCANOES OF MARS

They apparently formed over the entire span of the planet’s

history. Their remarkable size may be related to the fact

that the crust of Mars 1s not divided into moving plates

mong the most startling of the many
A startling pictures sent back by the
spacecraft Mariner 9 when it
went into orbit around Mars in 1971
were those showing huge volcanoes in
the planet’s northern hemisphere. Earlier
spacecraft, which had simply flown past
Mars, had had only a view of those areas
that lacked distinctive volcanic features.
The existence of the enormous volcanoes
located elsewhere was therefore quite
unsuspected until they were revealed by
the high-resolution photographs made
from Mariner 9.

When the Martian volcanoes were
first discovered, many observers were
impressed not only by their size but also
by their apparent newness and the ap-
parent lack of older volcanoes. It seemed
that Mars had just turned on volcanical-
ly. Closer examination of the available
photographs has since revealed that
there are quite a number of old vol-
canoes, although they are much degrad-
ed and difficult to recognize. Additional
old features will quite likely be discov-
ered. It now appears that Mars has had
a long and variegated history of vol-
canic activity. If that is the case, then
the planet’s atmosphere did not form
late in its evolution but is either the
remnant of a primordial atmosphere or
the product of continual volcanic re-
lease of gas from within the planet. The-
ories about the erosional history of Mars
must be consistent with such an origin of
the atmosphere. Similarly, models of the
thermal evolution of the interior of Mars
must take into account the fact that vol-
canism began early and was sustained
for billions of years.

Mars can be roughly divided into two
distinctively different hemispheres. The
more southerly hemisphere is the more
densely cratered and its landscape looks
somewhat like the highlands of the
earth’s moon. The more northerly hem-

by Michael H. Carr

isphere consists mostly of sparsely cra-
tered plains. The reason for the differ-
ence between the hemispheres is not
known. The boundary between them
appears to be erosional, as though the
densely cratered terrain was being slow-
ly destroyed. The erosional nature of the
boundary is probably only a superficial
expression of a more fundamental differ-
ence between the two hemispheres, how-
ever, because they are distinct from each
other not only in their surface morphol-
ogy but also in their volcanic history.
Nearly all the young volcanic features
are found in the sparsely cratered north-
ern hemisphere. Volcanoes have been
recognized in the southern hemisphere
as well, but they are older and do not
include any of the fresh-appearing large
volcanoes. The distinctions must reflect
major differences in the thermal history
of the hemispheres, for example differ-
ences that might result from deep-seated
variations in composition or in the thick-
ness of the crust.

The most spectacular volcanic features
of Mars are in the general region of
Tharsis, where three of the four large
“shield” volcanoes form a line running
from southwest to northeast [see illus-
tration on pages 36 and 37]. The fourth
and largest shield volcano, Olympus
Mons (first named Nix Olympica), lies
some 1,000 kilometers to the northwest.
The term shield is applied to volcanoes
that are built up by successive eruptions
of low-viscosity lava. The best-known
shield volcanoes on the earth are in Ha-
waii. The low-viscosity lava, being able
to flow a considerable distance, builds
up a volcano with the shape of a broad
dome. Such structures, which look like
a shield in profile, generally have sides
with a slope of less than six degrees.
Olympus Mons is enormous by terres-
trial standards. Its shield is between 500
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and 600 kilometers across, some five
times larger than the largest shield on
the earth. At the summit, which is 23
kilometers (75,500 feet) above the sur-
rounding plain, there is a complex cal-
dera, or large volcanic crater. The flanks
of the shield have a radial texture cre-
ated by narrow channels, long fingerlike
flows of lava, leveelike structures and
flow lines. All these features are also
found on the flanks of terrestrial shields,
suggesting that the characteristics of the
lava that made them are similar to those
of the terrestrial lava. Cutting across the
radial texture are breaks in the slope that
divide the flanks of the volcano into
rounded, intersecting terraces. Although
the origin of the terraces is uncertain,
they could have formed when lava flow-
ing out of fissures in the flanks preferen-
tially built up the volcano below the
fissures. The complexity of the caldera
implies that portions of it collapsed when
lava flowed back into the mantle under
the volcano after each eruptive episode.
The entire shield drops to the surround-
ing plain in a cliff that ranges up to four
kilometers (13,000 feet) in height.

The other large Tharsis shields resem-
ble Olympus Mons in their general shape
but differ from it in detail. Each is some
400 kilometers across and stands about
19 kilometers above the surrounding
plain. Except around bays in their north-
east and southwest margins, the three
shields are not bounded by a cliff. In-
deed, the plains generally overlap the
edges of the shields, indicating that the
plains formed after the volcanoes.

One feature of Olympus Mons that is
not seen in the other shields is an aure-
ole of distinctively textured terrain. All
around the main shield and extending
as far as 500 kilometers from the base of
the cliff are discrete areas of curvilinear
ridges and troughs, generally with their
concave side facing the volcano. Each
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APPROXIMATE

SHIELD HEIGHT DIAMETER AGE (MILLIONS
VOLCANO REGION (KILOMETERS) (KILOMETERS) | OF YEARS) DESCRIPTION
Shield has gently sloping terraced flanks ra-
OLYMPUS dially textured by channels, leveelike struc-
200 !
MONS THARSIS 26=3 50070 600 tures and fiow lines. It is bounded by a cliff
up to four kilometers high.
Resembles Olympus Mons, but flanks also have
ASCRAEUS THARSIS 19+ 3 400 400 numerous small pits. Northgast anq southwest
MONS edges of shield are cut by intersecting
cracks extending into surrounding plain.
PAVONIS THARSIS 19+ 3 400 400 Same as Ascraeus Mons. Shiel'd is also sur-
MONS rounded by numerous concentric grabens.
Large central caldera is surrounded by well-
ARSIA developed series of concentric grabens. Outer
MONS THARSIS 19+ 3 400 800 edge of shield has coarse radial texture of
elongated lobes and short depressions resem-
bling sinuous rilles on the moon.
Dome-shaped feature has numerous fine chan-
CERAUNIUS 500 TO nels running from summit crater to base. One
THOLUS THARSIS 25+ 1.25 150 1,000 channel two kilometers wide connects central
caldera to pool on neighboring plain.
Resembles Tharsis shields. Edge of shield is
ELYSIUM ELYSIUM 15+ 2 200 TO 300 ;,800 e not distinctly defined but grades gently into
MONS 000 surrounding plains.
Fissures, lines of vents and striae radiate
from small (10-kilometer) caldera, and flanks
WECATEs ELYSIUM 741 200 1,000 TO of shield are covered with small pits. Shield
THOLUS 2,000 meets plains in cliff at west but elsewhere
plains terminate it abruptly.
ALBOR 1,000 TO N
UNKNOWN 150 ! Resembles Tharsis shields but seems older.
THOLUS ELYSIUM 2,000
APOLLINARIS - 4+ 2 200 2,000 TO Shield is considerably modified by erosion
PATERA - 3,500 and seems older than Tharsis or Elysium shields.
Ring of fractures 600 Kilometers across sur-
ALBA 1,000 TO rounds central caldera. Faint radial pattern
- 6+2 1,600 ’
PATERA 2,000 of flow features can be traced as far as 800
kilometers from center.
Ring of fractures 45 kilometers in diameter
TYRRHENUM 3,500 TO surrounds depression. Numerous ridges, depres-
PATERA HESRERES Rl RSN = 4,000 sions and channels extend some 200 kilometers
from ring to give starlike appearance.
Featureless circular area 70 kilometers across
is at center of volcano, surrounded by subparallel
T
HADRIACA HELLAS 17+ 5 600 B =0S radial ridges and valleys up to 300
PATERA 4,000 - o
kilometers long with impact craters
superposed on them.
AMPHITRITES 3,500 TO Central featureless area is surrounded by faint radial
PATERA HELLAS =L 100 4,000 texture extending 350 kilometers from center.

MAJOR SHIELD VOLCANOES ON MARS are described and
their profiles are shown. All are in the sparsely cratered northern
hemisphere of the planet except for the last three, which are an-
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cient features in the southern hemisphere. Each volcano has such
a large diameter compared with its height that the vertical scale
of the profile is exaggerated four times. Because of Alba Patera’s
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great diameter only half of it is shown. Grabens are elongated depressions between two
faults. The ages given are based on the number of impact craters superposed on each fea-
ture and are uncertain because the rate of impact of meteorites on Mars is not well known.
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block of this lineated terrain appears to
be tilted toward the volcano and is sep-
arated from adjacent blocks by smooth
plain.

Although the origin of the aureole is
not clear, several possibilities have been
suggested. One is that the lineated ter-
rain is the product of lava flows whose
flow features have been etched by the
wind; the flows were then faulted and
tilted and partially covered by later lava
flows. Another suggestion is that Olym-
pus Mons was once far larger than it is
today and that the cliff surrounding the
volcano has encroached on the main
shield, leaving the aureole behind as an
erosional remnant. A third suggestion is
that the aureole consists of successive
layers of compacted volcanic ash. What-
ever the origin of the aureole is, it is
clearly related to the main volcanic cen-
ter of Olympus Mons, and it indicates
that the volcanic activity in the area is
more widespread than is implied by the
main shield alone.

The origin of the cliff around Olym-
pus Mons is also puzzling. On the earth
cliffs generally form by erosion, and it
is clear that in many places on Mars
cliffs formed the same way. It is difficult,
however, to accept the proposition that
the cliff of Olympus Mons is solely the
result of erosion. All the features of the
volcano suggest that the shield consists
of a kind of lava that, when it solidifies,
is generally resistant to erosion. More-
over, the erosion would have to be ex-
tremely selective: efficient at the face of
the cliff and inefficient on the upper sur-
face of the shield, where fine features are
preserved. The difficulties with the ero-
sion hypothesis have led some investiga-
tors to suggest that the cliff is a fault
scarp that has been slightly eroded, and
that the whole of Olympus Mons has
moved upward with respect to its im-
mediate surroundings. Some support is
given this hypothesis by features near
the edge of the cliff that resemble ter-
restrial horsts: blocks of land pushed up-
ward between two faults. On the other
hand, the erosion hypothesis is support-
ed by the incipient cliff formation on the
northeast and southwest edges of the
other Tharsis shields.

here are numerous volcanoes in the

Tharsis region in addition to the four
large shields. Several dome-shaped fea-
tures are present, ranging up to 150
kilometers in diameter and surmounted
by a central caldera. One dome, Cerau-
nius Tholus, is particularly distinctive in
that there are many fine channels run-
ning from the crater at the summit to the
base. One large channel two kilometers
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wide connects the central caldera to a
walled depression in the surrounding ter-
rain, suggesting that the lava flowed out
of the caldera down the channel and
formed a pool with levees around it. A
similar phenomenon was observed dur-
ing the eruption of Mauna Ulu in Ha-
waii in 1973. The channels running
down the flanks of Ceraunius Tholus
again indicate that the lava must be
highly fluid, since channels can be cre-
ated only by a liquid with a low viscos-
ity. Other small volcanic features in the
Tharsis region have the form of inverted
saucers, with the central caldera being
about half the diameter of the entire
structure.

The second most prominent volcanic
area on Mars is the Elysium region. The
shield volcanoes in the region resemble
those in the Tharsis region in having a
central caldera and a fine radial texture.
They are generally smaller, however,
and seem to be older. The largest is Ely-
sium Mons, which appears to be some
15 kilometers high and between 200 and
300 kilometers across. It has a simple
central caldera from which numerous
channels radiate. The edge of the shield
is not distinctly defined but grades out
into the surrounding plain.

There are several large volcanic fea-
tures outside the two main regions of
Tharsis and Elysium. Alba Patera, north
of the Tharsis region, may be the largest
volcanic feature on the entire planet. It
consists of a ring of fractures some 600
kilometers across, and at its center is a
partly filled caldera. Within the fracture
ring the terrain is smooth and slopes
gently inward. The terrain surrounding
the fracture ring slopes gently away
from the ring, which stands between
four and six kilometers above the sur-
rounding plain.

All the high-resolution pictures of
Alba Patera made from Mariner 9 show
numerous flow features outside the ring
and on the flanks of the structure. Al-
though the flow features are not visible
in the Mariner 9 low-resolution pictures,
a faint radial pattern that is probably
caused by these features can be traced as
far as 800 kilometers from the center.
The entire object is thus 1,600 kilometers
in diameter, which makes it substantially
larger than Olympus Mons. In fact, Alba
Patera is so large that it is questionable
whether it can properly be called a vol-
cano, a name that conjures up an image
of a distinct conical structure. From the
ground on Mars, Alba Patera would not
even be discernible because its horizon-
tal dimensions are so large and the slope
of its flanks is less than a quarter of a de-
gree. Nevertheless, it is undoubtedly a
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volcanic structure from which huge vol-
umes of lava have erupted.

All the features I have described so
far are in the northern hemisphere of
Mars. The volcanic features in the dense-
ly cratered terrain of the southern hemi-
sphere tend to be much older. Moreover,
they have been extensively modified by
meteoriteimpacts, wind erosion and par-
tial burial. Those influences, together
with the fact that the terrain is heavily
cratered, make the southern hemisphere
volcanoes difficult to recognize. The dif-
ficulties are compounded by the fact that
the photographic coverage of the south-
ern hemisphere was poor because Mari-
ner 9 made most of its pictures of the
hemisphere before a dust storm that en-
gulfed the planet during the early weeks
of the mission had fully abated.

Nevertheless, several unambiguously
volcanic features have been identified in
the southern hemisphere. One, Tyrrhe-
num Patera, consists of a central caldera
surrounded by a fracture ring; numerous
radial ridges, depressions and channels
give the feature a starlike appearance.
The entire structure is some 400 kilome-
ters across. Two other structures, Ha-
driaca Patera and Ampbhitrites Patera,
are volcanoes on the rim of Hellas, a
large impact basin. Ampbhitrites Patera
may be larger in diameter than Olympus
Mons, but it is less than a kilometer high.
Hadriaca Patera is approximately four
kilometers high. The lava seems to have
erupted mostly from the center of each
feature, creating a strong radial pattern
as it flowed from the center to the out-
lying areas. The low vertical dimension
and the broad horizontal dimensions of
these features once more imply that the
lava was not very viscous.

Hadriaca Patera and Amphitrites Pa-

tera are of particular interest in
that they indicate volcanism started
quite early in the history of Mars. The
number of impact craters superposed on
these features suggests that they came
into being near the end of the time when
the planet was being heavily bombarded
by debris left over from the formation of
the solar system. On the earth’s moon
the bombardment began to subside some
3.9 billion years ago, and there are rea-
sons to believe it subsided on Mars at
the same time.

Exactly how does the volcanic activity
on Mars compare with such activity on
the earth? The theory of plate tectonics
holds that the rigid crust of the earth is
divided into huge plates that move lat-
erally with respect to one another. The
plates diverge at the mid-oceanic ridges
where new crust forms, and they con-
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verge and ride over or under one an-
other at subduction zones, which are
generally recognizable as chains of is-
lands and young mountains. The type of
volcanic activity on the earth varies ac-
cording to its location with respect to
the plate boundaries, and all types are
affected by the motion of the plates.
First, at mid-oceanic ridges new crust is
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ted on the volcanoes themselves, mark ele-
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continually being formed by the quiet
upwelling of magma that fills the void
between the diverging plates. Second,
where the plates converge one plate
rides under the other and is partially
melted. Third, volcanoes can arise in
areas in the middle of a plate when the
plate drifts over a “hot spot” in the man-
tle. A last possible major type of volcan-
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ism is represented by the flood basalts
of the Columbia River Basin in the U.S.
and the Deccan Trap in India. How the
flood basalts fit into the theory of plate
tectonics is uncertain, but they are par-
ticularly important for planetary stud-
ies because of the widespread volcanic
floodplains visible on the moon, on Mars
and possibly on Mercury.
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The crust of Mars appears not to be
divided into plates that move with re-
spect to one another. The equivalent
of the volcanism along the mid-oceanic
ridges on the earth is not observed on
Mars. On the other hand, since that type
of volcanism does not result in a mor-
phologically distinctive volcanic feature,
its absence is not obvious. Still, the
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vations above a reference level where the atmospheric pressure on
Mars is 6.1 millibars (.0061 the atmospheric pressure at sea level on
the earth). The contours outline the broad bulge, informally called
the Syria Rise because it is highest in Syria Planum, 5,000 kilo-
meters across and seven kilometers high in the Martian crust on
which the three shield volcanoes Ascraeus Mons, Pavonis Mons

and Arsia Mons are located. Fractures radiate outward for several
thousand kilometers from the center of the bulge and were appar-
ently created at the same time as the bulge. The great canyon of
Mars, Valles Marineris, is part of the fracture system and is also
aligned along the radial direction. The plain Chryse Planitia men-
tioned in text is just off map to the right and north of the equator.
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curved chains of folded mountains that
typify the junctions of converging plates
on the earth are conspicuously absent on
Mars; indeed, Martian compressional
features of any kind are rare. If the crust
of Mars is not divided into moving
plates, however, it is not surprising that

A :“.
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AUREOLE OF HIGHLY TEXTURED TERRAIN around the large
shield volcano Olympus Mons is clearly related to the central vol-
cano, as is shown in this mosaic of photographs. How it was formed
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the volcanic features that on the earth
characteristically form at the junction of
plates and result directly from their mo-
tion are rare on Mars, if indeed they
exist at all.

Volcanism at the subduction zones on
the earth tends to be violent and pyro-
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clastic because the lava is highly vis-
cous and contains many volatile sub-
stances. The volcanoes of the “belt of
fire” that traces the subduction zones
around the Pacific are characterized by
explosive activity and by the large vol-
ume of ash they eject. The type of vol-

is not yet clear. The main shield of the volcano is between 500 and
600 kilometers in diameter and ends abruptly in a cliff that in
some places stands four kilometers above the surrounding plains.



cano that is created at the subduction
zones is a conical stratovolcano built up
of layers of ash and lava. The stratovol-
cano is rare on Mars, although several
features that appear to be small volcanic
cones have been recognized. The strato-
volcanoes are much smaller than the
shield volcanoes, however, and it should
be emphasized that the small scale of any
such feature on Mars compared with the
scale of the shields would make it diffi-
cult to unambiguously recognize and
identify. Perhaps there are many such
features on Mars, but if there are, they
are not recognized. In any case lines of
stratovolcanoes corresponding to island
chains on the earth have not been found.

The two remaining major types of ter-

restrial volcanoes, the volcanoes that
develop over hot spots and the flood
eruptions, are well represented on Mars.
The largest and best-documented terres-
trial examples of the features that have
developed over hot spots are the Ha-
waiian shield volcanoes. The active
shields lie at the southeastern end of the
Hawaiian-Emperor chain, a line of ex-
tinct volcanoes that stretches several
thousand kilometers across the Pacific.
The volcanoes progressively increase in
age with distance from the present focus
of volcanic activity on the southeastern
side of the main island of Hawaii.

The chain is believed to have come
about as a result of movement of the
lithosphere (the crust and part of the
upper mantle) over a hot spot in the up-
per mantle. As the plate moves to the
northwest new volcanoes erupt to the
southeast and old ones die out, leaving
a trail of extinct volcanoes that traces
the path of the plate over the hot spot.
Each volcano in the chain appears to go
through a similar evolutionary cycle. Ini-
tially the shield is built rapidly by the
quiet effusion of lava; that stage is fol-
lowed by a stage that is explosive and
less productive of lava; then the volcano
becomes extinct.

In many ways the large shield vol-
canoes of Mars resemble the Hawaiian
shields in the early building stage. As
we have seen, the Martian volcanoes’
slope and surface texture indicate that
they were built by low-viscosity lava.
The central calderas have crisp curved
walls and flat floors similar to the cal-
deras of Mauna Loa and Kilauea in
Hawaii, both of which are in the build-
ing stage. The Martian volcanoes evi-
dently do not, however, pass through
the final pyroclastic stage. In the Ha-
waiian volcanoes cinder cones tend to APOLLINARIS PATERA, shown near the top right corner, is an old and partly eroded
fill the summit caldera in the last build-  volcano about 2,000 kilometers to the southeast of the Elysium region (see map on next
ing stage, which Completely transforms  page). It appears to be older than any of the volcanoes in either Tharsis region or Elysium.

CERAUNIUS THOLUS is the dome-shaped shield volcano that appears at lower left center
in this photograph. A channel two kilometers wide runs from the caldera at its summit
down to a pool of lava on plain. Other volcanic structures appear to left and right of center.
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the overall appearance of the volcano.
No cinder cones can be seen within
the caldera of any Martian shield vol-
cano. This may merely indicate that the
wind has blown away all the pyroclastic
products or that the cones are too small
or too low in profile to be seen. On the
other hand, in view of the total lack of
evidence of cones in the calderas of the
chain of Tharsis shields, it seems more
likely there never was a late pyroclastic
stage. If that is so, it suggests that the
pyroclastic stage in the evolution of the
Hawaiian shields is the result of changes
near the surface connected with the mo-
tion of the plates and not the result of
some change deep within the mantle.
The most obvious difference between
the Hawaiian shields and the Martian
shields is their size. That difference is
also understandable when it is viewed in
terms of the motion of plates. The Ha-
waiian shields are relatively short-lived.
They grow only as long as they remain
over the magma source within the sta-
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tionary mantle, and they die as the mo-
tion of the plate carries them away. The
Martian shields, on the other hand, are
fixed over a magma source, and so they
continue to grow for a long period of
time, constrained only by the supply of
magma and the requirements for a hy-
drostatic head (internal pressure) large
enough to force the magma to the sur-
face. As a result a huge volcanic pile
accumulates.

Data recently gathered on the age and
volume of the volcanoes of the Ha-
waiian-Emperor chain indicate that the
average rate of eruption over the past 50
million years from the hot spot currently
under Hawaii is .1 cubic kilometer of
lava per year. At that rate the main edi-
fice of Olympus Mons would have
formed in 200 million years, a relatively
short span in the history of Mars. The
large size of the Martian shields there-
fore probably reflects the stability of the

planet’s crust and does not indicate a
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ELYSIUM REGION ON MARS is the second most prominent volcanic region on the plan-
et. It too is characterized by a broad bulge in the Martian crust that is somewhat smaller
than the bulge in Tharsis region: 2,000 kilometers across and two or three kilometers high.
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high rate of lava eruption. Indeed, if the
features are as old as we believe they
are, it is likely that the eruption rates on
Mars are very small and that the planet
as a whole is far less active volcanically
than the earth. This conclusion is sup-
ported by the survival of so much of
what appears to be primitive cratered
terrain.

Tharsis, the planet’s most prominent
volcanic region, lies on a broad bulge in
the Martian crust near the center of an
extensive array of radial fractures. The
bulge is some 5,000 kilometers across
and seven kilometers high at its highest
point. The center of the bulge is to the
southeast of the Tharsis region in Syria
Planum, close to the intricately frac-
tured Noctis Labyrinthis at the western
edge of the great canyon Valles Mari-
neris. The bulge, informally called the
Syria Rise, is asymmetrical: it is more
than twice as steep on its northwestern
flank, where the Tharsis volcanoes are,
as it is on its opposite flank. There ap-
pears to be a similar bulge in Elysium,
the second most prominent volcanic re-
gion on the planet, although the bulge is
smaller, only 2,000 kilometers long and
two or three kilometers high, and the
fractures are absent.

Although in general the fractures ra-
diate from the center of the Syria Rise,
they deviate locally from the radial di-
rection and tend to be concentrated in
specific areas. The most intensely frac-
tured area is to the northeast of Tharsis,
where a fanlike array of fractures con-
verges on the line of Tharsis volca-
noes. An opposing fan to the southwest
of the volcanoes is less well developed.
Another intensely fractured zone runs
south-southeast from Pavonis Mons, and
the development of the canyon Valles
Marineris to the east was possibly con-
trolled by the fractures. It is almost cer-
tain that intensely fractured rocks under-
lie most of the young plains in the Thar-
sis region, because wherever the older
terrain is exposed it is quite broken and
rugged. So widespread are the fractures
around the Syria Rise that they extend
over almost a complete hemisphere of
the planet. Clearly their creation was a
major event in the history of Mars. That
event was probably connected in some
way with the formation of the bulge and
with the focus of volcanic activity in the
region.

Any theory about the origin of the
Syria Rise must account for one peculiar
feature: the lack of what is called iso-
static compensation. On the earth moun-
tains and other highlands generally con-
sist of light material with deep roots ex-
tending into the heavy mantle; lowlands



are commonly areas over thinner regions
of the crust, so that the mantle is closer
to the surface. The result is that to-
pography and gravity are not correlated
as one might expect: there is usually no
positive gravitational anomaly (increase
in gravity) over mountains and no nega-
tive gravitational anomaly (decrease in
gravity) over plains.

he same is true for Mars—except for

the region of the Syria Rise and its
immediate surroundings. Detailed analy-
sis of the orbital path of Mariner 9 as it
was tracked from the Jet Propulsion Lab-
oratory has shown that there is a positive
gravitational anomaly over the Syria Rise
and a corresponding negative gravita-
tional anomaly in the adjacent basins of
the Amazonis Planitia and Chryse Plani-
tia. The data appear to imply that some-
how material was transferred internally
from the low areas to the high ones dur-
ing the formation of the Syria Rise and
that the planet failed to compensate for
the redistribution afterward. If the bulge
formed a billion years ago, as seems like-
ly, the lack of isostatic compensation

places a lower limit on the internal vis-  guyMMIT OF ELYSIUM MONS is shown in this high-resolution photograph. Channels,
cosity of the Martian mantle. lines of depressions suggestive of collapsed lava tubes and other fine features radiate from

What created the Syria Rise is not 4 central caldera (larger crater) 13 kilometers across. The smaller pit is an impact crater.
known. Two possibilities suggest them-

selves: convection in the mantle or the
presence of a hot spot. Convection in the
mantle has long been invoked to explain
why certain types of volcanic activity are
localized on the earth. Its most recent
variant is the plume hypothesis, which
proposes that certain kinds of volcanism
are found above regions where there is
a plume, or concentrated upwelling, of
material from deep in the mantle. The
mechanical effects of the plume, and the
thermal expansion and increased partial
melting of the crust over the plume,
cause the overlying lithosphere to be
fractured and ultimately magnetized.
The concept has been extended to sug-
gest that stresses at the base of the litho-
sphere may become so great that the
lithosphere breaks up into new plates
moving away from the point of upwell-
ing. If such a plume caused the Syria
Rise, it was either much larger than the
plumes proposed to explain the localiza-
tion of terrestrial volcanoes, or the effects
of the plume were amplified by their
sustained action on a stable crust that is
much thicker than the crust of the earth.

The closest equivalents on the earth to

the Syria Rise on Mars are broad up-
warps ranging between one kilometer
and 10 kilometers in height and up to

several thousand kilometers across. Be- SUMMIT OF HECATES THOLUS shows a complex caldera 12 kilometers in diameter with
cause of the motion of the PlateS, how-  a number of fissures, lines of vents and channels extending from it down flanks of shield.
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TYRRHENUM PATERA (top right) is one of the oldest volcanic features on Mars. It is
located in the southern hemisphere in the region of Hesperia, where relatively old volcanic
plains appear to cover most of the large craters in the region. The center of Tyrrhenum Pa.
tera is a complex depression that is surrounded by a fracture ring about 45 kilometers in
diameter. Channels, low ridges and depressions extend some 200 kilometers from the ring.

ever, such upwarps tend to be short-
lived compared with the Syria Rise. It
has been suggested that in some cases as
the upwarp is formed rifts develop and
the lithosphere is divided into new
plates. On Mars the crust may be too
thick for it to break up. Its thickness can
be estimated from the height of the vol-
canoes. The hydrostatic head needed to
pump magma to the top of the Tharsis
volcanoes requires that the magma be
melted at a depth of at least 200 kilo-
meters below the surface, about four
times greater than the depth required for
the volcanoes of Hawaii. Thus the Mar-
tian lithosphere at the time the Tharsis
volcanoes formed was considerably
thicker than the lithosphere of the earth.
It may have been subjected to stresses
similar to those that caused the earth’s
lithosphere to break up, but it failed to
do so because of its great thickness.
Hence within the Martian crust the ef-
fects of the kind of stresses that caused
the breakup of the earth’s crust may still
be preserved, whereas at the same time
the effects of plate motion are absent.
Therefore on Mars one is able to exam-
ine the consequences of deep-seated
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processes more directly than one can
study them on the earth.

With the data from Mariner 9 in hand
investigators have devoted considerable
attention to the problem of determining
the absolute ages of the surface features
on Mars. The subject is controversial, and
differences between the various interpre-
tations have by no means been resolved.
The main difficulties lie in assessing the
rate at which impact craters form on the
Martian surface and the rate at which
they are destroyed by erosion and burial.
We have good data on the impact rates
on the moon, at least over the past four
billion years. They have been obtained
by comparing the number of craters
superposed on a geological unit with
the absolute age of the unit determined
from samples brought back from the
moon.

On the moon the impact rate appears
to have been high about 3.9 billion years
ago; then it declined rapidly to a much
lower rate and has remained low ever
since. That history has resulted in the
well-known dichotomy of the lunar sur-
face: its separation into densely cratered
uplands and sparsely cratered plains.
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The densely cratered areas formed be-
fore the rapid decline in the impact rate;
the sparsely cratered areas were created
after the decline. Surfaces with inter-
mediate crater densities are rare because
they could form only during the short
interval at the end of the decline.

Until we have absolute dates from soil
samples on Mars, the impact rates there
must be inferred indirectly. There are
two basic theoretical models. In one the
impact-flux history of Mars and of the
moon are quite similar; in the other the
recent impact rates on Mars are con-
siderably higher than those on the moon.
Clearly the ages of sparsely cratered
areas given by the second model are
younger than the ages given by the first.

Several models have also been pro-
posed for the history of the obliteration
of the craters. On the moon the domi-
nant mechanism for destroying craters is
other impacts. Additional factors, such as
slumping of the soil caused by seismic
shocks, may be important locally, but the
obliteration history can in most cases be
described satisfactorily on the basis of
impact alone. On Mars the wind, in ad-
dition to impacts and volcanism, is an
effective agent for destroying craters; in
some places water may be too. The ef-
fectiveness of such aeolian and fluvial
processes can range widely both in place
and in time, so that rates cannot be de-
finitively modeled.

I.AH investigators of the problem agree

that major episodes of obliteration
are required to explain the paucity of
small craters in the densely cratered ter-
rain and the contrast in shape between
the small craters and the large ones.
Where the investigators differ is in the
number and timing of the obliteration
episodes. For example, Laurence A.
Soderblom of the US. Geological Survey
infers that the impact-flux history of
Mars has been similar to that of the
moon and that at least in the equatorial
region the high-obliteration period co-
incided with the early high-flux period
and ended some 3.8 billion years ago.
Other workers infer higher impact rates
for Mars than for the moon and say that
there were major obliteration events as
recently as between 200 and 450 mil-
lion years ago. The effect of the Soder-
blom model is to space all the distin-
guishable volcanic events out over the
past four billion years of Mars’s history;
the other models tend to compress all
distinguishable events into the recent
past. A detailed comparison of the vari-
ous models lies outside the scope of this
discussion. Here I shall assume that the
Soderblom model is correct; at the same



time I realize that several aspects of
obliteration history have yet to be rec-
onciled with this model.

The plains provide the most reliable
crater statistics. The plains around the
shields in the Tharsis region yield an
average age of some 200 million years.
Those plains show a wide range in crater
density, and parts of them may be either
considerably younger or considerably
older than the average. The plains to
the north of the Tharsis region near the
fracture ring of Alba Patera, the plains to
the southeast of the Tharsis region in
Syria Planum and Sinai Planum, and the
plains of Elysium all seem to be between
one and two billion years old. Some older
plains, such as those of Lunae Planum
to the east of the Tharsis region and
those of Hesperia Planum around Tyr-
rhenum Patera, yield ages as great as be-
tween 3.5 and four billion years.

he volcanoes can also be dated, but
the figures are much less reliable be-
cause of poor statistics and the difficulty
of distinguishing between volcanic cra-

ters and impact craters. The volcanic
craters, however, generally yield ages
close to the age of the surrounding plain.
Olympus Mons appears to be 200 million
years old, the two northernmost volca-
noes of the Tharsis ridge 400 million
years old and the southernmost Tharsis
volcano (Arsia Mons) 800 million years
old. The smaller shield volcanoes in the
Tharsis region all appear to be between
one and two billion years old, although
here again the statistics are poor. The
fracture ring Alba Patera and the Ely-
sium volcanoes also seem to be between
one and two billion years old. Ages of 3.5
or four billion years are derived for Tyr-
rhenum Patera in Hesperia and the two
volcanoes, Hadriaca Patera and Amphi-
trites Patera, at the edge of Hellas. Thus
according to the Soderblom model the
formation of shield volcanoes and lava
plains has spanned the entire history of
Mars. It should be emphasized, how-
ever, that the ages are extremely ten-
tative and quite dependent on the model.

Is Mars volcanically active today? Sev-
eral arguments suggest that it is. First,

on the Soderblom model the volcanoes
seem to have been active at least until
200 million years ago, that is, until 96
percent of the planet’s history had
passed. If that is the case, the volcanic
activity of Mars has spanned billions of
years, and it is improbable that we have
sampled the planet just as it has turned
off volcanically. Second, large variations
in the crater densities on the lava plains
in the Tharsis region suggest that parts
of the plains are younger than the aver-
age age of 200 million years. Third, the
fact that we do not recognize surfaces
younger than 200 million years old does
not mean that they do not exist. If the
Soderblom chronology is correct, then
the rate of volcanic activity is low. Ac-
cordingly we should not expect to find
that extensive volcanic deposits have ac-
cumulated just in the small fraction of
the planet’s history represented by the
past 200 million years. Moreover, any of
the chronologies that are alternative to
the Soderblom model give even younger
ages and thus increase the likelihood of
present-day volcanic activity on Mars.

HADRIACA PATERA, at the far left, is another ancient volcanic
feature, located on the northeastern rim of the impact basin Hellas
in the southern hemisphere. At its center is an ill-defined smooth,
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circular area some 70 kilometers in diameter from which low
ridges extend outward as far as 300 kilometers. In several places
the pattern is interrupted by large, clearly defined impact craters.
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The Search for New Families
of Elementary Particles

At least one particle that fits none of the established families has

emerged from experiments with high-energy neutrinos. The new

particle must exhibit some hitherto unobserved property of matter

by David B. Cline, Alfred K. Mann and Carlo Rubbia

experimental discovery and theoreti-
cal understanding in modern physics,
the present moment is one of happy co-
incidence. A number of new machines
for creating elementary particles have
recently begun operating, and new de-
vices and techniques for detecting the
particles have been invented. At the
same time theoretical innovations have
provided a basis for the expectation that
there are unknown states of matter to be
discovered with the new machines. This
convergence of theory and experiment
has inspired a diligent search for new
families of elementary particles. One re-
sult of that search was the discovery in
1974 by investigators at the Brookhaven
National Laboratory and at the Stanford
Linear Accelerator Center of the parti-
cles called J or psi. At least one other
particle with unusual properties has been
detected in experiments at the Fermi
National Accelerator Laboratory (Fermi-
lab). It is not yet clear whether or not the
two new kinds of particle are closely
related.
The particle observed at Fermilab has
a mass and a lifetime that place it in a
region of the elementary-particle spec-
trum that remains almost unexplored.
The particle was created at Fermilab
through the interactions of an intense
beam of high-energy neutrinos, and its
existence was deduced indirectly from
the presence of neutrinos among the
products of its decay. The experiment
depended critically on the singular prop-
erties of neutrinos, and it could not be
performed until the apparatus and tech-
niques for dealing with those elusive par-
ticles became available.
The new particle is not merely an ad-
dition to one of the numerous known

In the continual give and take between
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families of elementary particles; its sig-
nificance is that it reveals an entirely new
family. The existence of the new family
in turn implies that there is some hitherto
unobserved property of matter that dis-
tinguishes the particles in the new family
from all the more familiar ones. So far
the nature of that property is obscure,
and in the interpretation of the Fermilab
experiments there is still more confusion
than certainty. There is also, however,
more excitement in particle physics to-
day than at any other time in the past
few decades.

Physicists recognize four basic inter-

actions of matter or, expressed an-
other way, four fundamental forces.
They are called the strong, the electro-
magnetic, the weak and the gravitational
forces. If the strong force is set equal to
1, then the strength of the electromag-
netic force is 1/137, or very roughly
10-2, that of the weak force is 10-13 and
that of gravitation is 10-3?. When two
particles interact through the agency of
one of these forces, the force is thought
to be transmitted by the exchange of
an intermediate particle peculiar to that
force. The strength of the interaction is
related to the time required for the ex-
change and to the distance over which
the exchange can be accomplished. The
time and distance are in turn related to
the properties of the exchanged particle.

Strong interactions ordinarily take
place in about 10-23 second, and the
strong force is regarded as being strong
precisely because it can bring about a
change in such a brief interval. The elec-
tromagnetic interaction takes about 137
times longer, or roughly 10-2! second.
The time required for weak processes
varies considerably with the energy of

© 1975 SCIENTIFIC AMERICAN, INC

the interaction; it can be as little as 10-18
second or as much as 15 minutes.

The range of the fundamental inter-
actions is thought to be inversely propor-
tional to the masses of the exchanged
particles. For the electromagnetic inter-
action this relation has been confirmed:
the electromagnetic force is transmitted
by photons, which have zero mass, and
the range of the force is infinite. The par-
ticle thought to propagate the gravita-
tional force, the graviton, should also be
massless, in order to account for the in-
finite range of gravitation, but gravitons
have not yet been detected. The strong
force is transmitted by the particles
called mesons, which do have mass, and
as a result the strong force has a finite
range. The least massive meson, the pi
meson, or pion, has a mass of about 140
MeV, or million electron volts. (In mod-
ern high-energy physics it is customary
to refer to the mass of a particle in terms
of its energy equivalent.) The range of
the strong interaction is about 10-13 cen-
timeter, which corresponds approximate-
ly to the size of the particles that make
up the atomic nucleus.

The weak force has a very short range;
when it was first described by Enrico
Fermi in 1934, its range was thought to
be zero, which would have required an
intermediate particle of infinite mass.
More recent theories suggest that the
weak force is extended in space, al-
though its range is exceedingly small:
less than 10-13 centimeter, or a hun-
dredth that of the strong force. The par-
ticles exchanged in weak interactions are
therefore expected to be very massive;
measurements at Fermilab suggest a
minimum mass of 20 GeV, or billion
electron volts. These particles have not
been detected, but they have been



named; for many years they have been
called W particles.

Of the four basic interactions only
gravitation is universal. The weak force
affects every particle but one, the ex-
ception being the photon. The electro-
magnetic force is confined mainly to
those particles that bear an electric
charge. The strong force is the most se-
lective of the forces; it serves as the basis
for dividing the elementary particles into
two broad groups, the hadrons, which
“feel” the strong force, and the leptons,
which do not.

Within those groups particles are clas-
sified by an elaborate system of quantum
numbers, assigned on the basis of experi-
mental measurements. Quantum num-
bers describe the properties of a particle
in the same way that a list of facial fea-
tures might describe a person. The com-
plete list of quantum numbers defines
the particle uniquely; together with the
mass, such a list represents all one can
possibly know about the particle.

Every quantum number corresponds to
a property that is conserved during
the interactions of particles, that is, the
sum of the quantum numbers for a given
property does not change during the in-
teraction. Some quantum numbers, such
as spin angular momentum and electric
charge, are invariably conserved, and so
is energy, or mass. In the strong interac-
tion all quantum numbers are absolutely
conserved, and in the electromagnetic
interaction all but one (called isotopic
spin) are conserved. In the weak interac-
tion, however, a few quantum numbers
are sometimes changed. The quantum
numbers whose conservation is violated
are all peculiar to hadrons, and they in-
clude the properties called strangeness,
intrinsic parity and charge conjugation.

For the classification of particles the
most important quantum number is spin
angular momentum. When it is mea-
sured in the natural units of Planck’s
constant divided by 2, its value is in-
variably an integer or half an integer.
Particles with integral values of spin
angular momentum are called bosons,
because they obey what are called Bose-
Einstein statistics. Particles with half-in-
tegral spin obey Fermi-Dirac statistics
and are called fermions.

All the known leptons are fermions;
indeed, all of them have the same spin
angular momentum of 1/2. Among the
hadrons, on the other hand, there are
both bosons and fermions. The hadronic
bosons are the mesons (the particles that
transmit the strong force), and they have
values of spin such as 0, 1, 2 or 3. The
fermions form a separate group, called
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LIFETIME OF A PARTICLE is determined primarily by its mode of decay, and the life-
time in turn determines how the particle can be detected. Many particles that can decay
only through the weak interaction are relatively long-lived and travel a substantial distance
before they decay. Their lifetimes can be determined by a direct measurement of their
flight path in a particle detector. Particles that decay through the strong or electromagnetic
interaction survive only briefly, and their flight paths are much too short to be measured.
Their lifetimes can be determined, however, through an application of Werner Heisen-
berg’s uncertainty principle, which states that the lifetime is inversely proportional to the
uncertainty in the particle’s energy, or mass. For particles with intermediate lifetimes, ex-
tending from roughly 10-18 second to 10-11 second, neither of these methods is practical.
Some short particle tracks might be detected in photographic emulsions, but most particles
with lifetimes in this region must be detected indirectly by the products of their decay. Sev-
eral groups of particles have been predicted to lie in this region (gray bars). They are expect-
ed to decay through the weak interaction, but faster than other weakly decaying particles.
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baryons, with spin quantum numbers of
1/2, 3/2, 5/2 and so forth. Within each
of the larger groups of hadrons the par-
ticles are assembled in families distin-
guished by a single value of spin angular
momentum.

The photon and the W particles are
neither hadrons nor leptons. They have a
spin of 1 and are thus bosons; they are
called vector bosons because the quan-
tum-mechanical equation that describes
particles with a spin of 1 takes the form
of a four-dimensional vector. Gravitons,
with a spin of 2, are also bosons, and

so of course are the mesons that transmit
the strong force. Thus all the fundamen-
tal forces are propagated by bosons.

The baryons with the lowest mass are

those with a spin of 1/2. There are
eight of them: two nucleons (N) with an
average mass of 939 MeV, a lambda
particle (A) with a mass of 1,116 MeV,
three sigma particles (2) with an aver-
age mass of 1,193 MeV and two cas-
cade particles (£) with an average mass
of 1,317 MeV. How are these differences
in mass to be explained? They are usu-
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FUNDAMENTAL FORCES, or interactions of particles, are thought to be transmitted by
intermediate particles. The time scale of the interaction is a measure of its strength, and
the range of the interaction is inversely related to the mass of the intermediate particle.
Certain properties, such as energy, momentum and electric charge, are conserved in all in-
teractions; certain others, however, defined by quantum numbers such as strangeness, are
not invariably conserved in weak interactions. Charm is a hypothetical quantum number
analogous to strangeness. The strong force affects only that class of particles called hadrons,
which is subdivided into baryons and mesons. Electromagnetism affects all particles
that bear an electric charge. The weak force is “felt” by all particles except the photon.
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ally attributed to a hypothetical fifth
interaction, sometimes called the semi-
strong force. The semistrong force has
neither the theoretical stature nor the
experimental support of the four funda-
mental forces but is introduced solely to
explain the “mass splittings” of hadrons.
If the semistrong interaction could some-
how be turned off, all the spin-1/2 bary-
ons would have the same mass; they
would degenerate into a single state. The
semistrong force splits the degenerate
state into particles of different mass, and
the splitting is accompanied by the in-
troduction of two new quantum num-
bers, isotopic spin and strangeness. Both
are “internal” quantum numbers: their
effects cannot be directly observed in the
behavior of an individual particle but
derive from the characteristics of the
families of hadrons.

Through the semistrong interaction,
particles with different values of strange-
ness or isotopic spin acquire different
masses [see top illustration on opposite
page]. The lambda and sigma particles,
for example, both have a strangenenss
of —1, but because they have different
values of isotopic spin (0 and 1 respec-
tively) they are split apart in mass by
about 180 MeV. The cascade and the
nucleon have the same isotopic spin but
differ by two units of strangeness; as a
consequence the cascade is about 375
MeV more massive than the nucleon.

By a similar mechanism the electro-
magnetic interaction splits each hadron
state into particles of different mass and
electric charge (and thereby violates the
conservation of isotopic spin). If the
electromagnetic force could be turned
off, the twonucleons, for example, would
be identical in mass and all other prop-
erties. Because the force cannot be
turned off, the nucleon is split into two
states, the proton with an electric charge
of +1 and the neutron with a charge of
0. Because the electromagnetic force is
less powerful than the semistrong force
the mass splitting between the proton
and the neutron is only 1.3 MeV, about
136 times less than that between the
lambda and the nucleon.

The same mechanisms generate com-
parable mass splittings among the me-
sons [see bottom illustration on opposite
page]. The lowest-mass mesons are those
with a spin angular momentum of 0;
they include three pions (), four kaons,
or K mesons (K), and the eta (n) and
eta’ (7") mesons. The pion and K states
differ in both isotopic spin and strange-
ness and are split in mass by about 350
MeV. The eta and eta” are a special case:
they have the same values of isotopic
spin and strangeness but differ in yet



another quantum number—they are sep-
arated in mass by about 410 MeV. The
pions are further split by the electromag-
netic interaction into states with electric
charges of 0, +1 and —1 and with a mass
difference of about 4 MeV. The electro-
magnetic mass splittings of the kaons
are more complicated because the kaons
are strange particles. In addition to posi-
tive and negative states there are two
neutral kaons, with opposite values of
strangeness.

Mass splittings are also observed
among the leptons, but as yet there is no
satisfactory explanation of them. The
entire known family of leptons consists
of just four particles: the electron (e),
the muon (p) and two kinds of neutrino
(veand v,).

The electron is exceedingly light, with
a mass of about .51 MeV; the muon is
about 200 times heavier, at 105.6 MeV.
No mechanism is known to explain this
mass splitting, and indeed the very ex-
istence of the muon is one of the most
persistent mysteries of particle physics.

The electron and the muon each bear
a distinctive lepton quantum number,
designated L, and L,, The quantum
numbers are conserved in all interactions
and are carried by the two kinds of neu-
trino. The neutrinos have no electric
charge and therefore do not feel the elec-
tromagnetic force; as leptons they are
also excluded from feeling the strong
force. They can interact only by the
weak force and as a result they scarcely
interact with matter at all. They are
thought to be massless, but that fact has
not been established experimentally.

The largest of all mass splittings are
those predicted for the vector bosons.
As we have seen, the mass difference be-
tween the photon (with zero mass) and
the W particles must be at least 20 GeV,
and it could be much greater. The elec-
trically charged W+ and W~ bosons
were introduced by Hideki Yukawa in
1935; the neutral W° boson was added
to the family in the 1960’s and led to the
prediction of neutral weak currents, a
type of interaction in which particles
interact through the weak force with-
out transferring electric charge. Neutral
weak currents have recently been ob-
served, although that cannot be consid-
ered conclusive evidence that the W°
exists [see “The Detection of Neutral
Weak Currents,” by David B. Cline,
Alfred K. Mann and Carlo Rubbia; Sci-
ENTIFIC AMERICAN, December, 1974].

Recent predictions of the mass of the
W+ and W~ bosons range as high as 54
GeV, and the mass of the W° could well
be as large as 80 GeV. These enormous
mass splittings are postulated by ambi-
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MASSES OF THE BARYONS are explained by postulating a single, hypothetical state that
is “split” into particles of different mass. The baryons with a spin angular momentum of
1/2 include four kinds of particle: the nucleon (NN), the lambda (A), the sigma () and
the cascade (E). They are split apart in mass by a hypothetical semistrong interaction, ac-
cording to their values of the quantum numbers strangeness and isotopic spin. Each of these
particles is then split by the electromagnetic interaction into states of different electric
charge. The nucleon, for example, is split into the neutron and the proton. The electromag-
netic mass splittings, which are smaller than the semistrong splittings, are not shown to scale.

1.000 1= CHARGE=0 .
STRANGENESS =0
T ISOTOPIC SPIN=0
800 +
soo 4 STRANGENESS =0
m  1SOTOPIC SPIN=0 CHARGE=0
p: CHARGE=0 4o g
SPIN=0 T 4 <) 4 MeVv
MESONS STRANGENESS =+1 CHARGE —=1 K
ISOTOPIC SPIN = ==
200\1 CHARGE=x1 .
3 - STRANGENESS =0 - ) 4.6Mev
s = -
o T ISOTOPIC SPIN =1 CHARGE =0
(9]
<
s o0t SEMISTRONG ELECTROMAGNETIC
MASS SPLITTING MASS SPLITTING

MASS SPLITTINGS OF MESONS are larger than those of baryons, but they are generated
by the same mechanisms. The mesons with a spin angular momentum of 0 are split by the
hypothetical semistrong interaction into four states: the pion (7), the kaon (K), the eta
(n) and the eta’ (y’). The pion and kaon are further split by the electromagnetic inter-
action into charged and neutral states. For particles that decay through the weak interac-
tion the magnitude of the mass splitting between states influences lifetime of the particles;
larger mass splittings promote faster decays. New families of particles are expected to have
larger mass splittings, and hence faster weak decays, than the known mesons and baryons.
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tious theories that attempt to show that
the weak force and the electromagnetic
force, in spite of their apparent dissimi-
larity, are in fact merely two manifes-
tations of a single phenomenon [see
“Unified Theories of Elementary-Particle
Interaction,” by Steven Weinberg; Sci-
ENTIFIC AMERICAN, July, 1974]. The
theories explain the mass splittings by as-
suming that in some imaginary initial
state all four vector bosons were mass-
less; it then follows as a consequence of
the theories that three of the particles ac-
quire huge mass while the fourth retains
its zero mass.

The unified theories of the weak and
electromagnetic interactions also sug-
gest that there may be additional lep-
tons, which would be much more mas-
sive than the known ones. Both the
massive W bosons and the additional,
heavy leptons play the same role in the
theories: they eliminate certain infinite
mathematical terms that would other-
wise destroy the meaning and predictive
value of the theories.

mong the scores of identified particles

only a handful are stable and serve
as components of ordinary matter. The
photon is known to be stable; the most
fundamental principles of quantum me-
chanics argue that it cannot decay. The
proton and the electron are presumed to
be stable, and that presumption is sup-
ported by experimental evidence indi-
cating that their lifetimes must be many
orders of magnitude greater than the
conjectured age of the universe. Finally,
the neutrinos are also thought to be
stable, but that has not been unequivo-
cally demonstrated.

All other particles, in seeking the state
of lowest energy, decay more or less rap-
idly and eventually reach a final state
consisting of stable particles. Some had-
rons decay through the strong interac-
tion. The eta” meson, for example, can
decay to yield an eta meson and two op-
positely charged pions, a reaction writ-
ten in symbols: v >+ 7t + 77 . It

A

is easy to verify that in this interaction
mass is conserved: the eta” has a mass of
about 958 MeV, and the sum of the
masses of the decay products is about
829 MeV, leaving an excess of 129 MeV
that appears as the kinetic energy of the
products. Electric charge is also con-
served: the eta’” is neutral, and the
charges of the decay products are 0, +1
and —1, for a net charge of 0. Similarly,
it can be shown that spin angular mo-
mentum, strangeness and isotopic spin
are all conserved. The decay takes place
in the characteristic time span of the
strong interaction, about 10-23 second.

Many particles cannot decay by the
strong interaction because there is no
combination of particles that has lower
mass and that conserves all quantum
numbers. A few hadrons, such as the
neutral pion, decay electromagnetically.
The neutral pion has the lowest mass of
any hadron, and it cannot decay by the
strong force simply because there are no
strongly interacting particles of lower
mass into which it could be transformed.
Instead it almost always decays into two
photons. This process too conserves
mass, electric charge and all other quan-
tum numbers. It requires about 10-16
second.

For many particles neither of these
processes is possible; they must decay by
means of the weak interaction. For ex-
ample, consider the decay of the lambda
particle, which was shown above to be a
member of the family of baryons with
a spin angular momentum of 1/2. The
lambda most often decays into a proton
and a negative pion or a neutron and a
neutral pion; the two reactions are writ-
ten A—>p+ 7~ and A >n + 7°. Since
all the particles involved are hadrons, it
might seem that the decay could pro-
ceed through the strong interaction.
Mass, electric charge and spin angular
momentum are all conserved. A strong-
interaction decay is forbidden, however,
by the requirement that the strong inter-
action conserve strangeness. The lambda
has a strangeness of —1; the proton, neu-

P 7 AND K

tron and pion all have zero strangeness.
In both modes of decay strangeness is
not conserved but changes by one unit.
The decay must therefore take place
through the weak interaction, and the
time required is much greater than that
needed for other decays: about 10-10
second.

There are many other hadrons that
must decay by the weak force because
some conservation law is violated in their
disintegration. The charged kaons, for
example, which have a strangeness of
#+1, can decay into a charged pion and
a neutral pion or into a muon and a neu-
trino. Because strangeness is not con-
served the decay can proceed only
through the weak interaction, and it re-
quires about 10-8 second.

In a few cases a weak decay is man-
datory even though all quantum num-
bers are conserved. Consider the decay
of the neutron. It cannot yield a proton
and a pion because the combined mass
of the proton and pion is greater than
that of the neutron. Similarly, it cannot
decay electromagnetically into a pro-
ton and a photon because that reaction
would violate the conservation of elec-
tric charge. The only allowed transition
proceeds through the weak interaction
and yields a proton, an electron and an
antineutrino. It is writtenn —>p + e~ +
v,. It is the process known as beta decay,
a familiar form of radioactivity and an
essential part of the nuclear chemistry of
stars.

In the decay of the neutron no conser-
vation laws are violated. Energy, charge
and spin angular momentum, as well as
strangeness, are all the same after the
decay as they were before. Nevertheless,
the time required for the decay is ex-
traordinarily long: 102 seconds, or rough-
ly 15 minutes. A very similar decay of
the lambda baryon, A>p+e~ +7,
is many times faster even though it
violates the conservation of strangeness.
Why is the neutron’s decay inhibited?

The explanation embodies an impor-
tant principle applicable to many other
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BEAMS OF NEUTRINOS are generated indirectly from protons
accelerated in the 400-GeV proton synchrotron at the Fermi Na-
tional Accelerator Laboratory (Fermilab). The protons collide
with a metal target, generating pions and kaons. These mesons

then decay, mainly into muons, neutrinos and antineutrinos. The
muons and any surviving hadrons are filtered out by passing the
beam through a mound of earth about a kilometer long; when the
beam leaves the mound, only neutrinos and antineutrinos remain.
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DETECTOR employed at Fermilab in the search for new families
of particles is sensitive to events with two muons in the final state
(dimuon events). Energetic neutrinos interact with nucleons in
tanks containing about 60 tons of a liquid that scintillates, or emits
a flash of light, when an electrically charged particle passes through
it; the scintillations are recorded by photomultiplier tubes. Be-
yond the scintillation counters is an iron shield that filters out
hadrons and provides an additional target for neutrino interac-

weak decays. The mass splitting between
the lambda and the nucleon states (gen-
erated by the semistrong interaction) is
about 177 MeV; this represents the en-
ergy available to drive the decay process.
On the other hand, the mass splitting
between the neutron and the proton
(generated by the electromagnetic in-
teraction) is only about 1.3 MeV. It is the
lack of energy that slows the decay of
the neutron; indeed, it slows it far more
than the failure to conserve strangeness
slows the decay of the lambda particle.

This principle shows that the mass
splittings within a family of particles are
intimately related to the weak-decay
rates of the particles. If the particle
states are close together in mass, then
there is little energy available for their
decays and they can be expected to have
relatively long lifetimes.

Suppose there is a new group of had-
rons, in which the mass splittings are
larger than those in the well-known fam-
ilies, such as the spin-1/2 baryons. The
particles in such a group would neces-
sarily bear a new quantum number; in
fact, it is the new quantum number that
would define the new group and distin-
guish its members from the familiar par-
ticles. The quantum number would be
another internal one, perhaps closely
analogous to strangeness.

Within the new group one particle
might decay into another by the strong
force, just as one strange particle can
be transformed into another (of lower
mass) by the strong force. Transitions to
other states, however, such as decays to
known baryons and mesons, could take
place only through the weak force, be-
cause such transitions would fail to con-
serve the new quantum number.

Because of the larger mass splittings

pass through the iron

among the hypothetical new hadrons
the weak transitions would not be inhib-
ited by lack of energy. One can there-
fore predict that a distinctive character-
istic of such new hadrons would be
weak-interaction decay times consider-
ably shorter than those of the better-
known particles. The lifetimes would
still be longer, however, than the 10-23
second characteristic of particles decay-
ing by the strong interactions.

Decays of leptons necessarily proceed
by the weak interaction. The electron
and the neutrinos do not decay at all;
decays of the muon, the only lepton that
is capable of transitions to a lower-ener-
gy state, must conserve not only energy
and electric charge but also the lepton
quantum numbers, L, and L,. As a con-
sequence the muon invariably decays
into an electron, an antineutrino of the
electron type and a neutrino of the muon
type. The decay process is written p~ —
e~ + v, + 7,. The initial state has an L,
quantum number of +1, and so does the
muon neutrino in the final state; since
the L, quantum numbers of the electron
and the antineutrino cancel, the lepton
quantum numbers are conserved. The
mass splitting between the muon and
the electron is about 105 MeV, and the
time required for the decay is about 10-¢
second.

If heavier leptons exist, they will prob-
ably decay in a manner analogous to that
of the muon, that is, by emitting a neu-
trino and an antineutrino. Once again,
however, the larger mass splittings will
accelerate the decay; the heavy leptons
are expected to have much shorter life-
times than the muon has.

The massive intermediate vector bo-
sons should also decay by the weak in-
teraction. A probable decay mode for the
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tions. The optical spark chambers record the paths of the particles,
and the magnets deflect them so that their momentum can be mea-
sured. Particles observed in the final spark chambers are assumed
to be muons because muons are the only charged particles that can

shield and the iron magnets. The presence

of two muons indicates that an unseen neutrino has also been cre-
ated; at least one of the muons and the neutrino could be the prod-
ucts of some new particle that decays through the weak interaction.

charged W particles is one in which they
give rise to an electron or a muon and
an antineutrino. For the negative vector
boson, for example, the reactions would
be W~ >e~ +7v,and W™ > pu~ + 7,
In both processes electric charge and the
lepton quantum numbers L, and L, are
conserved. The mass splittings that sepa-
rate the W particles from the leptons are
enormous, and the weak decays should
therefore be correspondingly rapid. The
lifetime of the W particles is estimated
to be about 10-18 second.

We have presented arguments for the
existence of three kinds of undis-
covered particle: a new group of had-
rons, heavy leptons and massive inter-
mediate vector bosons. All three are of
theoretical interest. The discovery of a
new group of hadrons, because it would
introduce a new quantum number, might
help to distinguish between various the-
ories of the structure of hadrons. The
discovery and theoretical explication of
strange particles 25 years ago led to such
a new synthesis. Because the leptons are
a small family any addition would seem
exciting. Moreover, there is evidence to
suggest that the leptons are simple,
pointlike particles, without internal
structure, and at present there is no theo-
retical explanation of how mass splittings
could develop among such particles, or
of why two quantum numbers (L, and
L,) should be needed to describe just
four of them. Knowledge of additional
lepton states and their properties might
provide an approach to answering these
questions. Finally, the existence of W
particles or heavy leptons or both is es-
sential to the success of the unified theo-
ries of the weak and electromagnetic in-
teractions. If the W particles can be
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found, that will confirm the satisfying
conjecture that each of the fundamental
forces is transmitted by an intermediate
boson whose mass is inversely propor-
tional to the range of the force.

If it is assumed for the purpose of ar-
gument that all three new states exist in
nature, why have they not been ob-
served experimentally? One possibility is
that they are simply too massive and
the existing accelerators do not have
enough energy to manufacture them. If
the W particles are as massive as some
theories predict, then they may in fact
be beyond the reach of present ma-
chines, but it is much less likely that new
hadrons and heavy leptons are that mas-
sive. High energy, however, is not the
only limitation of experimental apparat-
us. It is necessary not only to create a
particle but also to detect its presence,
and lifetime is an important factor in
detection.

A particle that is stable or relatively
long-lived can readily be identified. If it
is electrically charged, it will leave mea-
surable tracks in a bubble chamber or a
similar detector. Its velocity, momentum

and energy can all be determined. If it is
electrically neutral, it is more difficult to
detect, but in general the products of its
collisions will identify it.

These methods of detection are useful
only for long-lived particles because they
require the particle to traverse a macro-
scopic distance within the detector. Par-
ticles at high energy generally travel
with velocities approaching the speed of
light; if such a particle has a lifetime of
103 second, it will move less than a
tenth of a millimeter before it decays.
That distance is too small to be dis-
cerned in most detectors, which are
therefore limited to particles with a life-
time longer than 10-13 second.

Particles that are very short-lived can
also be detected, albeit by methods that
are less direct and that provide less in-
formation about the particle. The meth-
od of detection employed is an applica-
tion of Werner Heisenberg’s uncertainty
principle and it consists in searching for
an enhancement at a particular energy
in the probability of interaction between
known particles. Such an enhancement
is called a resonance. One expression of

the uncertainty principle relates the un-
certainty in the energy at which the res-
onance is found to the lifetime of the
particle being created: the greater the
uncertainty, the longer the lifetime. A
great many hadrons that decay strongly
in about 10-23 second have been detect-
ed by this method. The J or psi particles
were also found as resonances. At the
Stanford Linear Accelerator Center the
least massive of them appeared as an en-
hancement at an energy of 3.1 GeV in
the probability that electrons and posi-
trons would annihilate one another. The
uncertainty in the determination of that
energy was several thousand electron
volts, which led to a calculation of a
lifetime of about 10-20 second [see “Elec-
tron-Positron Annihilation and the New
Particles,” by Sidney D. Drell; Scien-
TIFIC AMERICAN, June, 1975]. The life-
time of the eta meson, about 10-19 sec-
ond, was measured in a similar way.

In principle any particle could be de-
tected as a resonance, but for those with
lifetimes longer than about 10-18 second
the method is impractical. For long-lived
particles the theoretical uncertainty in
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DIMUON EVENTS might result from three possible interactions
of a muon-type neutrino with a neutron; in each the final state in-
cludes two muons and a neutrino. The interaction might create a
neutral heavy lepton (L0), a massive intermediate boson (W 1),
one of the carriers of the weak force, or a hadron (Y) that bears a
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new quantum number. The characteristics of the dimuons detected
at Fermilab suggest that a new hadron is the most likely interpreta-
tion. In these diagrams leptons are represented by light lines, had-
rons by heavy lines and intermediate bosons by broken lines. Vir-
tual particles, which can never be detected, are shown in color.



the resonance energy is very small, and
it is overwhelmed by uncertainties intro-
duced by the experimental apparatus.

There is a large gap in the spectrum of
particle lifetimes that can be readily
measured: it extends from about 10-11
second to about 10-18 second [see illus-
tration on page 45]. The region is not
completely barren; as we have seen, it
contains the neutral pion, with a life-
time of about 10-16 second. With that
exception, however, the region is unex-
plored. If it is to be searched systemati-
cally for new particles, other methods of
detection will be needed.

New hadrons, heavy leptons and W

particles are all expected to have
lifetimes between 1012 and 10-18 sec-
ond. That prediction is based on the
mass splittings between the particle
states, which are expected to be larger
than those of known particles. Conven-
tional methods of detection are therefore
not likely to be effective in searching for
the new states.

The most promising approach to de-
tecting the new particles is to examine
the products of appropriate interactions
for some distinctive mode of decay. As
we have shown, new hadrons, heavy lep-
tons and W particles must all decay
by the weak interaction. The hadrons
should make transitions to lighter, or-
dinary hadrons, with the emission of a
muon or an electron and a neutrino. Both
heavy leptons and the charged W par-
ticles can be expected to have a muon
and a muon-type neutrino (with oppo-
site L, quantum numbers) among their
decay products. Thus it seems that an
identifying signature of the decays of
those particles is the presence of at least
one neutrino in the final state.

The neutrinos cannot be detected di-
rectly; they would pass through any ap-
paratus one might devise without inter-
acting in any way. They nevertheless
reveal their presence because of the rig-
orous conservation of the L, and L,
quantum numbers. The outgoing neu-
trinos escape detection, but as a result
the remaining combination of particles
exhibits an apparent violation of lepton
conservation. In the confident belief that
such a violation is impossible, the pres-
ence of the neutrinos is inferred.

Suppose a weak interaction is initiated
by the collision of a muon-type neutrino
with a neutron. If the reaction proceeds
through a charged current (which is
much more probable than the rare neu-
tral weak current), conservation laws re-
quire that the final state include a muon
and at least one baryon, such as a pro-

ton. The reaction would read: v, + n —
p + p~. Suppose, however, a W+ par-
ticle were created in the interaction;
electric charge could then be conserved
without transforming the neutron into
a proton and the reaction would be
described as v, + n—>n+ W+ + p-.
The W+ could not be detected directly
because it would disintegrate quickly (in
about 10-18 second), but the products of
its decay, a muon and an antineutrino,
would make up part of the final state.
Thus the overall reaction would ap-
pear to be v, +n—o>n+put +pu” +
v,, where the muon-type neutrino and
the positive muon in the final state are
the decay products of the W+,

The outgoing neutrino in the above
reaction would inevitably escape ob-
servation, and it would also be difficult
to detect the outgoing neutron; the final
state would therefore appear to consist
of a positive muon and a negative muon,
both of which could readily be detected.
A simple calculation shows that the lep-
ton number L, of the particles detected
in the final stateis —1 + 1, or 0, whereas
the L, of the initial state was +1. The
apparent violation of L, conservation
reveals that a neutrino was also present
in the interaction, and it serves as a sig-
nal that some new particle has been
created.

If the new particle had been a neutral
heavy lepton instead of a W+, the final
state would have been quite similar. If it
had been a hadron belonging to some
new group, the final state would also
have included two muons, although not
necessarily muons with opposite elec-
tric charge. In each case the existence
of a missing neutrino would be indicated
by an apparent violation of lepton con-
servation. In order to distinguish be-
tween the three hypotheses it would be
necessary to examine more closely the
characteristics of the two muons.

Such interactions have come to be
known as dimuon events. At Fermilab
we have conducted a careful search for
them in collaboration with 10 other
physicists from Harvard University, the
University of Pennsylvania, the Univer-
sity of Wisconsin and Fermilab. In the
past two years we have succeeded in
observing events with the expected char-
acteristics, and the observation of di-
muon events has subsequently been con-
firmed by another group of physicists
from the California Institute of Tech-
nology and Fermilab. The first dimuon
event was observed in April, 1973, short-
ly after the Fermilab accelerator began
operating,

In principle W particles or heavy lep-
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tons could be generated in many kinds
of interactions, including those of one
hadron with another. Members of new
hadron families could also be made in
collisions of ordinary hadrons, although
only as pairs of particles and antiparti-
cles because of the strict conservation
laws that govern strong interactions.
High-energy hadron collisions are com-
plex events, however, in which many ex-
traneous processes would compete with
those we wanted to observe. We there-
fore adopted a different technique: that
of bombarding nucleons with high-ener-
gy neutrinos. In such events only weak
interactions are possible, and the results
are comparatively easy to interpret.
Moreover, new hadrons can be produced
singly, since the weak interactions can
alter the internal quantum numbers of
hadrons.

he first requirement of this technique

is a beam of high-energy neutrinos.
At Fermilab they are manufactured in-
directly by protons extracted from the
laboratory’s main accelerator, a 400-GeV
proton synchrotron. The protons collide
with a metal target, generating a beam
of secondary hadrons made up primarily
of pions and kaons. These mesons decay
as they pass through an evacuated pipe
some 300 meters long. As we have seen,
both kinds of meson decay predomi-
nantly into muons, neutrinos and anti-
neutrinos. At the end of the decay region
the muons and any remaining hadrons
are filtered out by a mound of earth
about a kilometer long. The beam emerg-
ing from the mound consists almost ex-
clusively of neutrinos and antineutrinos.

The neutrinos must have high energy
in order to create particles of large mass.
It is equally important that the beam
have high intensity, that is, that it consist
of a great many particles per second.
High intensity is essential because the
probability is quite small that any given
neutrino will interact with a nucleon.
The beam at Fermilab has an intensity
of about 10° neutrinos per second; even
so only about one neutrino per minute
interacts, All the rest pass through the
apparatus unaltered.

The detector employed in the dimuon
experiments consisted of several com-
ponents arranged in sequence along the
axis of the incident neutrino beam. The
first section was made up of four cham-
bers containing about 60 tons of a liquid
that scintillates, or emits a flash of light,
when an electrically charged particle
passes through it. The large mass of
liquid provided an effective target of
nucleons for the neutrinos, and it also
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DECAYS OF NEW PARTICLES would all lead to the emission of a muon and a neu-
trino. For the Y hadrons this mode of decay would be analogous to the decays of the pion
and the kaon, but the Y particles would decay much faster. The mass of the lightest Y par-
ticle is estimated to be equivalent to an energy between 2 and 4 GeV (billion electron
volts) ; W bosons must have a mass of at least 20 GeV; masses of new leptons are uncertain.
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absorbed most of the energy of the in-
teractions. In each tank the scintillations
were detected by photomultiplier tubes;
the total quantity of light emitted was a
measure of the energy deposited in the
liquid. Between the containers of liquid
were optical spark chambers that pro-
vided a visual display of the cascade of
particles created by each interaction.

Immediately beyond the liquid scin-
tillator was a large mass of iron (also
about 60 tons). The iron served as an
additional target for neutrino interac-
tions, and furthermore it filtered out
some of the extraneous particles created
in the scintillation counter. Beyond the
iron shield were four cylindrical iron
electromagnets, each 12 feet in diameter
and four feet long. The magnets deflect-
ed charged particles passing through
them so that the momentum of the par-
ticles could be measured. The paths of
the particles were recorded by additional
spark chambers between the magnets.

The detector was activated on the ar-
rival of a charged particle at a triggering
counter immediately beyond the first
of the electromagnets. Such a particle
would necessarily be a muon; no elec-
tron or hadron could pass through the
iron target and the iron magnet. On ac-
tivation of the detector the electrical
output of all the scintillation counters
was recorded and a high voltage was
applied to the spark chambers. The re-
sulting tracks in the spark chambers,
which followed the ionized paths where
charged particles had passed, were re-
corded photographically. We searched
for dimuon production simply by check-
ing the photographs of each recorded
event for the presence of two charged
particles that had penetrated the iron
barriers.

In several series of experiments, em-
ploying beams with various mixtures
of neutrinos and antineutrinos, about
80,000 activations of the detector were
recorded. A total of 82 activations met
the criteria we had established for iden-
tifying authentic dimuon events. For an
event to qualify, the first requirement, of
course, was that it have two muons in
the final state. It was also necessary that
the muons be generated at the same mo-
ment and at the same point in space, and
that the momentum of both of them be
measurable.

Several explanations that involve only

conventional processes and particles
might be invoked to account for the di-
muon events. One of the most obvious
is the hypothesis that the second muon
is created by the decay of a charged



pion or kaon produced in the initial neu-
trino interaction. Because of the different
densities of the two targets, however,
muons from meson decays would be ex-
pected to originate in the liquid scintil-
lator about four times more often than
in the iron barrier. Actually the same
number of dimuons was observed in the
iron as in the liquid, and that Tatio ex-
cludes the pion and kaon mechanisms.

It is also possible that the apparent
lack of conservation of the lepton quan-
tum number L, is due not to a miss-
ing neutrino but to a third muon that
escapes detection. The spark-chamber
photographs were therefore searched
for events with three muons in the final
state. No such events have been found.

We believe that all the conventional
explanations can be refuted or assigned
a very low probability. As a result there
remain three plausible interpretations of
the dimuon events. They must represent
the production and decay of one of the
particles discussed above: a new hadron,
a neutral heavy lepton or a charged in-
termediate vector boson.

In order to discriminate between the
three possibilities it is necessary to con-
sider the properties of the muon pairs.
Two properties in particular are of great
importance. First, our measurements
have shown that the two muons general-
ly do not have comparable values of
momentum. Instead, for events induced
by neutrinos the negative muon usually
has larger momentum than the positive
one. Second, the muons do not always
have opposite electric charge; events in
which the charges are the same make up
about 10 percent of the total.

Neither of these observations can be
reconciled with the hypothesis that the
dimuons are generated by a heavy lep-
ton or a W particle. The production of
muons with like charges in particular ex-
cludes those mechanisms from consider-
ation. The overall interaction in the de-
tector can be imagined to take place in
two stages. In the first the neutrino is
converted into other particles; in the
second the recoiling nucleon decays into
other hadrons. The observation of two
muons with the same charge cannot then
be explained by the decay of any par-
ticle produced in the first stage; had-
rons in the second stage must also be
involved. This conclusion has been re-
inforced by comparing the experimental
data with theoretical calculations made
by Abraham Pais of Rockefeller Univer-
sity and Sam B. Treiman of Princeton
University.

From these arguments we have con-
cluded that the most likely explanation

of the dimuon events observed at Fermi-
lab is the creation and decay of at least
one member of a new family of hadrons.
We have designated the members of this
new family Y particles. The Y particles
must necessarily possess a new quantum
number conserved in the strong and
electromagnetic interactions but not in
the weak interaction.

From other properties of the dimuons
we estimate the mass of the Y particles
to be between 2 and 4 GeV. Their life-
time is appreciably less than 108 sec-
ond, and it is probably less than 10-1
second. It appears that their decay prod-
ucts include leptons only from 10 to 20
percent of the time; the remainder of
their decays yield hadrons only. This
suggests that the Y particles are pro-
duced much more copiously in high-
energy neutrino events than our results
might at first seem to indicate.

Further experimental investigations
will be needed before the nature and
significance of the Y particles are clear.
We have assumed that there are both Y
mesons and Y baryons, but that has not
been definitely established. The masses
and lifetimes of the particles must be
measured accurately, and their modes
of decay must be described. In spite of
these uncertainties the Y particles rep-
resent the most direct and substantial
evidence we now have for the existence
of hadrons with a new quantum number.
The Y particles apparently exhibit this
quantum number directly, whereas the J
or psi particles reflect the existence of a
new quantum number only indirectly. It
is not yet known whether the same quan-
tum number distinguishes both states.

Both the Y and the J or psi particles
can be interpreted in terms of the so-
phisticated theoretical model of hadrons
introduced in 1963 by Murray Gell-
Mann and George Zweig of the Califor-
nia Institute of Technology. It is in this
model that all hadrons are regarded as
being composite structures made up of
simpler constituents called quarks. Bary-
ons consist of three quarks, and mesons
consist of a quark and an antiquark. In
the original formulation of the model
there were three kinds of quark, labeled
u, d and s. The s quark carries one unit
of strangeness, and all strange particles
incorporate at least one s quark or § anti-
quark.

In the quark model the mass splittings
among the hadrons are merely a reflec-
tion of mass splittings among the quarks.
It is because the s quark is considerably
heavier than the other quarks that the
strange hadrons are heavier than their
nonstrange counterparts.
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QUARK HYPOTHESIS might explain the
creation of new hadrons in neutrino inter-
actions. In the quark theory all baryons are
made up of three quarks; the neutron con-
sists of quarks labeled d, d and u. Through a
virtual W+ boson the neutrino converts one
of the d quarks into a quark of a new kind,
which bears a new quantum number. The
quarks then interact to generate a spec-
trum of hadrons, including at least one (Y)
that bears the new quantum number. Some
theorists identify the quantum number with
the hypothetical property designated charm.

More recently it has been suggested
that there may be a fourth quark, carry-
ing a new quantum number conserved
in the strong and electromagnetic inter-
actions. Sheldon Lee Glashow of Har-
vard and James D. Bjorken of the Stan-
ford Linear Accelerator Center proposed
that the new quantum number be called
charm, and the fourth quark is now la-
beled the ¢, or charmed, quark [see
“Quarks with Color and Flavor,” by
Sheldon Lee Glashow; SciENTIFIC
AMERICAN, October, 1975]. If the
charmed quark exists, it implies the ex-
istence of a new class of hadrons, which
could decay to ordinary hadrons only
through the agency of the weak inter-
action. Moreover, because the charmed
quark would be more massive even than
the s quark, the mass splittings of the
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new hadrons would be larger than those
observed among the familiar ones.

If the Y particles, with their new
quantum number, are to be incorporated
into the quark model, they require at
least one additional quark. It seems rea-
sonable to identify that fourth quark
with the charmed one proposed by
Glashow and Bjorken; this identification
can be proved, however, only through
further experiments. The charm hypoth-
esis is supported by strong theoretical
arguments independent of the recent
discoveries; moreover, it can explain the
J or psi states as well as the Y. The Y
states are assumed to be composed of ¢
quarks in combination with other kinds,
whereas the J or psi is a bound state of a
¢ quark and a ¢ antiquark. It thus ap-
pears that theory and experiment may
again be converging, as they did 25
years ago, on a new family of hadrons.

t seems ironic that the observation of
dimuon events induced by neutrinos
and antineutrinos should lead to the
discovery of a new quantum number of
hadrons. For many years dimuon events
were sought as a signal that massive in-
termediate vector bosons had been pro-
duced. Now that that signal has been
detected it has a meaning completely

ELECTRON-POSITRON
STORAGE RINGS

PROTONS STRIKING
FIXED TARGET
WITH SECONDARY
NEUTRINO BEAM

TEN PARTICLE ACCELERATORS capable of exploring the mass
region of the Y particles will be operating in the next decade. Five
of them are in operation now (black); two more are under con-
struction (gray) ; the remaining three are being planned (hatched
bars). In electron-positron storage rings particles collide with equal
and opposite velocity ; in the remaining accelerators neutrinos col-
lide with nucleons in a fixed target. The masses given represent not
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different from the one we had expected.

What are the prospects for the dis-
covery of other new particles? One con-
clusion that now seems justified is that
the mass of the W particles is much
larger than that of the new hadrons; we
have established experimentally that the
mass of the charged W bosons must
be greater than 20 GeV. The mass and
other properties of heavy leptons are
more difficult to predict. They might be
of various types, some of which would
be more difficult to create and detect
than others. For example, there might
be heavy leptons with a mass less than
that of the Y hadrons. The Y particles
would then decay through these leptons
to ordinary leptons and a new kind of
neutrino; the ultimate result would be
observed as a dimuon event. Thus both
new particles would have been created
in a single experiment. At present the
data are too meager to exclude this
possibility.

One naive inference that could be
made from the existence of Y mesons
with a mass between 2 and 4 GeV is
that the meson states of lowest mass in
each major group of particles have a
simple distribution: their masses may
be spaced more or less regularly, There
seems to be a simple relation between
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the mass of the pi meson, that of the K
meson and that of the Y meson of low-
est mass; if the relation is confirmed, it
suggests that there may be another new
meson, bearing yet another quantum
number, in the mass region between 8
and 15 GeV. The search for such a me-
son is likely to become a preoccupation
of experimental physicists, particularly
those who experiment with high-energy
neutrinos, in the coming years.

The endeavor to find additional me-
son states and other particles will be fa-
cilitated by several new accelerators
and other machines, including some that
have recently begun operating and oth-
ers that are still under construction [see
illustration below]. At Fermilab the
main proton synchrotron is being modi-
fied by the addition of superconduct-
ing magnets that will double its energy.
With new machines of this kind it will
be possible to explore regions of still
higher mass, and with indirect methods
of detecting particles it should be pos-
sible to determine the membership and
the properties of the new families. In
spite of the perplexing multiplication of
particles and quantum numbers there is
hope that the picture of nature emerg-
ing from these studies will be a simple
and elegant one.
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the energy to which a particle can be accelerated but rather the
maximum mass of a particle that can be created through the inter-
actions of the accelerated particles. At Fermilab the energy of the
proton synchrotron will be doubled through the installation of
superconducting magnets, increasing the energy of neutrino inter-
actions 50 percent. Some accelerators should be capable of making
heavy leptons and W bosons as well as new families of hadrons.



Plain wrapping available if purchaser
prefers not to advertise intentions.

Typical contents: KoDAK EKTAPRINT
R-500 Processing Kit; 10-sheet pack-
age of Kopak ExTAcHROME RC Paper,
Type 1993; Kodak Publication No.
Z-205; Kopeworp Darkroom Audio
Cassette TC-3.

Typical outlay for said items: About
the same as for a pair of shoes.

Typical objective: Weekend in which
to experience the pleasure of moving
from black-and-white printing into
making 8” x 10” color prints from a
few favorite color slides with one of

those tube processors now on the mar-
ket and step-by-step, real-time guidance
by a friendly voice, aural signals, and
music that only secondarily brings
cheer to the darkroom but primarily
keeps check on proper timing.*

(Possible professional objective: An
upcoming “poster session” requiring at-
tractive and pertinent visuals to stop
interested parties and stimulate discus-
sion. See “The new way to ‘give a
paper’,” Science for Nov. 7, 1975, p.
502, or Scientific American for No-
vember 75, p. 55.)

Alternate selections: Other paper and

chemicals in trial-size quantities, other
literature and KoDEWORD™ Cassettes—
all to serve a resurgence of interest in
the darkroom among the lively-minded.
Convenience, economy, and confidence
offered to those wishing to process their
own color slides, process their own col-
or negatives, process their own color
prints from color negatives, process
color prints from slides by means other
than a tube processor—or even just do
good black-and-white work. Photo
dealers have full details.

*See p. 10, Scientific American, Sept. 1975, on Bach fugues in the darkroom and how they helped make color photography practical.

© 1975 SCIENTIFIC AMERICAN, INC

55



=

Fire in the Ashes

Over the next 20 years U.S. in-
dustry will be expected to invest
some $60 billion in uranium-en-
richment facilities and roughly a tenth
of that amount, $6 billion, in facilities
for recovering plutonium and unburned
uranium 235 from the ashes of nuclear
power stations. The first process, al-
though technically difficult, seems by far
the more attractive investment, partly
because it presents virtually no special
safety problems and yields a product that
offers no temptation to a potential atom-
ic-bomb maker. The second process, in
contrast, would seem to offer the fewest
commercial incentives imaginable. Spent
fuels typically contain 1 percent or less
of plutonium and the same amount of
uranium 235; to separate them in ultra-
high purity from scores of fission prod-
ucts calls for the most complex chemis-
try ever attempted on an industrial scale.
Moreover, the spent fuel is so intensely
radioactive that all processing must be
conducted by remote control behind
thick walls. Even the equipment must be
designed for remote maintenance and re-
mote replacement. One of the two prin-
cipal products, purified plutonium, must
be handled with extreme caution not
only because it is a potential bomb ma-
terial but also because its intense radio-
activity makes the accidental inhalation
of particles of it extremely hazardous.
Finally, the ultimate wastes must be en-
capsulated in such a way that they can
safely be stored for thousands of years.

It is hardly surprising that private
companies have not been clamoring to
enter the fuel-reprocessing business. A
plant of economic size, one capable of
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handling perhaps 1,500 metric tons of
wastes a year, costs upward of $500
million. In the years since the original
plutonium-separation facilities at Han-
ford, Wash., were shut down, the Gov-
ernment has obtained its military plu-
tonium from the large Savannah River
plant in Georgia. The feedstock is nat-
ural uranium that has been irradiated by
neutrons in nonpower reactors. A much
smaller Government plant at Arco, Ida-
ho, reprocesses spent fuel from nuclear
submarines. The only privately financed
reprocessing plant that has ever been op-
erated in the U.S. is one set up by Nu-
clear Fuel Services, Inc., in West Valley,
N.Y. Designed to process 300 metric
tons of spent fuel per year, the plant re-
processed 630 metric tons of fuel from
nuclear power stations between 1966
and 1972. Since then it has been shut
down pending permission from the U.S.
Nuclear Regulatory Commission to ex-
pand its capacity to 750 tons per year.
Originally financed by W. R. Grace &
Co. and AMF Incorporated, the West
Valley plant is now a wholly owned sub-
sidiary of the Getty Oil Co.

A reprocessing plant with a capacity
of 300 metric tons of fuel per year built
by the General Electric Company at
Morris, IIl., proved seriously defective
during trial runs with cold (nonradioac-
tive) feed material. As a result GE has
withdrawn its request for an operating
license and is considering whether or not
to rebuild the plant. In Barnwell, S.C.,,
Allied General Nuclear Services is near-
ing completion of a $500-million reproc-
essing plant with a capacity of 1,500 tons
per year. The company is a subsidiary of
General Atomic and Allied Chemical
Corporation. Exxon Corporation is con-
templating a plant with a capacity of
1,500 tons per year but has not yet ap-
plied for a construction license. If Exxon
goes ahead with its plans and all licenses
are granted, the U.S. may have four pri-
vate reprocessing plants with a total ca-
pacity of 4,000 metric tons per year by
1985.

Meanwhile spent fuel from the na-
tion’s 56 nuclear power stations has been
piling up in repository sites. The total
backlog is now about 2,000 tons (con-
taining enough plutonium for about
3,000 Nagasaki-size bombs), and it will
grow by another 500 to 1,000 tons be-
fore any of the plants is ready for opera-
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tion. By 1985, when 200 or more nuclear
power plants are expected to be operat-
ing in the U.S., the annual discharge of
spent fuel will be about 3,500 tons per
year and will be increasing at the rate of
about 20 percent annually.

The basic decision on whether or not
to allow the use of nuclear fuel contain-
ing a mixture of uranium 235 and re-
cycled plutonium is still to be made
by the Nuclear Regulatory Commission.
The commission has recently solicited
statements from groups and organiza-
tions that may be opposed to the wide-
spread use of plutonium because it is a
health hazard or for other reasons. If the
commission should be persuaded to pro-
hibit the use of mixed fuel, which seems
highly unlikely, the plutonium in spent
fuel (far exceeding any conceivable mili-
tary need) would have no commercial
market, thus destroying the economic
base of a still unborn fuel-reprocessing
industry and significantly increasing the
cost of nuclear power.

Inhumane and Indiscriminate

The effort to restrict or prohibit the

use of incendiary weapons by inter-
national agreement—an aspect of arms
control and disarmament largely ne-
glected since the 1930’s—is currently
being taken up with a renewed sense of
urgency, spurred in part by recent ad-
vances in the technology of fighting with
fire. Over the past few years the General
Assembly of the United Nations has ap-
proved by overwhelming majorities a se-
ries of resolutions condemning the use
of napalm and other incendiary weapons
in speciﬁc military situations. Last May
a group of 18 countries placed a draft
of a comprehensive ban on incendiary
weapons before the International Com-
mittee of the Red Cross, which has been
assigned the task of “modernizing” the
Geneva Conventions of 1949. In pursu-
ance of its mandate the Red Cross has
convened several conferences of experts
“to examine in more detail the ques-
tion of particular conventional weapons
which may cause unnecessary suffering
or have indiscriminate effects.” Incen-
diary weapons are expected to be high
on the agenda of the next such confer-
ence, scheduled to begin soon at Lugano
in Switzerland.

Until now the debate over what are
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Notes and observations from IBM that may prove of interest to the scientific and engineering communities

The Crab Nebula is the gaseous remnant of a supernova first sighted by
Chinese astronomers in 1054. Scientists believe it is shining today as a result of a
pulsar into which the supernova evolved.

A Supernova is Born

One of the most spectacular stellar
events occurs during the first 40 days
after a star explodes. Called super-
novae, these giant dying stars can
attain a luminosity greater than the
combined brightness of all the stars in
an entire galaxy. This incredibly in-
tense light eventually evolves into a

“tail” of weaker light, lasting for a year
or longer.

Although there is general agree-
ment on many aspects of the life cycle
of certain kinds of stars, explanations
of supernovae and their causes are still
the subject of intense scientific debate.
Over the past two years, a group of
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IBM scientists led by Dr. Gordon
Lasher has developed a computer
model that describes how Type I super-
novae behave during the first 40 days
following the explosion. (Supernovae
other than Type I do not follow pre-
dictable patterns.)

“The model gives us a start towards
a quantitative understanding of what
a star is like at the end of its life,” says
Dr. Lasher. “It is one more piece of
the puzzle of how the universe
evolves.”

Developed at IBM’s Thomas J.
Watson Research Center in Yorktown
Heights, New York, the model is based
on the assumption that the rapid rise
in radiant energy emitted from super-
novae is the direct result of the collapse
of the star’s core. A small fraction of the
energy released in that process is be-
lieved to cause an explosion and sub-
sequent expansion of the low-density
helium envelope surrounding the
super-dense core. The rapidly thinning
envelope eventually permits radiant
energy to emerge in the form of intense
visible light.

All stars pass through several ob-
served stages—from their initial forma-
tion by the contraction of interstellar
gas and dust to their “main sequence”
phase, during which gases inside the
star’s core reach a temperature of sev-
eral million degrees Kelvin—hot enough
to drive a nuclear reaction in which
hydrogen is converted to helium. Our
sun is estimated to be four billion years
into its “main sequence” lifetime, and
is expected to last another five billion
years.

In stars with masses larger than our
sun, the core heat continues to intensify
until all the helium in the core is con-
verted to increasingly heavier elements,
eventually becoming iron. A gaseous
helium envelope surrounds the core
and the “main sequence” is much
shorter—maybe 10 million years.

“In these extremely heavy stars, the
nuclear fuel is totally depleted and the
core mass is so dense that the electrons

(Continued on 4th page)
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At Bertea Corporation, an inboard elevator actuator package, designed
with computer help, undergoes performance tests.

Designing Safety into
Hydraulic Flight Control Systems

The hydraulic flight control sys-
tems produced by the Bertea Corpora-
tion of Irvine, California, can literally
determine whether an aircraft ever gets
off the ground—and how safely it will
fly once it does. As a result, every com-
ponent must be tested and re-tested to
insure its ability to withstand the ex-
treme stresses, pressures, voltages and
temperatures that may occur during
flight.

“We really can’t afford to wait until
a key component, like a jet stabilizer
servo control package, is already in pro-

duction to begin measuring its perfor-
mance,” says Bill Henry, director of
engineering. “We must be able to do
simulations of those same tests while
the system is still in the design phase.”

At Bertea, those early simulations
are now conducted at computer termi-
nals. The resulting graphs enable engi-
neers to determine whether any design
modifications are needed.

The stabilizer control arrangement
is just one of many complex servo pack-
ages designed and manufactured by
the company. The servos control the
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movements of all the ailerons, rudders
and elevators of commercial and mili-
tary aircraft.

“All of the control packages we de-
sign function in a dynamic environ-
ment. That’s why we rely so heavily on
interactive computing,” adds Henry.

Interactive computing enables en-
gineers to work directly with the com-
pany’s System/370 Model 135 com-
puter via four IBM terminals. The
terminals run under the IBM Conversa-
tional Monitoring System (CMS), a
time-sharing system created specifically
for intermediate-size computers. With
CMS, engineers can solve complex
stress problems, simulate real flight
conditions, or access a library of com-
pleted designs.

“Interactive computing has helped
us solve one of our most difficult design
problems—determining servo stability,”
says Bruce Borden, supervisor of ana-
lytical services. “For example, the flight
control surfaces operate under condi-
tions that vary tremendously, such as
loads, pressures and temperatures.”

Each of these conditions is de-
scribed by a series of complex non-
linear equations that are analyzed
interactively using an IBM program—
Continuous System Modeling Pro-
gram (CSMP).

“CSMP, along with other programs
we have written, allows us to simulate
exactly how the unit will react at every
second over time. In effect, it enables
our digital computer to behave as an
analog model of the servo would,” ex-
plains Borden. “With it, we can gener-
ate a graphic plot at the terminal indi-
cating whether the device performed
within prescribed performance para-
meters. We can vary any factor, or
combinations of factors, and get a new
descriptive plot printed at the terminal
within minutes.”

Interactive computing is also used
to analyze what Bill Henry calls the
“hole-distance” problem. As he ex-
plains, hydraulic servos are hollow
metal manifolds with hundreds of holes
drilled through them to allow the pas-
sage of hydraulic fluid. The pressure
and direction of the fluid trigger differ-
ent responses in the servo mechanism.
“We use interactive programs to check
the spatial relationships of all the holes,
taking into account drill drift and criti-
cal intersection points,” says Henry.

A strong advocate of interactive
computing, Dr. Robert Langford,
Bertea’s president, comments: “We re-
gard the computer as an indispensable
tool that helps us explore all our op-
tions —material availability, costs and
manufacturing time—long before we
ever go into production. For these
reasons, we expect to rely even more
heavily on the computer as a planning
aid in the future.”
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A New Way to Solve the Double Curve Problem

“Defining the geometry of curved
surfaces is one of the toughest, most
time-consuming problems we face,”
says Jim Mayfield of Teledyne Ryan
Aeronautical. But Mayfield’s team of
engineers and mathematicians, work-
ing closely with the IBM Scientific
Center in Los Angeles, has developed
a way to solve that problem in minutes
instead of weeks.

And Frank Oldfield, director of
aerospace engineering at the San
Diego-based manufacturer of pilotless
aircraft, talks of another major benefit:
“With the faster response time the sys-
tem provides, we can test a variety of
designs and select the best one.”

Doubly curved surfaces, like the
wings or air ducts of an aircraft, are
particularly difficult to design because
they cannot be easily described mathe-
matically. A straight edge or even a
simple cylindrical shape can be defined
by several pairs of equations. But it
takes hundreds of calculations to deter-
mine the final shape of a wing, which
tapers gradually from root to tip. And
even after the wing design is complete,
figuring out basic data like surface area
and volume requires a formidable
amount of additional work.

Now, Teledyne Ryan is using the
new Numerical Geometry System to
aid in the creation, flow and use of
geometric information. The system op-
erates from terminals linked by IBM’s
Time Sharing Option to a System/370
Model 155 computer.

Data that defines design criteria is
entered directly at a terminal. By key-
ing in any one of more than 30 mathe-
matical commands built into the sys-
tem, the engineer can automatically
manipulate the data to generate a wide
range of basic geometric information

The graphic representation of an air in-
let duct was designed on the computer-
based Numerical Geometry System.

The inlet duct graphically represented (below, left) is used in the Model 274
subsonic drone aircraft produced at Teledyne Ryan.

like planes, scalers, areas, volumes and
intersection points. The system also
provides a permanent data base of in-
formation that can be referenced later
by other departments, including the
Numerical Control group.

“Every aircraft is a compromise
among a variety of disciplines, such as
aerodynamics, thermodynamics and
structural design,” explains Mayfield.
“Just to give one example, a wing must
provide enough lift to get the plane off
the ground, be strong enough to carry
the necessary loads with the least struc-
tural weight, yet simultaneously be de-
signed to minimize the amount of drag
it produces.”

Coordinating these often compet-
ing constraints makes designing the
curved outer skin of the aircraft a
highly iterative process,involving many
departments. The initial blueprints, for
example, originate in the advanced en-
gineering group and must be trans-
lated from two-dimensional drawings
to three-dimensional surfaces by the
Loft-Lines group.

“Before we developed the Numeri-
cal Geometry System, there was little
analytic definition in the design phase,”
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says Mayfield. “The Loft-Linesman
literally had to visualize the three-
dimensional part, attempting to create
a trial surface to match the geometric
constraints. After being reviewed by
the original designer and many other
departments, the surface, along with
desired modifications, would be
passed back to the Loft-Lines group.
This would occur over and over until
an acceptable compromise could be
reached. It was an extremely time-
consuming process.”

The Numerical Geometry System
has not entirely replaced the Loft-Lines-
man’s unique skill. But it provides the
mathematical tools for creating a sur-
face directly from given constraints—a
capability that yields numerous
advantages—like designing an inlet
duct in hours instead of weeks.

And according to vice president
and controller Roy Fields, “We have
already realized a significant return on
our investment in the system in the
Loft-Lines area alone. And we feel it
will yield even greater benefits in the
future when it is extended to the aero-
dynamics, thermodynamics and stress
analysis groups.”
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Computer Helps Farmers Fight the Blight

Figuring out the best time to spray
potato crops to prevent blight used to
be largely a matter of guesswork. But
for the past four years, more than 100
farmers from Maine to Florida have
been getting assistance in their battle
against the lethal, blight-producing
Phytophthora infestans fungus from an
unusual source—a computer program
known as “Blitecast”.

Developed and administered by
plant pathologists at the Pennsylvania
State University in University Park,
Pa., the Blitecast program predicts the
appearance of the fungus seven to
fourteen days in advance. Data for the
program is collected with hygrothermo-
graphs and rain gauges, which monitor
temperature, humidity and rainfall in
each field on a daily basis. At the end
of the week, growers telephone the
data to researcher John-Peplinski, who
uses a typewriter terminal in his office
to enter the information into the uni-
versity’s System/370 Model 168. The
data is analyzed against the condi-
tions that are known to promote fungus
growth—warm days, cool nights and
extended periods of humidity exceed-
ing 90%.

Within a few seconds, the com-
puter prints out a recommendation in-

dicating whether it will be necessary
for the farmer to spray fungicide that
week. “It used to be standard pro-
cedure to spray automatically once a
week,” says Peplinski. “By using our
program, many growers have cut their
spraying schedules substantially, with-
out sacrificing crop safety. At $4 per
acre for fungicide, farmers can save
considerable money—and cut pollution
at the same time—if conditions don’t
indicate fungus growth.”

The computer can also produce a
longer report that summarizes blight
forecasts, weather conditions and spray
recommendations made to date for
each participant. A typical file extends
for the duration of the potato growing
season—generally from May through
August.

In research related to the Blitecast
program, scientists at Penn State are
also studying the extent to which re-
duced concentrations of fungicide will
effectively kill blight, and the precise
relationship between weather condi-
tions and tuber maturity. “Our goal is
to increase crop yield by every possible
means,” says Peplinski. “Using the
computer is the only way we can get
accurate predictions to our farmers
quickly enough to be effective.”

At the Penn State University test plot
in Rock Springs, plant pathologists
study conditions causing potato blight.

Supernovais Born...
(Continued from first page)

disassociate from their specific nuclei
and form a kind of ‘sea’ surrounding all
the nuclei,” explains Dr. Lasher. “This
electron sea exerts pressure that we can
calculate using the laws of quantum
mechanics. But there is a critical mass—
generally accepted to be 1.4 solar
masses —after which the electrons can-
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The supernovae model (smooth curved line) is compared
with actual observations of the blue light intensity of
38 Type I supernovae.

not withstand the gravitational forces
of the core. With no other alternative,
the core collapses in upon itself.

“By accepting the collapsed core
theory, we were able to base our model
on only three parameters: the total
amount of energy released by the col-
lapsing core, the mass of the expanding
helium envelope and the initial density
of that envelope,” adds Dr. Lasher.

The model predicts a roughly para-
bolic light curve in which light inten-
sity peaks around the 20th day. This
finding corresponds
closely with actual
observations of 38
Type I supernovae
collected and or-
ganizedbyateam of
Italian astronomers.

Eventually, Dr.
Lasher and two
post-doctoral fel-
lows at the research
center, Dr. Alan
Karp and Dr.Kwing
Lam Chan, hope to
extend their model
to describe the ve-
locity at which the
gas envelope ex-
pands. They are
currently using an
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IBM System/370 Model 168 to do the
calculations. The general concept of
their work has been based on that of
another visitor to the research center,
Dr. Charlotte Gordon.

“We still don’t know exactly what
happens after a supernova consumes
all the energy in the core,” adds Dr.
Lasher. Some astronomers believe
supernovae become neutron stars, also
called pulsars. Others believe that ex-
tremely heavy supernovae (those with
cores three times the mass of the sun)
may become “black holes”.

“There s still a great deal of mystery
about the last stages of stellar evolu-
tion,” says Dr. Lasher. “We hope our
model will pave the way for further
inquiries.”

DP Science Dialogue is concerned
with topics which may prove of interest
to the scientific and engineering com-
munities. Your comments and sugges-
tions are welcome. Just write: Editor,
DP Science Dialogue, IBM Data Proc-
essing Division, 1133 Westchester Ave.,
White Plains, N.Y. 10604.

IBM

Data Processing Division



held to be the inherently inhumane and
indiscriminate effects of incendiary
weapons has been handicapped by the
lack of precise information on the se-
verity of wounds caused by incendiary
weapons compared with those caused by
other weapons, and on the actual num-
bers of civilian casualties likely to re-
sult from the employment of incendiary
weapons. In an attempt to provide the
necessary information the Stockholm
International Peace Research Institute
(sterr), an independent organization
funded by the Swedish parliament, has
compiled a detailed report titled Incen-
diary Weapons. The report was written
by Malvern Lumsden, a member of the
sipr1 research staff, and has been pub-
lished in the U.S. in cooperation with the
MIT Press.

The sipr1 book describes the histori-
cal development of incendiary weapons,
together with attempts to restrain the
use of these weapons by international
agreement. The closest these diplomat-
ic efforts have ever come to success, it
seems, was at the disarmament confer-
ence of the League of Nations in 1933.
In spite of the ultimate failure of that at-
tempt, the stprr book relates, incendiary
weapons were widely regarded before
1939 “as illegal and inhumane, in the
same category as weapons, such as mus-
tard gas, which cause chemical burns.
The question of illegality was, however,
totally ignored during World War II,
when a definite policy of incendiary
bombing emerged.” The mass incendiary
attacks carried out in that period against
cities in Germany and Japan killed about
a million people, mostly civilians; none-
theless, according to postwar studies, the
attacks did not have the decisive effect
on the outcome of the war that was
claimed at the time.

Since World War II, the stpr1 report
continues, napalm bombs have been
used increasingly by some 25 countries
for air attacks in close support of ground
troops, and for air strikes in rear areas
independent of ground operations. Par-
ticularly large quantities of napalm were
expended by the U.S. and its allies in
Korea and Indochina. Although official
figures on the use of incendiary weap-
ons in Indochina have never been made
public, the siprr researchers estimate
(on the basis of previously unpublished
data) that nearly 400,000 tons of aerial
napalm bombs were dropped during the
war in Indochina by the U.S. and its
allies. In addition napalm was dropped
in large quantities in oil drums from
helicopters and fired from flamethrowers
mounted on armored vehicles and river-
patrol boats. Counting these weapons,

together with white phosphorus, mag-
nesium and thermite weapons (which
were employed for a variety of purposes,
including several attempts to cause mas-
sive forest fires), the sipmr1 team con-
cludes that the total quantity of incen-
diary munitions used in the Indochina
war was greater than that used in any
other theater of any other war. More-
over, the report asserts, in at least some
periods of the Vietnam war the majority
of the napalm bombs dropped were in-
tended not for close tactical air support
but rather to destroy rear-area targets,
including villages.

A large part of the srpr1 book is de-
voted to a detailed, illustrated examina-
tion of the medical problems that arise
from both the thermal and the toxic ef-
fects of particular incendiary weapons
on the human body. The general con-
clusion is that “the extreme suffering
and indiscriminate effects of incendiary
weapons are impossible to justify by con-
siderations of ‘military necessity.””

Warning that “serious attempts...to
limit the military use of technology by
legal and humanitarian constraints” have
in the past often “been hindered by
a lack of insight into emerging tech-
nologies,” the sipr1 report points to a
“new generation” of incendiary weapons
reportedly under development. The
emerging weapons include, for example,
a device said to contain a new incendiary
material capable of creating a “chemical
fireball” that radiates enough thermal en-
ergy to inflict third-degree burns on ex-
posed people in a few seconds. The only
other weapons that produce radiant en-
ergy on this scale are nuclear bombs. The
new incendiary material (which appar-
ently consists of a highly volatile, self-
igniting organometallic liquid such as
triethylaluminum, slightly  thickened
with a long-chain polymer such as poly-
isobutylene) can be incorporated in a
wide variety of grenades, shells and clus-
ter bombs. The pertinent lesson to be
drawn from the historical record, the
stpRI study notes, is that “to be effective,
political or legal restrictions must be one
step ahead of the technology they are
trying to hold in check rather than one
step behind.”

Falling Quanta

Quantum mechanics and the general
theory of relativity are surely among
the grandest constructions of 20th-cen-
tury physics, but the two theories seldom
intersect. The gravitational effects de-
scribed by general relativity predomi-
nate on a cosmic scale, but they are
negligible for particles of small mass.
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Quantum mechanics determines the be-
havior of atoms and their constituent
particles, but it rarely has an observable
effect on macroscopic events. Neverthe-
less, in a recent experiment the theory of
gravitation and the theory of quantum
mechanics were tested simultaneously.

The experiment did not represent the
first observation of the influence of gravi-
tation on a subatomic particle. That was
accomplished 25 years ago by Andrew
W. McReynolds of the Brookhaven Na-
tional Laboratory, who detected the de-
flection of a neutron falling freely in the
earth’s gravitational field. The path fol-
lowed by the neutron is a parabola, just
like that of an artillery shell. McReyn-
olds’ experiment, however, " involved
only those properties of the neutron that
can be described in the language of clas-
sical physics; quantum mechanics was
not required.

In the more recent experiment, which
also employed neutrons, a quantum-
mechanical interpretation is inescapable.
The effect observed requires that the
neutron be regarded not as a discrete
particle but as a wave; through the for-
malism devised by Louis de Broglie that
is possible in quantum mechanics but
not in classical physics. The experiment
was conceived by Roberto Colella and
Albert W. Overhauser of Purdue Uni-
versity and was conducted by them with
Samuel A. Werner, then of the Ford
Motor Company. They employed the
Ford Nuclear Reactor at the University
of Michigan, and they describe their
work in Physical Review Letters.

The experiment was performed with a
neutron interferometer, which is analo-
gous in function to the more familiar
light interferometer. In the latter instru-
ment a beam of light is split into two
beams, then recombined to generate a
pattern of light and dark interference
“fringes,” which vary according to the
relative phase of the two beams. In the
light interferometer the beams are re-
flected by mirrors or prisms; in the neu-
tron interferometer they are reflected by
the planes of atoms in a large single
crystal. Colella, Overhauser and Wer-
ner employed a cylindrical crystal of sili-
con about three inches long and two
inches in diameter.

Parts of the crystal were cut away to
leave three semicircular slabs connected
by the remaining portion of the cylinder.
The neutron beam struck the first of the
slabs obliquely and by partial reflection
was split into two beams. Both of those
beams were split by the second slab, and
at the third slab two of the beams were
recombined. The flux of neutrons in the
two interfering beams and in one of the
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noninterfering beams was measured with
small detectors placed beyond the third
slab.

The influence of gravitation on the
neutrons was tested by rotating the in-
terferometer around the axis of the inci-
dent beam. The two interfering beams
formed a parallelogram, which initially
was horizontal. When the apparatus was
turned 90 degrees in either direction,
one leg of the parallelogram was raised
above the other leg by somewhat less
than an inch. If gravitation had no effect
on the quantum-mechanical behavior of
neutrons, no change in the output of the
detectors would be expected. Actually
the rotation of the interferometer pro-
duced fluctuations in output represent-
ing clearly defined interference fringes.
The number of fringes was in reasonable
agreement with theoretical predictions.
The method thus detects a difference in
the earth’s gravitational potential over a
vertical distance of less than an inch. In-
deed, the interferometer is so sensitive
that it was necessary to correct for the
bending of the crystal under its own
weight.

A classical interpretation of the flight
of a neutron in a gravitational field
would show that when the interferome-
ter is turned and one beam is elevated
over the other one, the neutrons in the
higher beam experience a smaller ac-
celeration toward the center of the earth.
The classical explanation is impossible,
however, because the experiment in-
volves interference, a phenomenon char-
acteristic of waves. A quantum-mechani-
cal interpretation is mandatory. It dem-
onstrates that the difference in the alti-
tude of the particles in the two beams
results in a difference in the phase of the
corresponding waves.

Overhauser points out that the experi-
ment is a test of the principle of equiva-
lence, an axiom underlying the general
theory of relativity. The principle states
that mass as measured by gravitational
attraction and mass as measured by in-
ertia cannot be distinguished. The prin-
ciple has been repeatedly verified on a
macroscopic scale; this is apparently the
first demonstration that it applies in the
realm that is governed by quantum me-
chanics.

More recently Colella, Overhauser
and Werner, together with C. F. Eagen
of the Ford Motor Company, have em-
ployed the neutron interferometer to
demonstrate another principle of quan-
tum mechanics. Subatomic particles
have intrinsic spin angular momentum,
which in the case of the neutron is mea-
sured in half-integral units. Quantum
mechanics requires that when the spin
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axis of a particle with half-integral spin
is made to precess through one complete
rotation, the sign of the wave function
for the particle is reversed. This predic-
tion contradicts classical physics (and
common sense), which states that an ob-
ject does not change at all when it is
rotated through 360 degrees. Over-
hauser and his colleagues caused the
spin axes of neutrons to precess by pass-
ing one beam in their interferometer
through a magnetic field. A change in
the sign of the wave function is equiva-
lent to a 180-degree change in phase, so
that the effect of the precession was ob-
served as a change from constructive in-
terference to destructive interference.

Colella, Overhauser and Werner are
now preparing to repeat their gravita-
tional experiment at the University of
Missouri, with which Werner is now af-
filiated. With improved accuracy they
hope to detect the influence of the rota-
tion of the earth on the phase of the neu-
tron de Broglie waves. The analogous
experiment with light was successfully
performed 50 years ago by A. A. Michel-
son, H. G. Gale and F. Pearson.

Epidemic on Wheels

D eaths and injuries from motor-vehicle

accidents are reaching epidemic
proportions in developing countries
around the world, according to the
World Health Organization. Traffic ac-
cidents in the young nations of Africa
amount to a “social scourge,” and all too
often the victims are young, educated
Africans whose increased earning power
has enabled them to buy a motorcycle or
an automobile. Statistics from three
Latin-American countries, Chile, Costa
Rica and Venezuela, reveal that, as in
the U.S., traffic accidents have become
the leading cause of death among young
adults.

About 250,000 people throughout the
world are killed in traffic accidents each
year, and more than seven million are
injured. Although the U.S. has the high-
est number of people killed in traffic ac-
cidents of any country (about 50,000
per year), it has one of the lowest rates
of fatalities per motor vehicle or passen-
ger mile. For example, in the U.S. there
are six fatalities per 100 million passen-
ger miles, whereas in Kenya and Uganda
there are from 55 to 65 fatalities per 100
million passenger miles. In India the fa-
tality rate per motor vehicle is 10 to 15
times higher than it is in the U.S. In all
countries the death rate from traffic ac-
cidents is higher for males than it is for
females.

The majority of developing countries
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have a higher incidence of traffic acci-
dents involving pedestrians than of ac-
cidents involving motor vehicles alone.
Among the causes, the WHO reports,
are poor roads, pedestrian ignorance of
road signs, lack of instruction ingthe use
of roads and heavy pedestrian and bi-
cycle traffic on the roads.

To combat the growing epidemic of
traffic accidents, the WHO has un-
dertaken a worldwide epidemiological
study of road traffic accidents and is
encouraging the development of pre-
ventive programs. “If traffic accidents
are tackled by methods similar to those
used against the great killing diseases,”
the organization states, “the present epi-
demic of road deaths could be made to
disappear just as plague and smallpox
have now been eliminated almost every-
where in the world.”

Good Return

It is sometimes alleged that modern

food-production techniques depend
so heavily on energy inputs—for fertiliz-
er, farm machinery, processing and
trucking—that they are quite inapplica-
ble in underdeveloped countries and in
the long run are too wasteful of energy
even for developed countries such as the
U.S. Fertilizers, for example, improve
crop yields, but their production, trans-
port and application call for large quan-
tities of energy. Are fertilizers genuinely
effective in terms of energy return, that
is, do they enhance yields enough to bal-
ance their consumption of energy? The
answer is yes, according to R. G. Hoeft
and J. C. Siemens of the University of
Ilinois. In an article in Crops and Soils
Magazine they argue that the application
of nitrogen fertilizer to a cornfield pro-
duces more extra energy value than is
spent to make, haul and spread the fer-
tilizer, and so the energy investment is a
good one.

Green plants convert solar energy into
chemical energy; a bushel of corn, for
example, stores 95,000 kilocalories of en-
ergy. Of the nutrients required by plants,
nitrogen is most likely to be present in
an amount that is inadequate for maxi-
mum yield and thus for maximum en-
ergy conversion. In the U.S. corn belt
a nitrogen fertilizer such as anhydrous
ammonia, urea or ammonium nitrate, if
applied at the recommended economi-
cally effective rate of 200 pounds of ni-
trogen per acre, results in an increased
corn yield of about 83 bushels per acre,
or an energy return of some 7.9 million
kilocalories per acre. Hoeft and Siemens
subtracted from that the energy required
to make and haul 200 pounds of nitrogen



in the form of anhydrous ammonia and
apply it over an acre, and ended up with
a net energy return of nearly 6.6 million
kilocalories per acre. In terms of energy
harvested per unit of fertilizer energy
expended, the return is 5.95 to 1.

The Killer Bees Revisited

Much attention has been given in re-

cent years to the fact that honey-
bees of an African race (Apis mellifera
adansonii) were accidentally released in
Brazil in the mid-1950’s, where they
have been cross-breeding with commer-
cial honeybee populations and also have
established their own wild colonies. The
northward and southward expansion of
the bees’ range from the original point of
release, coupled with the African race’s
quick reaction to any disturbance of the
hive and its tendency to pursue the dis-
turber with unusual persistence, have
led to predictions that the “killer bees”
might eventually spread a reign of terror
throughout the Western Hemisphere, in-
cluding the U.S. The threat has now
been assessed by Roger A. Morse, pro-
fessor of apiculture at Cornell Univer-
sity. He dismisses it as being grossly
exaggerated.

Writing in New York State Environ-
ment, Morse points out that the African
bees’ reputation for aggressiveness is no
worse than that of more than one other
honeybee race, such as the Cyprian bee,
that is regularly raised by beekeepers.
Visiting Brazil in 1973, Morse found
commercial beekeepers enthusiastically
expanding their Africanized bee colonies
because the hybrids produced some 40
percent more honey than nonhybrids.
Asked about the “nastiness” of the Afri-
can race, the beekeepers replied that the
increased yield more than compensated
for wearing an extra pair of pants and
receiving a few more stings than usual
while harvesting the honeycombs. More-
over, the hybrids were reported to be
less aggressive than the pure African
race. Their responsiveness to being dis-
turbed fell about midway between that
of the African adansonii and that of the
least aggressive honeybee race, the Ital-
ian ligustica.

As for the possibility that the African
bees would invade the U.S., Morse notes
that adansonii is adapted to living under
tropical and subtropical conditions. The
African bees are unable to survive the
cold season in temperate climates as
other honeybees do by forming winter
clusters, and the Africanized hybrids
share this behavioral handicap. Thus the
temperate zones in both South and
North America are barriers to further

migration by either the pure or the hy-
brid African bees.

Christopher Wren: Astronomer

It is well known that Christopher Wren

was a leading architect of the 17th
century; it is less well known that he was
also a leading astronomer. J. A. Bennett
of the Royal Astronomical Society has
recently examined Wren’s career as an
astronomer and the connection between
his astronomical interests and his archi-
tectural ones.

Writing in Journal for the History of
Astronomy, Bennett describes the vig-
orous mathematical tradition of English
natural philosophy in the 17th century.
At that time mathematics was regarded
less as an academic subject than as a
practical one, yet pure mathematics was
an integral part of the tradition. The
mathematical sciences actually com-
prised the diverse disciplines of astrono-
my, music, surveying, the measurement
of quantities of all kinds, perspective
drawing, the design of optical instru-
ments, fortification, machines and archi-
tecture.

It was in this tradition that Wren was
educated at Oxford, was appointed
Gresham Professor of Astronomy in 1657
and was one of the founders of the Royal
Society of London. His work in astrono-
my ran the gamut from the theoretical
through the observational to the practi-
cal. He theorized about the peculiar
elongated appearance of Saturn (which
his contemporary Christiaan Huygens
later showed was due to the planet’s
rings), he devised a graphical method
for calculating the time and extent of
eclipses of the sun and of occultations
of stars by the moon, and he considered
the problem of how to determine longi-
tude on the earth. He proposed a pro-
gram for trying to determine whether or
not the stars showed an annual parallac-
tic motion as a result of the earth’s
revolution around the sun (as had been
predicted by Copernicus). He designed
several telescopes and a machine for
grinding lenses in such a way that the
lenses would not suffer from spherical
aberration.

Wren’s shift from astronomy to archi-
tecture was a natural one. Moreover, the
transition was not sudden nor was it ever
complete. He began working on archi-
tectural projects in the early 1660,
while he was still professor of astrono-
my. Yet even as architectural commis-
sions came to occupy most of his time,
he never lost interest in natural philoso-
phy and never lost his position in the
scientific community; indeed, in 1681
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he was elected president of the Royal
Society. Thus his transition from as-
tronomy to architecture was apparently
more of a professional change than an
intellectual one, a shift from one of the
mathematical sciences to another.

“Wren has always been something of
an anomaly for architectural history,”
Bennett concludes. “The answer may lie
in looking at his work, not so much in
relation to the mainstream of Euro-
pean architectural development, but as
a unique expression of a distinctive
English tradition in the mathematical
sciences.”

Knucklers
A? every true baseball fan knows, a
knuckleball is a pitch that changes
direction unpredictably as it approaches
the batter. The pitcher holds the ball
with his fingernails or the first joints of
his fingers, so that when he delivers the
ball it spins much less than it would if
he were holding it as he would normally.
Robert G. Watts and Eric Sawyer of Tu-
lane University have investigated the dy-
namics of the knuckleball by mounting a
baseball in a wind tunnel in such a way
that the forces acting on it in the air-
stream can be measured. First of all, they
confirm that the knuckleball is capable of
changing direction as it approaches the
batter; the forces acting on a slowly spin-
ning ball are sufficient to make it veer
more than a foot in the distance between
the pitcher and the batter. Writing in
The American Journal of Physics, they
say that a knuckleball veers because the
seams on the slowly rotating ball “form
a roughness pattern that is nonsymmet-
ric,” so that the flow of air past the ball
is uneven. “This will naturally cause a
nonsymmetric lateral force distribution
and result in a net force in one direction
or another.”

Some pitchers think a knuckleball
should be thrown so that it does not
spin at all. They are wrong, according
to Watts and Sawyer, who found that
when the ball is not spinning, it is not
subject to the varying lateral force that
acts on it when it is spinning slowly. It
is this varying force that makes the flight
of the knuckleball so unpredictable.

The ball should veer most, write
Watts and Sawyer, when it is thrown so
that it makes about a quarter of a revo-
lution on its way to the plate. It should
not matter much how fast the ball is
thrown; since “the magnitude of the lat-
eral force increases approximately as the
square of the velocity,” the total lateral
deflection “is independent of the speed
of the pitch.”
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A DNA OPERATOR-REPRESSOR SYSTEM

An operator 1s a segment of DNA adjacent to a gene; a repressor 1s

a protein that binds to the operator and controls the expression of

the gene. How such a system works 1n a virus 1s explored m detail

fundamental property of living
A cells is their ability to turn their

genes on and off in response to
extracellular signals. In the human body,
for example, every cell (with the excep-
tion of a few cell types such as the red
blood cell) has the same set of genes, yet
in the course of embryonic development
cells take on different shapes and func-
tions as their genes are selectively
switched on and off. How are the genes
regulated? Is there a common mecha-
nism underlying such regulation in dif-
ferent organisms?

Through the study of gene regula-
tion in bacteria and viruses it has been
learned in recent years that a fundamen-
tal mechanism of gene control depends
on the interaction of protein molecules
with specific regions on the long-chain
molecule of DNA, the material that em-
bodies the genetic instructions of all or-
ganisms from bacteria to man. As a re-
sult of this interaction genes are switched
on or off. In the best-understood in-
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stances genes are switched off by con-
trolling molecules named repressors. The
existence of repressors was first hypothe-
sized in 1960 by Francois Jacob and
Jacques Monod of the Pasteur Institute
in Paris. Seven years later Walter Gilbert
(in collaboration with Benno Miiller-Hill)
and one of us (Ptashne), working inde-
pendently at Harvard University, suc-
ceeded in isolating repressors from bac-
teria [see “Genetic Repressors,” by Mark
Ptashne and Walter Gilbert; ScienTIFIC
AMERICAN, June, 1970]. Later it was
shown that repressors could bind tightly
and specifically to sites on DNA called
operators and that in so doing they could
prevent genes adjacent to the operators
from being transcribed and translated
into proteins.

Since these early discoveries we and
many others have pursued the molecu-
lar details of gene repression. This arti-
cle is a brief progress report on some of
the things that have been learned. We
now know, for example, the sequence of
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DOUBLE HELIX OF DNA encodes the genetic information of all cellular organisms and
most viruses. (In some viruses the genetic material is RNA.) The genetic code is written
in the particular sequences of nitrogenous bases that connect the two strands of the DNA
molecule. The bases are of four kinds: adenine (A4), thymine (T'), guanine (G) and cyto-
sine (C). A always pairs with T and G always pairs with C. The strands of the double helix
consist of alternating subunits of phosphate and ribose, a five-carbon sugar. In one strand
the phosphate links the No. 5 carbon in one sugar to the No. 3 carbon in the adjacent sugar,
creating what is denoted a 5’-3’ linkage. In the opposing strand, proceeding in the same di-
rection, the linkage is 3’-5’. Thus each strand of DNA molecule has a 5’ end and a 3’ end.
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bases, or code units, in DNA that con-
stitutes the operators to which a repres-
sor binds. In the case we shall discuss
here the operators have several nearly
identical binding sites, each capable of
being recognized by the same repressor
molecule. We are only beginning to learn
why several sites are provided when
seemingly one would do the job.

Before we describe this recent work
let us quickly review the molecular struc-
ture of the gene. In man, as in bacteria,
a gene can be defined as a sequence of
bases along a DNA molecule. (In certain
viruses the gene consists of RNA rather
than DNA.) The DNA molecule consists
of two long chains of nucleotides wound
in a double helix and linked to each oth-
er by hydrogen bonds. Each nucleotide
consists of a deoxyribose sugar, a phos-
phate group and one of four nitrogenous
bases: adenine, guanine, thymine or cy-
tosine (abbreviated A, G, T and C). The
sugar and phosphate groups form the
backbone of each chain; the bases extend
toward the central axis of the double
helix and pair with the bases extending
from the other chain. The sequences of
bases along the chains are complemen-
tary: A always pairs with T and G always
pairs with C. The information content
of DNA is specified by the sequence of
bases. A typical gene consists of roughly
1,000 base pairs.

The translation from gene to protem
begins when the enzyme RNA polym-
erase copies the base sequence into a
complementary sequence on the linear
molecule of “messenger” RNA. The in-
tracellular translating machines called
ribosomes attach themselves to the mes-
senger RNA and translate its base se-
quence into a sequence of amino acids,
which are linked to form a protein mole-
cule. Since there are only four different
bases and 20 different amino acids, a se-
quence of three bases is needed to spec-



ify one amino acid. (For example, ACA
specifies the amino acid threonine.) It is
clear that the translation of a gene into a
protein molecule might conceivably be
repressed, or blocked, at any one of sev-
eral stages along this complex pathway.
It turns out in the case we have studied
that repression takes place directly at
the DNA molecule, so that the genet-
ic information is not transcribed into
messenger RNA unless the repressor is

inactivated. Just how is this repression
achieved?

Bacteriophage Lambda

The repressor we have studied is a
protein molecule manufactured by bac-
teriophage lambda, a virus that infects
the common colon bacterium Escherich-
ia coli. The bacteriophage, or phage,
particle consists of a single DNA mole-

cule with about 47,000 base pairs,
enough for some 50 genes, enclosed in a
protein coat equipped with a tail through
which the DNA is injected into the bac-
terial cell. Once the DNA is inside the
cell it can follow either of two pathways.
It can complete the course of infection
by causing the machinery of the bac-
terial cell to translate the phage genes
into proteins. Some of the proteins are
enzymes that replicate several hundred
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EXPRESSION AND REPRESSION OF GENES is conveniently
studied in bacteriophage lambda, a virus that infects the bacteri-
um Escherichia coli. When the 50 or so genes of the phage-lambda
DNA are translated into protein inside a cell of E. coli, the phage
multiplies and kills the cell in about 45 minutes. In some cases,
however, repressor proteins specified by a particular gene in the
lambda DNA, the cI gene, get the upper hand and block the tran-
scription of genes on either side, forcing the lambda DNA into
a state of dormancy. Normal transcription of lambda DNA into
“messenger” RINA and its translation into protein molecules are
depicted in 1 and 2. The transcription is effectuated by the enzyme
RNA polymerase, which attaches itself to a promoter region and
assembles an RNA chain in the 5-3’ direction by copying a DNA
strand of the opposite polarity. Thus the RNA-polymerase mol-
ecules travel in opposite directions, copying the different strands
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of the DNA as they transcribe into messenger RNA the complete
instructions for replicating the phage, beginning with the N gene
on the left and the tof gene on the right. Transcription of these
two genes begins just outside the operator. The ribosomes fasten
themselves to the emerging “tape” of messenger RNA and translate
the encoded message into the protein molecule. (In this diagram
the structures are not drawn to scale; the ribosomes in particular
are much larger than they are shown.) Under other conditions (3)
the cI repressor gene is transcribed by the same process and trans-
lated into repressor molecules. (Specific terminator signals in the
DNA prevent RNA polymerase from continuing on into left oper-
ator.) Perhaps singly as monomers, but more likely as dimers de-
picted in 4 or even as tetramers, repressor molecules migrate to
binding sites in two operator regions of lambda DN A, blocking ac-
cess of RNA polymerase to promoter regions of N and tof genes.
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copies of the phage-DNA molecule; oth-
er phage proteins package each DNA
copy in a protein coat, thus creating mul-
tiple copies of the original phage parti-
cle. Typically within 45 minutes the bac-
terial cell, swollen with phage particles,
bursts.

The other pathway is the more inter-
esting one for our purposes. Occasionally
after the phage genes enter the bacterial
cell they are switched off and the phage
DNA becomes integrated into the DNA
of the host cell. There it remains dor-
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mant, replicating with the bacterial
DNA at every cell division and giving
rise to a population of E. coli cells each
of which contains a chain of phage
genes. The dormant phage genes are
called a prophage.

It has been known for some years
that the phage genes are turned off by a
specific repressor molecule specified by
one of the phage’s own genes, the cI
gene. The repressor actually binds to two
separate operators on the phage-DNA
molecule, therebyblocking the transcrip-
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SIZE OF REPRESSOR BINDING SITES in operator regions of lambda DNA was estab-
lished by mixing the DNA with repressor molecules. Wherever repressors bind to the
DNA they protect it from digestion when the enzyme DNAase is added to the mixture
(1, 2). As the ratio of repressor to DNA is increased (4, B, C) the segment of DNA pro-
tected increases in length, thus indicating that repressor binds to several adjacent sites. The
pieces of protected DNA are collected on nitrocellulose filters (3), extracted and subjected
to electrophoresis in a polyacrylamide gel (4). The fewer base pairs present in a fragment,
the farther it will migrate when it is subjected to an electric field. Evidently this repressor
can cover from 30 to 100 base pairs. If the DNA has been labeled with atoms of a radioactive
isotope such as phosphorus 32, location of fragments can be visualized with autoradiogram.
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tion of two different sets of genes. The
turning off of these two sets of genes is
sufficient to cause the 40-odd remaining
genes, with the exception of cI, to stop
functioning. The dormant phage genes
can be switched on again by a suitable
inducing agent such as a low dose of ul-
traviolet radiation, which causes the re-
pressor to be inactivated.

The two operators, which are sepa-
rated by some 2,000 base pairs (includ-
ing the cI gene), are designated Oy, and
Og, the subscripts denoting left and
right. Repressor bound to Oy, blocks the
transcription of gene N and repressor
bound to Oy blocks the transcription of
gene tof. Gene N is transcribed to the
left beginning near Oy, and gene tof is
transcribed to the right from the oppo-
site. DNA strand, beginning near Og.
(DNA chains have a polarity determined
by the orientation of the sugar-phos-
phate linkage in their backbone. In each
double helix the linkage is designated
5’=3’ in one chain and 3’-5" in the other.
The numbers 3 and 5 refer to the third
and fifth carbon atoms in the five-carbon
sugar molecule. RNA is assembled in
the 5’=3’ direction, copied from a DNA
strand of the opposite polarity.)

One can speculate that it is clearly to
the phages’ advantage for some of them
to go into the prophage, or dormant,
stage and to be “revived” at a later time
under conditions that may be more fa-
vorable for multiplication. The phage
genes are reactivated by inactivation of
the repressor. Although there are many
conditions that result in repressor inac-
tivation, the details of the process are not
fully understood.

The lambda-phage repressor is a pro-
tein composed of subunits that have a
molecular weight of about 27,000. When
the concentration of the subunits in a
suitable medium is increased, they form
dimers and tetramers: two-subunit and
four-subunit associations. When the con-
centration is reduced, they dissociate.
Dimers or possibly tetramers must form
before the repressor is able to interact
strongly with DNA. We shall return to
the possible significance of this fact.

The Isolation of Lambda Operators

Regions on the DNA molecule thatare
bound to specific proteins can be iso-
lated by virtue of the fact that the en-
zyme DNAase digests any naked DNA
it encounters but leaves intact any DNA
that is covered by a protein. This prop-
erty of DNAase was utilized by Allan
Maxam and Gilbert to isolate an operator
region from the DNA of E. coli and was



When Cadillac made the Seville
.whlch car should they have copied?

The Seville was designed to be a smaller- HEADROOM FrONT 38.6  REAR 37.0
sized luxury car that got good gas mileage. LEGROOM  FRONT41.6 REAR 38.3
Naturally, they made it roomy. But, even though HIPROOM FRONT 51.4 REARS1.7
it's almost 22" longer than the Audi 100LS, the TRUNKROOM 12.8 cu.FT.

Audi has virtually the same legroom and head- MILEAGE (EPA EST.) HWY 21MPG CITY 15
room. And more hiproom. And trunk space. AUTOMATIC TRANSMISSION

They also made the Seville for per-
formance. But they
didn't put in
features like
front-wheel
drive as in

the Audi. Or rack-
and-pinion steering. CADILLAC SEVILLE

Or negative roll radius. $12 ’628

And, for a Cadillac, it got
good gas mileage. But it
just doesn't come close to Audi's economy. EPA HEADROOM FroNT 38.8  REAR 36.3
estimated that the standard shift Audi gets a LEGROOM  FrONT41.6 REAR34.6
terrific 30 miles per gallon on the highway and HIPROOM FRONT 55.7 REAR 55.2
20 miles per gallon in the city. TRUNKROOM 13.38 cu. FT.

And, finally, they put a price tag on the M\%AER?SSE (EPA EST.) HWY 30MPG CITY 20

S€Vﬂl€, one that was more than $5000 higher ACTUAL MILEAGE MAY VARY DEPENDING ON TYPE OF DRIVING,
. DRIVING HABITS, CAR'S CONDITION AND OPTIONAL EQUIPMENT.
than the Audi.

They tried, no question about it.
But the answer is still Audi.

*Based on sticker price excluding title, taxes
and destination charges.
**Suggested retail price,
standard shift, East Coast
P.O.E. Local taxes, trans-
portation and other delivery
charges, additional.
Automatic transmission
optional at extra cost.

AUDI 100LS

$7100°

The answer is Audi
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These days,couldn’t
your business
use a small miracle?

Closed, the Polaroid SX-70 Land camera is just
about as big as an appointment book. Open, it's a
very valuable asset.

The SX-70 can accurately record anything from
10.4 inches to infinity. Or give you a life-size image
with the optional close-up attachment.

And since operating a business demands a lot of
1 attention, it's good to know that operating the SX-70
' doesn't.

Just focus, frame and push the button. The cam-
era’s electronic system gives you the right exposure.
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Instantly you have a developing picture in your And since SX-70 prints are encapsulated in dur-
hand. There's nothing to peel or throw away. More able plastic, you can drop the photosinto your pocket.
important, there's nothing to pack and send away. They're tough enough to take it.

Then wait for. And stable enough to last. The metallized dyes
You know you have the picture you want because make Polaroid instant prints extremely fade-resistant.
you see it right away, The SX-70 is a miracle of time, convenience and

You can watch the sharp, crisp images come to dependability. And a very wise investment.

life in true-to-life colors. It takes only minutes.

But if things are moving quickly, the SX-70 is The SX-7O System from

ready to shoot again every 1.5 seconds. So you can
record every step of an event as it happens.
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Not everybody can do what you’re doing now.

Today in our country, justabout 21 million Americans
over 16 can’t even read a want ad.

The 5 million we’re trying to help are part of the
next generation.

Kids who will learn to read if they wantto. And want
to read if they’re given the incentive. And the books.

Let’s face it.

Unless you can read, your opportunities for
moving ahead in this world are pretty much limited to the
unemployment line.

That’s why RIF (Reading Is Fundamental) is helping
kids help themselves with 400 local, community projects
all across the country. Inthis Bicentennialyear, ourgoalisto
put 25 millionbooksinto thehandsof 5 millionkidswho
might not read without them.

Our problem is money. We need more of it to
keep going. And keep helping.

It’s tough to ask for money. And we know it’stough
to give it. But think howmuchtougheritwould beif you
couldn’t even read this ad.

Send your tax- ® ® L
exempt donation to
RIF, Box 23444,
Washington, D.C. 20024.
If America is going to grow up

thinking, Reading Is Fundamental. want v

toread this ===
ad because ' i

WANTED

they may Donations urgently

needed to help kids]
i want to read today, and
never & ~|grow up thinking to-
MOITow.
eableto. = :.%.
s | Washington, D.C.
20024
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If America is to grow up thinking,
READING IS FUNe DAMENTAL
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later utilized by Vincenzo Pirrotta, then
a postdoctoral fellow working with one
of us (Ptashne), to isolate the operators
on the DNA of the lambda phage to
which the repressor becomes attached.

By growing phage particles in a nu-
trient medium of E. coli cells containing
the radioactive isotope phosphorus 32
Pirrotta obtained molecules of phage
DNA in which the radioactive atoms re-
placed many nonradioactive phosphorus
atoms. The highly radioactive DNA was
mixed with purified repressor and then
with DNAase. The protected segments
of operator DNA were recovered simply
by passing the mixture through a nitro-
cellulose filter. The repressor, like many
other proteins, binds tightly to the filter
whereas free DNA and DNA-digestion
products pass through it. The operator
fragment bound to repressor is retained
in the filter and can be washed out with
a detergent solution. The operator frag-
ment isolated in this way was found to
be surprisingly large. A protein the size
of the lambda-repressor dimer or tetra-
mer should cover only 15 to 30 base pairs
of DNA, but Pirrotta found that roughly
85 base pairs were protected from
DNAase digestion by repressor.

We continued these studies of the
lambda operators by trying to discover
why such an unexpectedly large stretch
of DNA is covered by repressor. One
possibility we considered (the right one,
it turned out) was that the lambda op-
erators may have more than one repres-
sor binding site. We reasoned that if the
operators do have more than one bind-
ing site, the size of the fragment pro-
tected from DNAase digestion should
depend on the ratio of repressor to op-
erator in the digestion mixture.

We tested this possibility as follows.
We repeated Pirrotta’s procedure but
varied the ratio of repressor to operator
in the DNAase digestion mixture. We
then determined the size of the operator
fragments by subjecting them to electro-
phoresis in a polyacrylamide gel. The gel
acts as a molecular sieve; under the in-
fluence of an electric field smaller DNA
fragments migrate through the gel faster
than larger ones. Since the operator frag-
ments were labeled with radioactive
phosphorus their position at the end of
electrophoresis could be determined by
placing the gel on photographic film and
making an autoradiograph.

We discovered not only that the size
of the operator fragment protected by
repressor increases as the ratio of repres-
sor is increased but also that the size
increases in discrete steps. At low ratios
of repressor to operator a single DNA

fragment about 30 base pairs long is
recovered. At the highest ratios a sin-
gle fragment about 100 base pairs long
is obtained. At intermediate ratios the
fragments are of several intermediate
lengths. Moreover, this interesting result
was obtained whether we used lambda
DNA containing only the left operator
or lambda DNA containing only the
right operator. These experiments and
related ones led us to conclude that each
lambda operator does in fact have more
than one binding site for repressor. Ap-
parently repressor molecules can line up
adjacent to each other on the operator,
covering a minimum of 30 base pairs
and a maximum of 100.

An analysis of the complexity of the
DNA sequence in the various opera-
tor fragments identified in these experi-
ments revealed two important additional
facts about the structure of the two op-
erators. First, the repressor does not bind
randomly to any site within the 100-
base-pair operator sequence. Rather, it
binds initially at a site adjacent to the N
gene (in the case of Op) and at one or
two sites adjacent to the tof gene (in the
case of Og). As the repressor-to-operator
ratio is increased secondary sites adja-
cent to the first sites are filled. Second,
the base sequences of the various repres-
sor binding sites are similar but not iden-
tical. We obtained strong evidence
supporting these two facts by certain ex-
periments we need not review here and
confirmed them by the work we shall
now describe.

Host-Restriction Endonucleases

Experiments on the properties of DNA
molecules have been revolutionized in
recent years by the use of the enzymes
known as host-restriction endonucleases.
Most of these enzymes, which are widely
distributed in the bacterial kingdom,
have the remarkable property of recog-
nizing certain base sequences in DNA
molecules and cutting the DNA within
those sequences. For example, an en-
zyme (abbreviated Hin) isolated from

AUTORADIOGRAM shows the result of di-
gesting lambda DNA with a host-restriction
endonuclease, an enzyme (Hin) isolated
from the bacterium Haemophilus influenzae.
The enzyme cuts DNA when it encounters
a particular sequence of six bases. It cuts
lambda DNA into about 50 fragments whose
sizes are established by electrophoresis.
Numbers beside autoradiogram show num-
ber of base pairsin representative fragments.
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RIGHT OPERATOR | tof GENE——

| 45 BASE PAIRS |  30BASEPAIRS |

CUT BY ENZYME Hin——j\
CUT BY ENZYME Hph

HOST-RESTRICTION ENDONUCLEASES were used to cut lambda.phage DNA in various
ways until fragments were obtained in which the base sequence of the operator could be
determined. An enzyme (Hph) that was isolated from the bacterium Haemophilus parain-
fluenzae yields a DNA fragment consisting of 75 base pairs that include most of the right
operator, which lies next to the tof gene. The fragment can be cut in two by enzyme Hin.

POLYNUCLEOTIDE KINASE PLUS | ADP ~

DNAase DNAase

DETERMINATION OF BASE SEQUENCE in segments of operator DNA is established
with the help of enzymes. First, polynucleotide kinase is used to attach an atom of phos-
phorus 32 (32P) to the 5’ end of each strand in an operator segment including perhaps 30
bases. The strands are separated and mixed with endonuclease, a DNAase that degrades
DNA starting from 3’ ends. By removing samples at intervals fragments from one base to 30
bases in length are obtained. Subsequent steps are described in illustration on opposite page.

72

© 1975 SCIENTIFIC AMERICAN, INC

the influenza bacterium Haemophilus
influenzae cuts DNA in the middle of
the sequence GTTGAC paired (on the
other chain of the double helix) with
CAACTG. Another enzyme (Hpa) iso-
lated from the bacterial strain Haemo-
philus parainfluenzae cuts DNA in the
middle of the sequence CCGG paired
with GGCC. We need not be concerned
here that such enzymes may help to pro-
tect bacterial species from foreign DNA’s
(hence the term restriction enzymes) or
that some restriction endonucleases act
in a more complex way than Hin and
Hpa. The important point is that because
the recognition sequences are short they
tend to appear at many specific sites on
DNA molecules. For example, the en-
zymes Hin and Hpa both cut lambda
DNA at about 50 sites, generating about
50 specific DNA fragments, ranging in
length from fewer than 100 base pairs
to several thousand. (Remember that the
total length of the lambda DNA is about
47,000 base pairs.)

We designed an experiment with
lambda DNA and host-restriction en-
zymes that we hoped would yield two
specific fragments: one containing the
left operator and the other the right op-
erator, We reasoned that since the en-
zymes Hin and Hpa cut lambda DNA
into segments with an average length of
1,000 base pairs and since the operators
are separated by some 2,000 base pairs,
the enzymes should cut at least once
between the operators and, of course,
somewhere on either side of the opera-
tors. The result should be two fragments
with one operator in each. We further
reasoned that we could isolate the two
fragments by mixing the digestion mix-
ture with repressor and passing the mix-
ture through a nitrocellulose filter. Pre-
sumably only those fragments bearing
an operator would bind to the repressor
molecules and would be trapped in the
filter.

We performed this experiment using
the enzyme Hpa. When we examined
the trapped pieces of the lambda-DNA
molecule, we found, as we had hoped,
two specific fragments, one bearing the
left operator and the other the right op-
erator. When we repeated the experi-
ment with the enzyme Hin, however, the
results were strikingly different. Now we
recovered not two fragments bound to
repressor molecules but four. We inter-
preted this result to mean that Hin, un-
like Hpa, cuts the lambda DNA within
each operator, thereby splitting each op-
erator into two fragments that indepen-
dently bind repressor. Our conclusion
implied that the largest fragment of op-



erator, 100 base pairs long, isolated in
the DN Aase digestion experiment would
be cut by the Hin enzyme. That predic-
tion was soon verified.

The experiments with host-restriction
enzymes enabled us to state conclusively
not only that each lambda operator has
multiple repressor binding sites but also
that the sites can function independent-
ly. The latter conclusion was demon-
strated by the sites” ability to bind re-
pressor even when they are separated
with the cutting of the lambda DNA by
Hin,

The Base Sequence of Operators

The ability of the lambda repressor to
recognize and to bind to a number of
different sites within each of the two
lambda-DNA operators provides an un-
usual opportunity for studying the mo-
lecular basis of specific interactions be-
tween protein and DNA. With the hope
of being able to identify the sequence of
bases within  each operator that interact
with repressor, we traveled to the Medi-
cal Research Council Laboratory of Mo-
lecular Biology in Cambridge, England,
in the spring of 1973. There Frederick
Sanger, George Brownlee, Bart Barrell
and their co-workers had developed
novel methods for determining the se-
quence of bases in RNA molecules. Just
before our visit Sanger and his co-work-
ers reported their first success at devel-
oping methods for doing the same thing
with DNA molecules. In collaboration
with Barrell and John Donelson, a visit-
ing American postdoctoral fellow, we de-
termined the base sequence of the bind-
ing site in the left operator of the lambda
DNA that had the highest affinity for the
repressor protein.

On returning to Harvard some eight
months later one of us (Maniatis) estab-
lished the base sequence of most of the
right operator with the help of Andrea
Jeflrey, a research assistant, and Dennis
Kleid, a postdoctoral fellow. The meth-
ods used to determine the base se-
quences can be described very briefly.
First, we took advantage of the fact that
Richard J. Roberts and his colleagues at
the Cold Spring Harbor Laboratory had
collected and characterized a substan-
tial number of host-restriction endonu-
cleases, samples of which they had iso-
lated from various strains of bacteria.
With these enzymes, which were gener-
ously provided by Roberts, we proceed-
ed to dissect lambda DNA in and around
the right operator. We found that Hph,
an enzyme isolated from Haemophilus
parahaemolyticus, neatly excises a 75-
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DIFFERENTIAL MOBILITY OF FRAGMENTS is exploited to separate the DNA pieces
containing from one base to 30 or 40 bases produced by the method described in illustration
on opposite page. The mixture of fragments is first subjected to a special type of electro-
phoresis (not shown), which separates them in one dimension according to base composi-
tion, with fragments rich in Ts traveling fastest and fragments rich in C’s traveling slow-
est. The separated fragments are then carefully transferred to one edge of a glass plate
coated with an ionic resin to be separated in a second dimension by homochromatography.
The edge of the plate is dipped in a solution containing RNA molecules of assorted lengths,
which compete with the DNA fragments for ionic sites. The shorter DNA fragments are
bumped along faster than the longer ones. The result of the two-dimensional separation is
shown in the autoradiogram at the left. Reading upward, each spot represents a DNA frag-

ment one base shorter than the fragment responsible for the spot below it. The angle of dis-
placement between any two spots reveals which base is present in the lower fragment but
absent in the upper one and hence also reveals the sequence in which bases were removed
when the strands were digested one base at a time with DNAase. Thus the letters in the
drawing at the right represent sequence of bases in a central region of right operator; if
bases are read downward, they represent sequence along one strand in the 5’-3’ direction.
This method of determining base sequence was devised by Frederick Sanger and co-workers
at Medical Research Council Laboratory of Molecular Biology in Cambridge, England.

base-pair fragment that incorporates
most of the right operator. As one would
expect, the fragment is itself cleaved by
the enzyme Hin. The cleavage specifical-
ly yields two DNA fragments, one of
which is 45 base pairs in length and the
other 30, each incorporating part of the
right operator.

By combining some new methods of
our own with methods developed by
workers in Sanger’s laboratory (including
Edward Ziff and John Sedat, who were
then visiting American postdoctoral fel-
lows) we soon developed a fast and
accurate technique for determining the
base sequence in small lengths of DNA.
Remember that DNA chains have a
polarity depending on whether the back-
bone linkage is 5’3" or 3’-5". Our tech-
nique involves the use of the enzyme
polynucleotide kinase to attach a radio-
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active phosphorus atom to the 5" end of
each DNA chain. The chains are then
separated from each other and subjected
to electrophoresis under conditions such
that the base composition of each chain
determines its relative mobility in the
electric field.

We now determine the sequence of
bases along each chain with an ingenious
method developed by Sanger’s group.
Each chain is mixed with exonuclease, a
DNAase that degrades DNA one base at
a time starting from the 3" end, the end
that does not bear the radioactive phos-
phorus atom. Samples are removed from
the digestion mixture at regular intervals
and the enzyme is inactivated; hence we
recover all the partial products of the
degradation. Starting with a chain 30
bases long we end up with as many as 30
different DNA fragments having from
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SEQUENCES OF BASES have now been determined for 60-odd
base pairs in the left operator of the lambda-phage DNA and 70-
odd base pairs in the right operator. The presumed repressor bind-
ing sites, each 17 base pairs long, are in colored rectangles. Base
sequence of the Oy 3 site has not been completely determined. Bind-

one to 30 bases, all labeled at the 5" end
with radioactive phosphorus.

The fragments are now separated
from one another by electrophoresis;
they are placed along one edge of a sheet
of cellulose acetate and subjected to the
electric field. Under the influence of the
field the fragments migrate at a speed
influenced by their base composition. T’s
give rise to the fastest migration and C’s
to the slowest; the overall order is T, G,
A, C. Thus at the end of the electropho-
resis molecules rich in T’s, regardless of
their size, will have traveled farther than
those rich in G’s, and so on.

The distributed molecules are care-
fully transferred to one edge of a glass
slide coated with a thin layer of ionic
resin. There they are further separated
along an axis at right angles to the
electrophoresis axis by the procedure
called homochromatography. The plate,
clamped vertically with the fractionated
DNA fragments lined up along its lower
edge, is dipped in a.solution containing
RNA molecules of various lengths. As
the RNA molecules compete with the
DNA molecules for sites in the layer of
ionic resin, the DNA molecules are dis-
placed upward; the shorter the DNA
molecule is, the farther it travels. The
final position of each DNA fragment is
revealed on photographic film by auto-
radiography.

Since the fragments are labeled with
radioactive phosphorus, they appear as
dark spots running up the film. Remark-
ably, from the angle of displacement of
each fragment from its neighbor one can
deduce the identity of the base removed
by each step in the DNAase digestion
[see illustration on preceding page]. By
using both chains of the double-chain
DNA fragment, each labeled at its 5
end, we can determine the probable se-
quence of 30 to 40 base pairs quite
quickly. Although the sequence assign-
ments made in this way are not com-
pletely reliable, they can be verified and
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the ambiguities can be resolved by fur-
ther manipulations. The important gen-
eral point is that these methods enable
us to determine the base sequence of
any double DNA chain up to about 40
base pairs in length.

Our efforts in Cambridge and at Har-
vard have now yielded the base se-
quence of a large portion of the left and
right operators of phage-lambda DNA
[see illustration above]. The sequence
of the right operator was also determined
by Pirrotta at the University of Basel,
who used a method different from ours.
It is gratifying that the two approaches
yield the same sequence.

What do we learn by determining the
sequence of bases that constitutes the
lambda operators? As was first noticed
by Keith C. Backman, a graduate stu-
dent working with us at Harvard, there
are base sequences in both operators that
are strikingly similar. Presumably they
are the sites recognized by the repressor.
Each of the sites is exactly 17 base pairs
long; moreover, they are separated from
one another by “spacers,” strings of three
to seven bases that contain only, or near-

ly only, the base pair AT.

Mutations in Binding Sites

One of the strongest indications that
the closelyrelated 17-base-pair sequences
are indeed the sites recognized by re-
pressor comes from a study of mutations
that change a base pair in the operator
region. Kleid, Zafri Humayun and Stu-
art M. Flashman, working with one of
us (Ptashne), have now determined the
sequence of 12 such mutants, many of
which were selected and studied by
Flashman. Ten of the mutants change
the sequence of bases in the sites we
have called O.1, O;2, Ogl and Og2;
all of them decrease the affinity of that
portion of the operator for repressor.
Two mutations located in two different
spacer regions, and a third probably lo-
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ing sites are similar in base sequence; moreover, each site has con-
siderable rotational symmetry around its central base pair. This is
most readily seen by reading the base sequence on opposite strands
starting from opposite ends of a binding site and proceeding toward
the middle. Within each site one set of these “half-site” sequences

cated in another spacer, have no effect
on repressor binding. Instead they dras-
tically decrease the efficiency with which
the enzyme RNA polymerase initiates
transcription of the adjacent genes.

An interesting feature of the 17-base-
pair repressor binding sites is that each
has a partial internal symmetry. What is
meant by this is as follows. One reads
off the sequence of bases on opposite
strands of the binding site starting at op-
posite ends and proceeding toward the
middle. One finds that the two sequences
of eight bases on either side of the cen-
tral base pair are more similar than
would be expected if the sequences were
random. This partial twofold rotational
symmetry, as it can be called, is most ap-
parent in the site O 1, where six of the
eight positions are occupied by the iden-
tical base. If the sequence were random,
one would expect only two of the eight
bases to be the same. The other 17-base-
pair binding sites are also more symmet-
rical than would be expected by chance,
although they are less symmetrical than
the Oyl site. That site, perhaps signifi-
cantly, is also the site with the highest
affinity for repressor.

One way to compare the various re-
pressor binding sequences with one an-
other is to consider only the “half-site”
sequences obtained by reading the op-
posing chains in the 5-3" direction,
beginning at the ends of each 17-base
sequence and proceeding toward the
middle. If any site were perfectly sym-
metrical, the two half-site sequences
compared in this way would be identical.
In fact, certain symmetrically arranged
positions in every half-site are identical
[see top illustration on page 76]. For ex-
ample, at position No. 2 we always find
the base A; at positions No. 4 and No. 6
we always find the base C. Positions No.
5 and No. 8 are usually occupied by an
A and a G respectively. We infer that the
identity of the bases at these positions
cannot be changed without strongly af-
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pairs within repressor binding sites that have been altered in mu-
tant lambda DNA. In every case the mutation abolishes the affinity
of the repressor for that binding site. Three black arrows (a, b, ¢)
show location of mutations that do not affect repressor binding but

fecting the affinity of the site for repres-
sor. Evidently the requirements of the
other positions are not so stringent, al-
though the favored sequence is TAT-
CACCQG, with either C or G as the ninth
base (that is, the middle base of the 17-
base sequence). The 10 operator muta-
tions that have been found, each of
which abolishes affinity for repressor,
are located at positions No. 2, No. 5,
No. 6 and No. 8.

Is there any reason to expect that the
base sequences recognized by repressor
would be symmetrical? Some years ago
Walter Gierer of the Max Planck Insti-
tute for Biophysical Chemistry in Got-
tingen suggested that symmetrical se-
quences in DNA might form looped
structures and that the loops might be
recognized by repressors. We now have
good reason to believe repressors bind
to DNA in linear form; thus we prefer
to think that symmetry of the operator
reflects a symmetry in the structure of
the repressor. As we have mentioned,
the lambda repressor binds to DNA as a
dimer or tetramer made up of identical
subunits. On the basis of general consid-
erations of protein architecture we sus-
pect the repressor is largely, if not en-
tirely, symmetrical; therefore we would
not be surprised to find symmetry in the
operator to which it binds.

As was first noted by Hamilton O.
Smith and Kent W. Wilcox of Johns
Hopkins University, the sites recognized
by some restriction endonucleases, al-
though much shorter than those recog-
nized by repressors, also have a twofold
symmetry. Moreover, as Gilbert, Maxam
and their colleagues have shown, the op-
erator recognized by a different repres-
sor, the lac repressor, is highly symmetri-
cal. (The lac repressor turns off the genes
in E. coli that specify enzymes for the
utilization of the sugarlactose.)

Our analysis of the lambda operators
has emphasized the internal symmetries
in the repressor binding sites. It must be
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said, however, that there is no direct evi-
dence that the repressor actually inter-
acts with the DNA symmetrically. More-
over, we know of cases where proteins
recognize DNA sequences without there
being any apparent symmetries. In fact,
there may be a systematic asymmetry
in the various lambda-répressor binding
sites. Each 17-base-pair site has on one
side the sequence TATCACCGC or a se-
quence closely related to it, together
with another half-site where the -se-
quence is more variable. It is possible
that repressor protein bound to its op-
erator DNA is somewhat deformed and
not perfectly symmetrical.

An appraisal of the role of symmetry
in operator-repressor interaction may call
for the chemical synthesis of various
operator sequences and a study of their
interactions with repressor. In any case
we believe each repressor will recognize
its own favored DNA sequence; we have
no reason to believe the sequences of op-
erators recognized by different repres-
sors will be similar to the sequences of
the lambda operators. In particular, the
base sequence of the lac operator, the
only other operator whose sequence is
known, bears no obvious relation to
the sequences of the lambda operators.
Moreover, we cannot yet describe in any
detail how the repressors recognize their
operator targets in DNA. For example,
the 17 base pairs of a binding site occu-
py nearly two full turns of the double-
chain DNA helix. One can only guess at
what the repressor protein “sees.” Per-
haps some simple rules govern the rec-
ognition of base sequences by proteins,
but if they do, they remain to be dis-
covered.

How the Repressor Works

Our experiments with lambda repres-
sors and operators, taken together with
the results from several other labora-
tories, have revealed how the repressor
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do interfere markedly with the ability of RNA polymerase to rec-
ognize promoter regions for gene N and genes cl and tof respective-
ly. (Exact location of the mutation indicated by the arrow c is un-
certain.) The base sequence of the cI gene, which codes for the re-
pressor, has not been determined; it is about 1,000 base pairs long.

turns off its target genes. At the Univer-
sity of Basel, Alfred Walz and Pirrotta
have shown that in the absence of repres-
sor the enzyme RNA polymerase binds
tightly to, and protects from DNAase
digestion, a 45-base-pair sequence that
includes most of one of the repressor
binding sites. The same sequence in-
cludes about 20 base pairs of the begin-
ning of the gene the RNA polymerase
transcribes into messenger RNA. Many
other cases have been found where RNA
polymerase covers about 20 base pairs
on either side of the beginning of a gene.
(The covered region does not include all
the bases required for RNA-polymerase
recognition because, as was found by
Russell A. Maurer, a graduate student
working with us, and by others, muta-
tions some seven bases to the left of that
region severely impede the action of
RNA polymerase. The entire DNA re-
gion required for RNA-polymerase bind-
ing is called the promoter, and its exact
extent is not known.) RNA polymerase
apparently recognizes some aspect of the
base sequence near the beginning of
many genes. When the enzyme is sup-
plied with the appropriate substances on
which to act, it copies one chain of the
DNA sequence into messenger RNA.

The RNA-polymerase molecule is
some 20 times heavier than the repressor
molecule and is therefore several times
larger in volume. From the DNA region
covered by RNA polymerase one can see
that the enzyme competes with the re-
pressor for its binding site. Therefore
when repressor is bound to the operator,
RNA polymerase cannot bind to the pro-
moter region. The same effect is seen
with the lac repressor.

Why does each lambda operator have
more than one repressor binding site?
The lac operator has only one repressor
binding site, so that multiple binding
sites do not seem to be the general rule.
One possibility is that multiple sites al-
low for graded control. For example, if
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OPERATOR HALF-SITES are compared to
reveal their similarity. The 11 sequences
are those designated by colored letters in
illustration on preceding two pages. Each
sequence is written left to right in the 5'-3’
direction. Letters in color at left indicate
nine sites where 10 different mutations have
been found. Mutant bases that replace nor-
mal bases and abolish repressor affinity are
listed in the column at the right. Tabulation
at lower left summarizes frequency with
which each base appears at each position in
the 11 half-sites. One can see that the sec-
ond, fourth and sixth positions are invariant.

only one operator site is occupied by re-
pressor, some gene transcription might
occur, whereas if all sites were filled,
transcription would be abolished. Flash-
man and Barbara Meyer, another gradu-
ate student, have recently shown that the
maximum repression of transcription of
the tof gene requires that repressor be
bound to both Og1 and Ox2. Thus mu-

tation of either Ozl or Og2 decreases
the effect of repressor on the transcrip-
tion of tof, and mutation of both sites
has a stronger effect. Significantly, two
mutations at one site do not have as
strong an effect as two mutations at two
sites. Similar experiments show that the
maximum repression of gene N requires
repressor bound to both Ol and Op2.
We imagine that occasional unnecessary
expression of the lac genes is not harmful
to the cell, whereas occasional expression
of the lambda genes could be lethal. We
may therefore speculate that the lambda
system, involving multiple repressor
binding sites at each operator, has
evolved stricter controls than the lac sys-
tem, involving only a single repressor
binding site.

Recently Meyer has discovered a most
remarkable function for Og3: the third
repressor binding site in the right opera-
tor. She found that RNA polymerase
recognizes not one promoter region in
the right operator but two regions. Mov-
ing to the right from one promoter re-
gion, RNA polymerase transcribes the
tof gene. Moving to the left from the
second promoter region, it transcribes
the cI gene, the gene that codes for the
repressor. Although the exact starting
point for the transcription of the cI gene
is not known, it is probably just to the
left of Og3. We have mentioned the
fact that transcription of tof begins just
to the right of Oi1. Therefore we have
two genes, cI and tof, transcribed in op-
posite directions and separated by three
repressor binding sites.

Meyer has found that repressor not
only turns off the transcription of tof but
also turns off transcription of cI. In other
words, repressor regulates its own level
in the cell. From analysis of the effects
of mutations in the right operator we de-
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duce that repressor turns off the tran-
scription of ¢I primarily by binding to
Og3. Because repressor binds more
weakly to Og3 than to Ogl and Og2 it
allows a higher level of cI transcription
(and hence a higher level of repressor
protein) than it does of tof transcription
[see illustration below].

Even this description of the role of
the reiterated repressor binding sites
is probably incomplete. For example,
Meyer has found that relatively large
amounts of repressor turn off the tran-
scription of both tof and cI, whereas
smaller amounts suffice to turn off the
transcription of tof. On the other hand,
the smaller amounts of repressor actual-
ly enhance the transcription of cI, the
repressor’s own gene. This positive effect
of repressor on the transcription of its
own gene had been predicted by work
on whole bacterial cells infected with
bacteriophage lambda; the work was
done by, among others, Louis Reichardt,
who is now at the Harvard Medical
School. We do not yet know what mo-
lecular mechanisms are involved.

We suspect that as investigations pro-
gress even more sophisticated roles in
gene regulation will be assigned to the
system we have been describing. We
have described some features of the in-
teraction of two proteins, lambda repres-
sor and RNA polymerase, with the se-
quences in and around the lambda op-
erators. We know, however, that at least
two other proteins, the products of genes
N and tof, are themselves regulatory pro-
teins that almost certainly recognize se-
quences in the operators. Although our
understanding is far from complete,
these studies have begun to reveal how
complex patterns of gene regulation can
be described in terms of specific interac-
tions between proteins and DNA.
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RNA POLYMERASE BINDING SITE

RNA POLYMERASE BINDING SITE

PROMOTER REGION

RNA-POLYMERASE BINDING SITES overlap at one end of the
left lambda operator and both ends of the right operator. For sim-
plicity only the right operator is shown. Repressors produced by
the cI gene bind preferentially to Oyl and Og2, blocking expres-
sion of the tof gene. As long as no repressor is bound to O3, RNA.
polymerase molecules have access to the binding site next to the
cl gene and keep generating more repressors. (The exact location
of the RNA-polymerase binding site next to the cI gene is not
known.) Eventually, however, O3 is occupied by repressors and
access to the cI gene is blocked. The ability of RNA polymerase
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PROMOTER REGION

to bind to lambda DNA is influenced by the integrity of bases lying
somewhat outside the binding site. Thus mutations in the base
pair CG to the left of Oy2 make it impossible for polymerase to
transcribe the cI gene. Location of this gene within right operator
was first noted by Gerald Smith and his colleagues at University of
Geneva. A similar mutation in a CG pair between O;1 and O;2
(not shown) prevents transcription of N. A mutation believed to
affect a CG pair to right of Ogz2 blocks transcription of tof. Total
sequence of bases required for polymerase recognition is termed a
promoter; exactly how many bases are involved is not established.



When somebody mentions
crude oil and natural gas, most
people think of gasoline, motor oil,
and fuel for home and industry.

Diamond Shamrock sees more
than these products in a barrel of
crude oil or a thousand cubic feet
of natural gas. Because crude oil
and natural gas are also raw
materials in the production of
chemical feedstocks. At our
petroleum manufacturing complex
in the Texas Panhandle, facilities
are now under construction to
furnish these vital feedstocks for
our future growth in plastics, and
many other products.

Plastics used to make building
and construction materials, home
furnishings and household goods,
consumer goods such as rainwear,
sporting goods and toys,
automobile and
transportation
equipment,

medical goods, packaging fo
foods, hard and soft goods, and
a multitude of other things.

Diamond Shamrock

We're diling

> = - -::'-1-;!-;._-1. 1-1}'

Long before most
people were aware of
the impending energy
shortage, Diamond
Shamrock significantly
increased its budget for
domestic oil and gas
exploration and pro-
duction. Today, we have
expanded our net lease-
hold acreage by 52%,
and brought important
new sources of crude
oil and natural gas into
production.

Offshore in the Gulf, Diamond

Shamrock owns interests in 54
tracts, covering 244,300 acres of
Federal leases offshore Texas and
Louisiana. Natural gas is flowing
from 34 wells drilled from two
platforms and drilling operations
are underway from two others.
Six other platforms are under con-
struction. In shallower state waters
offshore Texas, Diamond Shamrock
owns major interests in two produc-
tion platforms already in operation.
Onshore Diamond Shamrock
has assumed a leading position in
the Rocky Mountain area,
principally in Wyoming.

gas fields in the Anadarko Basin

of the Texas Panhandle and we are
actively evaluating promising areas
in Alabama, Arkansas, Florida,
Kansas, Louisiana, Montana and
Texas. Long-range, we are
preparing for participation in such
frontiers as offshore Atlantic, the
Gulf of Alaska, Bristol Bay, and
other domestic areas.
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for pIa.

We've stepped up development of

In addition to gasoline
sold through branded
service stations in 10
Southwestern and Rocky
Mountain States, other
Diamond Shamrock
petroleum products
include: diesel fuel,
lubricants, jet-turbine
fuel, liquefied petroleum
gases, fertilizers, asphalt
i and sulphur.

And when our expanded
L facilities in the Texas
Panhandle are completed
in 1976, feedstock from oil and gas
operations will be going to our
chemical plants in the Houston area.

For more information about
Diamond Shamrock, the interna-
tional corporation that’s turning
industries around with chemistry
and energy, write: Diamond
Shamrock, 1100 Superior Avenue,
Cleveland, Ohio 44114.

Because when we drill for oil and
gas, we're drilling for more than
just gasoline, motor oil, or heating
fuel. - —



Trade your hog

You loved that car of yours puts itself on as you sit down.
when it was new, didn't you? Still another example: econ-

All bright and shiny and omy and performance.
everything? The EPA estimates that the

How could you know the Rabbit with stick shift got
world would change? How 39 mpg on the highway, 25 mpg
could you know it would use in the city.

(Actual mileage may vary,
depending on type of driving,
driving habits, car's condition
and optional equipment.)

Economy alone is
a major
accom-
plishment. But
economy plus

g bI b I great performance
eat belts put themselveson. (5 |gse to g miracle.

too much gas, too much space,
too much everything?

How could you know that
there would be a VW Rabbit?

We knew 5years ago. That's
when we started —from abso-
lute scratch —to design the
one and only car that honestly
makes any sense foday.

It's almost as if we re-invented
the wheel. We re-thought every
detail, every old concept of car Quite an achievement. We've done it.

design to get to the new con- Another example: safety. }

cept of the Rabbit. The Rabbit helps make you a
For example,size:  safer driver.

The Rabbit is Front-wheel drive gives you _
abigcar. Not  better tracking.
to look at. Out- Rack-and-pinion steering N
side, it parksin  gives you better handling.

almost no space. If one front tire blows,
But inside,there  negative steering roll radius
Even the key is more glass area helps you to a straight stop.
ispadded ~ than in g Lincoln Ifone brake circuit fails,
forsafety.  Continental Mark ~ a second circuit is still there.

IV; as much legroom and head- A totally new rear axle

room as some mid-sized cars; makes the car more stable (and
and (with the rear seatdown)  safer) on rough roads.

more luggage space than a The deluxe Rabbit also has an
Cadillac Fleetwood. utterly unique safety belt that

Shelf up. Shelf and seat Seats fold again. Now

Hidden fold down. it's a station wagon. Sheet

LUQ?:‘;Q e Tilted engine, metal
pace. & sloping hood, absorbs
g bettervisibility. impact.

-
-

Engine ideways
for more space.

steering wheel.
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for a Rabbit.

_Eh. e

0-50 mph in 8.2 seconds. No other car gives you this kind of power with so much economy.
The Rabbit zips from 0 to 50 mph "
in a mere 8.2 seconds. —

A 321,000 Maserati doesn't do \
much better. If

No other car gives you this Dual ne p, W\ e
kind of power with so much diagonal ég "’?‘c .
economy. brakes: oco® Yit fo; /e

There are more than
80,000 VW Rabbits

Ko

hopping around the U.S. already.
It is the most successful new
foreign car introduction in

history. 'rm
zing

Our biggest sale was to
Detroit's Big Three-56 Rabbits.We
don't think it was a gesture
of friendship or because
they liked the colors.
They are tearing
them fo pieces
N to find out how
W‘? we did it. We

W did it the hard
& way—from
scratch.

But it was

worth it.
The Rabbit
1s a happy car,
and we re happy with it
At first, we were worried
about the future of the car.

Now we've come up with the
car of the future.

iy

y
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SPEARING STOMATOPOD of the species Squilla empusa is The species is a major predator of shrimp. Specimen in this photo-
found in the shallow waters off the coast of the southeastern U.S. graph is 11 centimeters (about four and a quarter inches) long.

(TR - ._A.__-._

SMASHING STOMATOPOD of the species Odontodactylus scyl-
larus is found in the Indian Ocean and the Pacific. The specimen aquariums. The smashing strike of this stomatopod’s raptorial ap-
shown here is 17 centimeters (about six and a half inches) long. pendages has sufficient force to break the glass of an aquarium.

This colorful species is commonly imported for display in marine
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STOMATOPODS

These shrimplike creatures are formidable predators. Two of their

forward appendages are adapted either for spearing or for smashing.

One blow from a smasher can break the shell of a good-sized clam

mantis shrimps, are predatory
crustaceans that live in the shallow

: ;tomatopods, commonly known as

waters of tropical and subtropical seas. -

They dwell in burrows and cavities and
feed on other marine animals such as
annelid worms, snails, clams, shrimps,
crabs and fishes. Although stomatopods
can be so numerous that in some waters
they are a major predator, they are sel-
dom seen because of their retiring hab-
its. The most an exploring diver is likely
to see of a stomatopod is a pair of eye-
stalks peering out from a mud burrow or
a cavity in rock or coral. Retiring though
stomatopods are, they are also extremely
aggressive, both in capturing prey and in
defending their territory; as a group they
are among the most pugnacious animals
known. The most notable feature of a
stomatopod is the two large forelimbs it
uses to attack its prey. These raptorial
appendages unfold and shoot forward
much like the forelimbs of the pray-
ing mantis. They are adapted either for
spearing or for smashing, and in the evo-
lution of stomatopods the structure and
function of these two different types of
appendage have interacted closely with
other aspects of the animals’ morphology
and with their patterns of behavior.
Stomatopods are not closely related to
shrimps or other marine crustaceans.
They appear to have split off from the
leptostracan stock some 400 million years
ago. Originally they were filter feeders,
using their thoracic appendages as food
strainers. Fossil evidence indicates that
some 200 million years ago one forward
pair of appendages, the second maxilli-
peds, were evolving into large folded
limbs. (“Stomatopod” is from the Latin
for “mouth-foot.”) These animals were
the first true stomatopods. During the
Jurassic period, from 190 million to 135
million years ago, the stomatopods ra-

by Roy L. Caldwell and Hugh Dingle

diated into the four modern families: the
Squillidae, the Lysiosquillidae, the Go-
nodactylidae and the Bathysquillidae.
The Bathysquillidae are found in deep
water and have rarely been taken alive,
so that nothing is known about their be-
havior. The remaining three families are
found in shallow waters, and we have
collected data on more than 40 species
distributed around the world.

There are currently about 350 known
species of stomatopods, and additional
species are being discovered every year.
The species range in length from 15 to
335 millimeters (half an inch to 13 inch-
es), and many of them are brightly col-
ored. They can be divided into two
functional groups: the spearers and the
smashers. The spearers consist of all the
Squillidae, Lysiosquillidae, Bathysquilli-
dae and several genera of the Gonodac-
tylidae. The smashers consist of only a
few genera of the Gonodactylidae.

Among the spearers the last joint of
the forelimb is equipped with sharp
spines, from three to 17 of them. This
spined dactyl is used to spear soft-
bodied prey such as fishes and shrimps.
The strike is made with the dactyl open
and is one of the fastest animal move-
ments known. It is completed in from
four to eight milliseconds, and the ve-
locity of the movement is more than
1,000 centimeters per second even un-
der water. Once the prey is stabbed it is
pulled toward the stomatopod’s mouth-
parts and ripped to pieces by its sharp,
serrated mandibles and by its third,
fourth and fifth maxillipeds, which are
equipped with hooks. The spines of the
dactyl are barbed at the tip, so that the
stabbed prey is unlikely to slip off. In
many species the second joint of the
raptorial appendage also has spines,
which help to secure the prey when the
dactyl is folded.

© 1975 SCIENTIFIC AMERICAN, INC

Most spearers dig their burrows in
mud or sand and wait in ambush at the
entrance. For example, Squilla empusa,
a stomatopod that is common off the
coast of the southeastern U.S., digs a
hole or trench and often lies in wait cov-
ered with silt so that only its eyestalks
are exposed. The species is abundant in
commercial shrimp beds and is believed
to be a serious predator of shrimps.

Many of the larger spearers that feed
on fishes have greatly elongated raptori-
al appendages, which give them a reach
of half their body length. Harpiosquilla
harpax, a 250-millimeter (10-inch) stoma-
topod of the Indian Ocean, can strike
130 millimeters. We have seen this spe-
cies catch a 110-millimeter fish and de-
vour it in four minutes.

The smashing stomatopods have a

dactyl with few spines or none, but
in most of them the heel of the dactyl is
greatly enlarged. During the strike the
dactyl remains folded, and the prey is
struck by the blunt heel. These stoma-
topods normally feed on armored ani-
mals such as snails, hermit crabs, clams
and crabs, which they batter to pieces.
The strike of a large species of smasher
such as Hemisquilla ensigera (250 milli-
meters long) has a force approaching
that of a small-caliber bullet. A large
specimen of this species from southern
California broke an aquarium wall con-
sisting of a double layer of safety glass.
Even small species 80 millimeters long
can break the wall of an ordinary glass
aquarium.

Most smashers live in cavities in rock
or coral. They visually select their prey
and stalk it. When a stomatopod attacks
a crab from the rear, its first blow stuns
the crab; subsequent blows knock off the
crab’s legs and claws and smash its cara-
pace. When the stomatopod attacks a
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crab from the front, its first blows are
usually directed at the crab’s claws.
When the claws are broken, further
blows crush the crab’s carapace and
break its legs. The stomatopod then
drags the battered hulk to its dwelling
cavity, where it breaks the crab into
small pieces and picks the tissue from
the exoskeleton. Snails, clams and her-
mit crabs living in snail shells are sim-
ply seized and taken to the cavity. The
stomatopod wedges the prey against the
wall with its third, fourth and fifth max-
illipeds and repeatedly strikes the shell
with its raptorial appendage until
enough of the shell is broken away for
it to pull out the soft tissue.

SPEARER of the species Harpiosquilla harpax is shown in a typi-
cal attitude. This species can grow to a length of 25 centimeters (10

The feeding efficiency of an interti-
dal species, Gonodactylus chiragra, was
studied in Thailand by one of us (Cald-
well). The species lives in rock cavities
and forages over the reef flat. After it
has captured and eaten its prey, it dumps
the broken shells outside its dwelling
cavity. The broken shells made it easy
to identify the various items in the ani-
mal’s diet. These stomatopods normally
ate snails, hermit crabs and clams. Some
of them were captured and were offered
different sizes of snail in the laboratory.
Although they were quite capable of
breaking the shells of snails up to 30 mil-
limeters long, they preferred smaller
snails. They also preferred snails to her-

ANTENNULE
ANTENNA

MAXILLIPEDS

mit crabs that lived in shells of the same
size. Most of all these stomatopods pre-
ferred clams; it takes only a few strikes
to break open the shell, and the amount
of edible tissue obtained for the effort
is much greater than it is with other
prey animals.

The number of strikes the stomato-
pods needed to break open the shell of
snails and hermit crabs of various sizes
was recorded, together with the amount
of tissue they got out of the shells. With
this information the amount of edible
tissue the stomatopod could get per
strike with prey of various kinds and
sizes could be calculated. The results
showed that the stomatopods were

RAPTORIAL APPENDAGE

inches). Like all spearers, it has two modes of striking with its
raptorial appendages (right). In capturing prey it uses a spearing

SMASHER of the species Gonodactylus chiragra can grow to a
length of about 10 centimeters. As do all smashers, it uses its rap-
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torial appendages both in combat with other stomatopods and in
attacking prey. If the prey is soft-bodied, the smasher will change



&

choosing the prey that gave them the
greatest amount of tissue per strike.
Another interesting observation made
in the course of the study was that indi-
vidual stomatopods show considerable
plasticity in learning how to open vari-
ous kinds of shell. Each animal devel-
oped its own style of attacking shells and
used a favorite rock as an anvil. Some
would always break the apex of the shell
first, others would break the lip and still
others would shear off the whorls on one
side. Studies of other species of smashers
have shown that when they are given
novel food items, they are at first ineffi-
cient in breaking open the shell but with
experience their efficiency improves.

.| WG

DACTYL

strike. In combat with another stomatopod
spearers usually hit with the dactyls closed.

from a smashing strike to a stabbing one.
It also sometimes stabs in intense combat.

The power of the smashing strike is so
strong that the smasher could conceiv-
ably break off a dactyl. Some newly cap-
tured smashers are missing one raptorial
appendage or both appendages, or have
a dactyl with a broken heel. Such dam-
age is not, however, the result of feeding
activity but of fights with other stoma-
topods. When a raptorial appendage
of a stomatopod is severely damaged,
the animal cannot simply shed the limb,
as a crab can. It literally tears the limb
off with its maxillipeds, and a new ap-
pendage regenerates over the next two
or three molts. Intact dactyls show sur-
prisingly little wear. Although a smasher
may make hundreds of strikes per day at
hard snail shells, the heels of its dactyls
show very little erosion, even over a pe-
riod of several months between molts.

The tip of the smasher’s dactyl, as dis-
tinct from the heel, is sharp but not
barbed like the spined dactyl of spearers.
On occasion a smasher will strike its prey
with its dactyl tip open, usually after the
prey has been struck at least once by a
smashing blow. That can happen if one
holds a stomatopod in one’s bare hand,
a point that has been painfully driven
home to us. Apparently the animal gets
some feedback information about the
softness of the target and changes its
mode of attack.

Most stomatopods are territorial and

vigorously defend their dwelling
space. The strike of a stomatopod is po-
tentially lethal to other stomatopods and
is usually somewhat modified when it is
directed against a potential competitor
of the same species or a closely related
one. Spearers normally strike at another
stomatopod with a closed dactyl, which
is much less likely to inflict serious injury
than the piercing strike of an open dac-
tyl. Smashers also attack an intruder
with a closed dactyl, but they normally
direct the blow at the intruder’s body
armor and thus rarely inflict a fatal in-
jury. Under certain conditions, however,
many smashers will stab an intruder with
an open dactyl. If blood is drawn during
a fight, some smashers will try to stab
and kill their opponent.

When two smashers are fighting, most
of the blows are delivered to the telson,
or tail shell, which is heavily armored.
Spearers do not have a powerful smash-
ing strike, and in combat they direct
their blows at all parts of their oppo-
nent’s body. The telson of spearers is
more fragile, even though in some spe-
cies it is armed with sharp spines. The
telson of smashers has numerous large
ridges with heavy, blunt projections in-
stead of sharp spines. The ridges appar-
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RAPTORIAL STRIKE of a spearer is de-
picted. When the prey, in this instance a
fish, swims into range, the stomatopod
strikes with both raptorial appendages. The
strike is one of the fastest animal movements
known, attaining a velocity of more than
1,000 centimeters per second. Spines on the
second joint of the raptorial appendage se-
cure the prey when the dactyl is folded. The
captured fish is pulled to the mouthparts and
ripped apart by hooks on the maxillipeds.
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FEEDING EFFICIENCY of a five-centimeter Gonodactylus chiragra is shown in terms of
the number of strikes it requires to completely break open snail shells of various sizes and
the amount of tissue it obtains per strike. The stomatopod strikes on the average once every
30 seconds and can take three hours to break open larger shells. When offered snails of vari-
ous sizes, G. chiragra selects the sizes that give it the highest amount of tissue per strike.

ently give the telson structural support,
enabling it to withstand crushing blows.
A survey of the telson morphology of
various species of stomatopods shows
that as the crushing power of the strike
increases there is a concomitant increase
in the armoring of the telson.

Smashers that have evolved heavy
telson armor employ a unique defen-
sive behavior when they are fighting.
The animal being attacked lies on its
back and coils its telson upward, so that

blows are taken on the telson’s outer
surface. When there is an opening for a
counterattack, the animal momentarily
lowers the telson, lunges forward and
strikes its opponent, which has coiled in
response so that the blows fall on its
own telson. After the attacking stoma-
topod has struck a blow, it quickly
resumes its coiled posture. The armor
of the telson, together with the shock-
absorbing action of the coiled abdo-
men, minimizes physical damage.

COILED DEFENSIVE POSTURE of the smasher is shown at the left. The stomatopod lies
on its back and presents its armored telson to the attacker, which has just uncoiled and is
lunging to strike. After it has struck a blow it will recoil and the opponent will lower
its telson, lunge forward and strike. This ritualized fighting minimizes physical damage.
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A few species of smashers, for exam-
ple Gonodactylus chiragra, engage in
such ritualistic combat less frequently
than others. Instead the animal tries to
circle around its opponent and kill it by
striking at the head or the thorax. The
killing species tend to be found in areas
where there is intense competition for
suitable cavities. Their unrestrained at-
tack behavior gives them a competitive
edge over species that use the ritualized
coiling form of combat, particularly
since they are the largest and most pow-
erful species in the community.

Smashers also use their armored telson
to defend their domicile. They block the
opening of the cavity with the telson and
thereby bar the entry of competitors or
predators. The species of one genus,
Echinosquilla, have evolved a telson that
mimics a small sea urchin, so that the
telson serves to camouflage the opening
as well as to block it.

When a smashing stomatopod is at-
tempting to evict another stomatopod
from a cavity, it will coil with its telson
directed at the entrance. The telson pro-
vides protection against the strikes of the
cavity’s occupant. Haptosquilla glypto-
cercus, which has the heaviest armor of
any species we have studied, even uses
its telson to evict the occupant of a cav-
ity. It forces its way into the cavity tail
first and then stops, plugging the en-
trance. It holds that position for several
minutes, receiving repeated blows on the
telson from the occupant of the cavity.
Periodically the intruding animal with-
draws from the entrance for a few sec-
onds and then reinserts its tail. This be-
havior may continue for several hours
until the occupant flees. We do not know
whether the eviction results from a re-
duction of the oxygen in the blocked
cavity, from a fouling of the water in the
cavity by aggressive defecation or from
prolonged stress.

One of the largest stomatopods stud-

ied by one of us (Caldwell) is the
smasher Odontodactylus scyllarus. The
power of its blow is impressive. In the
laboratory we have seen this species
break open the shell of very large snails
such as the fighting conch. O. scyllarus
rarely engages in combat, however. If it
did, its heavy blows could be fatal to an
attacking stomatopod. Instead it presents
a series of ritualized threat displays with
its raptorial and posterior appendages.
Interestingly, its telson is not heavily
armored, and it has spines similar to
those found on spearing stomatopods. It
is a plausible hypothesis that this species
has not evolved an armored telson and
a more potent attack behavior because



ACANTHOSQUILLA
ACANTHOCARPUS

PSEUDOSQUILLA
CILIATA

TELSONS AND RAPTORIAL APPENDAGES of two species of
spearers (left) and two species of smashers (right) are depicted.
The telson of spearers is relatively fragile. In some species it is
armed with sharp spines. The raptorial appendages of spearers typi-

no amount of armor could protect it
from the smashing strike of an opponent
of the same species.

Most species of stomatopods have a
conspicuous threat display that involves
a posturing of the antennules, antennal
scales and maxillipeds and the spreading
of the raptorial appendages to expose a
depression called the meral spot [see
bottom illustration on next pagel. The
effect is to increase the animal’s appar-
ent size and to dramatically display its
offensive weaponry. The meral spot of
many smashers is brightly colored and

GONODACTYLUS
INCIPIENS

HAPTOSQUILLA
GLYPTOCERCUS

edged in black. Species of stomatopods
that make frequent use of a threat dis-
play typically have the most conspicu-
ous meral spot. The meral spot of most
spearers is rather dull in color. In gen-
eral smashers use the meral display
much more often than spearers do. The
close association of frequent threat dis-
play and conspicuous coloration is an-
other example of the coevolution of be-
havior and morphology in stomatopods
[see illustration on page 88].

When several species of a stomatopod
genus are found in the same area, each

© 1975 SCIENTIFIC AMERICAN, INC

cally have spines, whereas the raptorial appendages of smashers
have few spines or none. The telson of smashers is armored with
ridges and blunt projections. Species of smashers that have power-
ful smashing appendages tend to have a heavily armored telson.

species usually has a distinctive meral
spot. This color-coding apparently serves
for species recognition in both aggressive
and reproductive behavior. For example,
two species common off the coast of Flor-
ida have the same body size and similar
body coloration. They are often found
in the same area, and the only way to
readily tell them apart is by the color of
the meral spot. One species, Gonodacty-
lus oerstedi, has a purple spot; the other,
G. bredini, has a white spot. We have
studied four similar species of smashers
in the waters off Thailand; all live on the
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The Unseen Universe

Photographs from the
Scanning Electron Microscope

C. P. GILMORE

With 175 Photographs

An unusual collection of photographs of
the microscopic world that must be
seen to be believed. Their almost-
three-dimensional appearance makes
the viewer believe that he can actually
reach out and touch the object on the
page. These photographs will also
fascinate those who are philosophically
interested in the structure of the world
in which we live. Structures of seemingly
unearthly beauty abound; yet each
structure is functional in Nature. The
Unseen Universe provides an awesome
sense of the beauty and complexity
that lies around us, too small to be
noticed. Paperback $8.95

Cymatics |
The Structure and Dynamics of
Waves and Vibrations

Cymatics Il
Wave Phenomena. .. With Their
Structure, Kinetics, and Dynamics

HANS JENNY

Each Volume lllustrated with
12 Color Plates and Hundreds o
Black-and-White Photographs

“I'm not trying to imitate Nature, I'm
trying to find the principles she’s using.”
—Buckminster Fuller. Hans Jenny spent
ten years photographing the principles
of Nature, and the results, photographs
and text, are contained in these volumes.
Cymatics (from the Greek, ta kymatika:
pertaining to waves) is the interrela-
tionship of wave-forms with matter.
The study of cymatics is a search for the
underlying forms in Nature, and in
Reality. It is the ultimate science which
seeks to relate all forms of energy into

a unified pattern. Based on a philosophic
tradition beginning with Pythagoras
and carried to the present in the writings
of Goethe and Rudolf Steiner, Jenny
has given us pictures of the energy-flow
which until now have been hidden from
us. The conclusion is that Reality is
composed of vibrations, and that we
cannot escape their effects.

Two volumes, each $39.50

SCHOCKEN BOOKS

200 Madison Avenue, New York 10016
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BARBED TIP of the dactyl spine of a spearer, Squilla empusa, is shown enlarged 125 di-
ameters in this scanning electron micrograph. The barbs prevent prey from slipping off.

DACTYL TIP of a smasher, Odontodactylus scyllarus, is shown enlarged 125 diameters. Al-
though the tip is occasionally used to spear prey, it does not have barbs. Both of the micro-
graphs on this page were made by L. Jackson of the University of California at Berkeley.

x

CONSTANT THREAT DISPLAY of Gonodactylus smithii in the course of a fight frequent-
ly enables it to bluff its way through encounters with larger stomatopods. It has the most
conspicuous meral spots and widest meral spread of any stomatopod studied by the authors.
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edge of a reef and are distinguished by
their meral spots, which in this instance
are white, orange, yellow and purple. In
the Gulf of Siam three species of spear-
ers live side by side on mud flats. They
are quite similar in appearance except
for their meral spots, which are dark
gray, light blue and yellow.

The threat display not only makes a
stomatopod appear larger; it also signals
a readiness to attack, and this in turn can
inhibit attack by another animal. In one
series of experiments we placed two in-
dividuals of the species Gonodactylus
zacae in a container and observed their
behavior the first time the two animals
came in contact. When the animals were
of equal size, not a single attack occurred
when one of the animals gave a threat
display during the initial contact. At-
tack was common when one of the ani-
mals did not give a threat display.

In many other Gonodactylus species
smaller individuals tend to give a greater
number of threat displays, both when
they are matched against a stomatopod
of the same size and when they are
matched against larger stomatopods.
Older ones are more likely to employ a
“hawk” strategy, attacking first and then
retreating into a defensive posture, with
a threat display if necessary.

Gonodactylus smithii has the largest I

and most conspicuous threat display of
any species we have studied. When it
meets another stomatopod, its behavior
is characterized by almost constant dis-
play. It is frequently able to bluff its way
through initial encounters with species
that are actually more aggressive.

There is evidence that threat behavior
in a species is plastic, and that the fre-
quency of threat display varies between
communities of the same species. At Eni-
wetok atoll in the western Pacific Hapto-
squilla glyptocercus lives with two less
aggressive species, and none of the three
species uses threat display very often. In
Thailand H. glyptocercus is found with
two larger and more aggressive species.
There it threatens more than twice as
often as it does in the Eniwetok com-
munity, both against the other species
and against other H. glyptocercus indi-
viduals.

The strike of smashing stomatopods is

so potent that the survival of a spe-
cies calls for the accurate communica-
tion of aggressive intent. We have found
a positive correlation between the power
of a stomatopod’s strike and the com-
plexity of its behavioral repertoire.
Spearers typically have seven or eight
different aggressive displays. These in-
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| clude acts such as approaching, meral
| display, striking, grasping and avoid-
ance. Smashers, on the other hand, have
complex repertoires that may consist of
30 or moredifferentacts.

Smashers that live in areas where
there are a limited number of dwelling
cavities tend to be more aggressive and
to have more complex patterns of ag-
gressive behavior than smashers in areas
where suitable domiciles are abundant.
For example, smashers that live in rub-
ble cavities, which are usually found only
in limited numbers in any one area, are
extremely aggressive, whereas those
that occupy cavities in live coral, which
are usually found in larger numbers in
any one area, tend to be less aggressive.
Gonodactylus platysoma often does not
occupy cavities at all but takes shelter in

GONODACTYLUS
PLATYSOMA

|

G. INCIPIENS

G. SPINULOSUS

G. ZACAE

G. TERNATENSIS

G. SMITHII

the large spaces under live coral. It is the
least aggressive of the smashers we have
studied and has the smallest repertoire
of aggressive behavior.

Spearing stomatopods also show a
stronger correlation between aggressive
behavior and habitat. Spearers that dig
long, complex burrows tend to be more
aggressive than spearers that dig shal-
low tubes or trenches. In spearers ag-
gressiveness appears to be correlated
with the amount of energy and time put
into burrow construction.

We have found that when several
stomatopod species live in the same
area, the more aggressive species are
more abundant than the less aggressive
ones. We have three clear examples. Be-
fore 1954 Pseudosquilla ciliata, a spear-
er, was the only stomatopod known to
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DARK
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1 1 1 1 L 1 —J 2

0 1 2 3
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l NUMBER OF THREAT DISPLAYS

! NUMBER OF THREAT DISPLAYS given by six species of Gonodactylus are shown. The

| data were obtained from observation of 40 individuals of each species during a 10-minute

confrontation with another stomatopod. It was found that species with conspicuous meral
‘ spots tended to give threat displays more often than species with less prominent meral spots.
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inhabit cavities in the coral rubble
around the Hawaiian Islands. Then a

powerful smasher, Gonodactylus falca- |

tus, was introduced (probably by Navy
barges), and by 1963 the smasher had
evicted the spearer from the coral rub-
ble. The spearer is now found only on
sand flats, where it constructs burrows
or lives under small rocks or marine
algae. When G. falcatus and P. ciliata,
which are about the same size, fight in
the laboratory, G. falcatus always wins.
On the intertidal mud flats at Ang Sila
on the Gulf of Siam the spearer Cloro-
dopsis scorpio is five times more abun-
dant than another spearer, Oratosquilla
inornata. Both are the same size, have

the same diet and dig their own burrows. |

The burrow of C. scorpio, however, is
more complex than that of O. inornata.
When the two species fight, C. scorpio
easily defeats O. inornata, and it is al-
most always able to evict O. inornata
from its burrow.

We have mentioned that Haptosquilla
glyptocercus is the most aggressive
stomatopod in the coral-rubble habitat of
Eniwetok but is dominated by other spe-
cies in Thailand. We also found a rela-
tion between aggressiveness and abun-
dance: at Eniwetok H. glyptocercus is
the most abundant species, and in Thai-
land the other species are more abun-
dant. Although the relation undoubtedly
exists, it is not as simple as it might at
first appear. If aggressiveness were the
only factor involved, it would be diffi-
cult to explain the coexistence of several
species.

It may be that the less aggressive
species survive by specializing in a mi-
crohabitat that differs slightly from the
microhabitats of the more aggressive
ones. Other factors could also account for
coexistence, among them differences in
the degree to which the various species
are preyed on by other animals, differ-
ences in size and differences in rate of
reproduction.

The two lines of stomatopods—the

spearers and the smashers—point an
evolutionary moral. Our studies show
an unmistakable association between
changes in the form of the stomatopods’
raptorial appendages and changes in
their behavior, body armor, threat dis-
play, type of habitat and competitive
ability. The stomatopods are an unusual-
ly clear example of the unity of evolu-
tion, reminding us that evolutionary
change in one part of an organism is
only one aspect of a comprehensive
transformation of the entire organism
and its place in nature.
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Paleoneurology and the Evolution of Mind

Tracing changes in the relation between brain size and body size

in various groups of fossil and contemporary animals sheds light

not only on the evolution but also on the nature of intelligence

r I Yhe mind evolved. Paleoneurology,
which deals with the evidence of
nervous systems in fossil animals,

provides new clues to the nature of that

evolution. Integrated with information
about the variety of brains and behav-
iors in living vertebrates and knowledge
of how neural tissue is packaged in
brains, the fossil record can be inter-
preted to develop a coherent account of
the evolution of intelligence over the
500-million-year span of vertebrate his-
tory. That account provides fresh per-
spectives on the nature of intelligence as

a biological phenomenon.

The approach complements more tra-
ditional ways of studying the evolution
of mind: ethological analyses, based
on naturalistic observations of species-
typical behaviors of living animals, and
psychological studies, which measure
the competence of various species in
standardized laboratory tests. The tra-
ditional analyses build on evolutionary
relations among living animals to recon-
struct the evolution of behaviors; the
variety of present patterns of behavior
are projected backward in time to prob-
able ancestral patterns. With paleoneu-
rological data, on the other hand, the
approach to the evolutionary history of
the brain is direct, and the history is in-
terpreted in the light of present-day
relations between brain and behavior.

The strategy of the paleoneurological

analysis of mind is to identify a mor-
phological trait as a correlate of mind,
or biological intelligence. If the mind
evolved, certain trends in the evolution
of that correlated trait should be evident
in the fossil record. For example, since
there are obviously different grades in
the distribution of intelligence or mind
in living animals, it should be possible to
measure an increase and a diversifica-
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tion of the morphological trait in succes-
sive geological periods.

Charles Darwin was the author of an
early statement of one hypothesis that
relates mind to morphology when he
wrote in The Descent of Man: “No one,
I presume, doubts that the large pro-
portion which the size of man’s brain
bears to his body, compared to the same
proportion in the gorilla or orang, is
closely connected with his mental pow-
ers.” Some 80 years later Karl Spencer
Lashley’s more careful and explicit state-
ment of the hypothesis made it appli-
cable to the analysis of morphological
data: “The only neurological character
for which a correlation with behavioral
capacity in different animals is support-
ed by significant evidence is the total
mass of tissue, or rather, the index of
cephalization...which seems to repre-
sent the amount of brain tissue in excess
of that required for transmitting im-
pulses to and from the integrative cen-
ters.”

The index, a measure of relative brain
size, is defined as total brain size di-
vided by the two-thirds power of the
body size. (The exponent has to do with
the relation between surface and vol-
ume, as I shall explain further along.)
The ratio can be visualized if one plots
data reflecting the present diversity of
brain and body sizes in vertebrates [see
top illustration on page 94]. Lashley’s
statement is borne out by the clear dif-
ferentiation between “lower” and “high-
er” vertebrates and by the fact that the
arrays of points representing both groups
are similarly oriented at a slope of 2/3.
It is easy to imagine the higher verte-
brates as having evolved from a lower
vertebrate grade as the result of the ver-
tical displacement of a set of points in
brain : body space. That displacement is
in effect what is measured by the index
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of cephalization. This implies that brain
size is determined by a “body-size fac-
tor” and an “encephalization factor.”
Lashley’s hypothesis was that only the
encephalization factor was involved in
the evolution of mind. Birds and mam-
mals are “higher” vertebrates because
they are more highly encephalized and
are higher on a scale of biological intel-
ligence than reptiles and other “lower”
vertebrates. That is an interpretation of
the data that agrees nicely with our in-
tuition.

To assemble paleoneurological evi-
dence one needs to know the brain
and body size of fossil vertebrates. The
brain size is determined from the volume
of endocranial casts, or endocasts, that
are replicas of the cranial cavity. In some
cases natural endocasts are found: min-
eralized remains of sand or other de-
posits that replaced the soft tissue in a
fossil skull. In other cases the fossil skull
serves as the mold for a man-made
acrylic or plaster endocast. The body
size of the fossil vertebrate can be mea-
sured or estimated from models based
on skeletal reconstructions. To take one
example, the Eocene ungulate (hoofed
mammal) Uintatherium anceps weighed
about 1,250 kilograms; its endocast in-
dicates a brain weight of about 290
grams [see illustration on page 95]. By
assembling and plotting a large body of
data of this kind it is possible to derive
“brain :body maps,” minimum convex
polygons that enclose a set of brain :
body points and enable one to analyze
major shifts in encephalization without
numerical analyses or indexes [see bot-
tom illustration on page 94].

In the illustration a polygon for living
mammals defines the region in brain:
body space associated with the present
mammalian grade of encephalization.



ENDOCASTS, casts of the inside of the cranial cavity, are dis-
played for four fossil animals. These endocasts, each drawn about
one and a quarter times actual size, are natural ones: mineralized
remains of sand or other deposits that replaced the soft tissues in
the fossil skulls. The endocast of Numenius gypsorum, a bird of
the Eocene (about 40 million years ago), is still in place in the

long-beaked skull (a). The endocasts removed from their craniums
are of Potamotherium (b), an otterlike Oligocene carnivore (about
25 million years ago), and Dicrocerus (c), an ungulate, or hoofed
herbivore, from the Miocene (15 million years ago). The endocast
of Cainotherium (d), an Oligocene ungulate, has parts of the skull
in place. Casts are from the Muséum d’Histoire Naturelle in Paris.

9l
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Is the leg mightier
than the atom?

Before you say no, keep in mind
that we know very littleabout many
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other sources of power.

Including the atom.

But recent events make it clear
we must learn about all the options,
and how best to apply them.

At Union Carbide we're study-
ing a wide range of energy tech-
nologies and resources for the
Energy Research and Development
Administration.

From something as basic as bi-
cycling to the complexity of con-
trolling nuclear fusion.

For instance, we are learning
how to turn coal into oil and gas in
a way that 1s practical economically.

We're deeply involved in nuclear
research, particularly in finding
ways to make this important source
of energy safer and more efficient.

Our work in fusion power, at
Oak Ridge, Tennessee, offers the
most exciting possibility for the
future: the ultimate source of in
exhaustible energy.

If we succeed, there will never
be another energy crisis.

But for the present, the answer
to our energy dilemma is not likely
to come from one source, but many.
All the way from the leg to the atom.
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BRAIN : BODY MAPS are the minimum convex
polygons that can be drawn to enclose a set of
points representing brain size plotted against
body size. Here the data for living mammals and
reptiles have been taken from the illustration at

top of page. Numbered points are for archaic un-
gulates and carnivores; oldest is Triconodon (20).
Fossil reptiles are dinosaurs (4—J), pterosaurs
(K—O0) and mammal-like reptiles (Q—S); two
amphibians (X, Y) and a fish (Z) are included.
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The brain:body data of early fossil
mammals are shown in the archaic-
mammalian polygon. (“Archaic” desig-
nates taxonomic orders that are now
extinct, having been replaced in their
ecological niches by species from “pro-
gressive” orders.) The geologic time of
the map for archaic mammals extends
from the upper Jurassic period represent-
ed by the earliest well-preserved mam-
malian endocast (Triconodon mordax) to
the late Eocene epoch with forms such as
Uintatherium, or a time span of from
about 150 to 40 million years ago. The
polygon indicates that a single archaic
mammalian grade persisted for the en-
tire period. In the reptilian polygon the
fossil data on dinosaurs, pterosaurs (fly-
ing reptiles) and therapsids (mammal-
like reptiles) are entered along with the
sample of living reptiles. Two fossil am-
phibians and one fossil fish are included,
so that the reptilian polygon is a reason-
able picture of the original lower grade
of brain:body relations in jawed ver-
tebrate species, the grade from which
birds and mammals advanced when they
first evolved.

The brain : body maps lead to a num-
ber of interesting conclusions:

1. Living reptiles have not departed
significantly from their ancestral condi-
tion. A single brain : body map includes
all the fossil and living species for which
we have data, showing that the adapt-
ive radiation of the reptiles and oth-
er lower vertebrates was accomplished
without any major advances in relative
brain size.

2. Adding fossil reptiles extends the
reptilian polygon while maintaining its
orientation in brain:body space. This
fact and the data on mammals suggest
that a fundamental biological process
determines the orientation at a slope of
about 2/3. Because the coordinate sys-
tem is logarithmic the slope can be in-
terpreted as providing exponents for the
measures of body and brain (2 for the
square units of a body surface and 3 for
the cubic units of a brain volume) and
thus for the exponent of 2/3 in the index
of cephalization. That is a straightfor-
ward application of principles of phys-
ics. It makes sense biologically because
of the way sensory and motor “surfaces”
of the body are projected on the many
structures that add up to the volume of
the brain; maps of the cerebral cortex
of mammals are often presented as gross-
ly distorted but recognizable body sur-
faces drawn on a diagram of the brain.

3. Dinosaurs were not unusually
“small-brained.” The 10 dinosaurs that
contributed data on fossil reptiles were

FOSSIL ANIMALS are reconstructed on the basis of their skeletal remains in order to
provide an estimate of body size to compare with the brain size derived from an endocast.
The body can actually be modeled and the model’s volume can be determined, or the size
can be estimated from a drawing. This animal is Uintatherium anceps, an archaic ungulate
of some 40 million years ago. It weighed about 1,250 kilograms and its brain (color) weighed

about 290 grams. Data are plotted as point No. 12 in archaic-mammal map on opposite page.

the source of the inference about the
stability of the reptilian, or lower ver-
tebrate, condition and the uniformity of
slope for both fossil reptiles and living
ones. The 10 dinosaurs were clearly nor-
mal reptiles with respect to brain size.

4. Encephalization and the evolution
of intelligence occurred independently
in birds and in mammals, which evolved
independently from two different sub-
classes of reptiles. (The record on fossil
birds is not considered in detail in this
article; the 150-million-year-old fossil
Archaeopteryx, the earliest-known bird,
was intermediate between the reptilian
grade and the grade of living birds.)

5. The reptilian map and the two
mammalian maps are similarly oriented
with a slope of about 2/3, and there are
vertical displacements that indicate the
progressive encephalization of the mam-
mals.

6. Although the step from reptiles to
mammals required a certain amount of
encephalization (approximately a four-
fold increase in relative brain size to
transform a reptilian polygon into an
archaic mammalian polygon), mamma-
lian encephalization did not progress
immediately but remained at a steady
level for at least 100 million years. The
earliest and the latest of the archaic
species of mammals were all at about
the same grade of relative brain size,
enclosed within a single rather narrow
polygon. That stability for such a long
period of time suggests a successful re-
sponse to the selection pressures of a
stable new ecological niche.

7. Progressive evolution of encepha-
lization within the mammals came late
in their history, in the last 50 million
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years of a time span of about 200 mil-
lion years. That evolution transformed
the archaic mammalian map into the
map of living mammals by another four-
or fivefold increase in relative brain size
for the average mammal.

The final steps in encephalization are
revealed in the fossil record of mam-
malian endocasts of the present geologi-
cal era: the Cenozoic, which began ap-
proximately 65 million years ago. Those
steps are best measured with a modern
version of the index of cephalization: the
encephalization quotient (E.Q.), which
is the actual size of the brain divided by
its expected size for an average living
mammal. The expected size is deter-
mined by an equation, which states that
the brain size equals the 2/3 power of
the body size multiplied by a constant
(.12) that represents the index of cephali-
zation for an average living mammal
[see illustration on next page].

In order to analyze the progressive
evolution of encephalization in the
mammals, I have computed average
E.Q.’s and standard deviations for sam-
ples of fossil and living ungulates and
carnivores and plotted them as a set of
normal curves [see top illustration on
page 97]. The curves have equal areas
and can therefore be treated as normal
probability distributions, that is, each
curve shows the probability of the pres-
ence of species of the indicated degrees
of encephalization in each assemblage.
There was evidently a steady advance
in average E.Q. during the Tertiary pe-
riod (from about 65 million to about
three million years ago), and there was
also a diversification of E.Q. that was
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more or less proportional to the average
E.Q. Significantly, the distributions over-
lap in the lower range of encephaliza-
tion, indicating that some relatively
small-brained species persisted in all the
fossil groups and that they still persist
among living mammals.

These are results that one would ex-
pect if encephalization (and intelligence)
evolved as other traits have. Evolution
involves morphological and behavioral
adaptations to a variety of niches and
to the invasion of new niches. The adapt-
ive zones occupied by successive spe-
cies of carnivores and ungulates during
the Tertiary period must have included
many niches in which there were selec-
tive advantages for species further en-
cephalized. As more of these niches were
invaded there would have been diver-
sification, which would in turn have
affected the frequency distributions of

E.Q’s [see bottom illustration on oppo-
site page].

The gradual change in encephaliza-
tion throughout the Tertiary period has
thus far been demonstrated only for the
ungulates and carnivores among the or-
ders of mammals. Although that may
be owing simply to a lack of enough
data on other orders, the limited evi-
dence on other mammals suggests a dif-
ferent pattern of evolution: When an
adaptive zone was entered, the succes-
sion of species in that zone attained a
particular grade of encephalization rap-
idly and then maintained it. For exam-
ple, the earliest-known insectivore en-
docasts, from about 35 to 40 million
years ago, were already at the same
grade of encephalization as average liv-
ing species of insectivores, namely some-
what above the archaic level. Similarly,
endocasts and body sizes for “dolphins”

1,000

BRAIN WEIGHT E (GRAMS)

1,000

10,000 100,000

BODY WEIGHT P (GRAMS)

ENCEPHALIZATION QUOTIENT (E.Q.) is the ratio of an animal’s actual brain size to
its “expected” brain size. The expected sizes, represented by the diagonal, are given by an
equation: brain size (E) equals .12 (the index of cephalization for an average mammal)
times the 2/3 power of the body size (P). A hypothetical “smart” monkey has a brain four
times as large (48 grams) as the expected size (12 grams) for its body size; its E.Q. is said
to be 4. An “average” dog has an E.Q. of 1 and a “stupid” tapirlike animal has an E.Q. of .5.
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of about 18 million years ago, the earli-
est in this group of cetaceans, show that
they had already reached the E.Q. lev-
el of comparable living species such as
the harbor porpoise. Dolphins, as large-
brained mammals, may therefore rep-
resent an evolutionary picture very dif-
ferent from the more or less equally
encephalized human species. As we
shall see, the evolution of the hominid
brain to its present size is a relatively
recent phenomenon, having been com-
pleted only within the past million years.

The fossil evidence on the primate

* brain is not as complete as that for
carnivores and ungulates, but it is order-
ly and involves several striking features.
The primates have always been large-
brained mammals. Early Tertiary pro-
simians had values of E.Q. ranging from
.55 to 1.75. This can be contrasted with
the range for all other early Tertiary
progressive land mammals on which I
have data, which is from .19 to .92. Liv-
ing monkeys and apes are about twice
as encephalized as other living land
mammals (a mean E.Q. of 2.1 for simi-
ans as compared with 1.0 for average
mammals). Primates of about 50 million
years ago were also about twice as en-
cephalized as their land-mammal con-
temporaries.

Encephalization within the hominids
is measurable by cranial capacity rather
than E.Q. (The comparison of cranial
capacities is equivalent to the analysis
of encephalization in species that are
similar in body size, since it amounts to
scaling vertically in brain: body space.)
An australopithecine grade—a volume of
about 500 milliliters—had been achieved
in the early Pleistocene epoch, two or
three million years ago, and probably as
early as the Pliocene, five million years
or more ago. A pithecanthropine grade
has been recorded in a unique 800-milli-
liter endocast from Lake Rudolph in
Kenya that is almost three million years
old; the better-known true pithecanthro-
pines are about a million years old and
their cranial capacities range from about
750 to 1,250 milliliters [see “The Casts
of Fossil Hominid Brains,” by Ralph L.
Holloway; SCIENTIFIC AMERICAN, July,
1974].

The earliest endocast for Homo sapi-
ens is about 250,000 years old, and
man’s present cranial capacity ranges
from about 1,000 to 2,000 milliliters.
The important evolutionary fact is the
rapidity and recency of the increase in
encephalization in the hominid lineage.
There is no evidence of a change in en-
cephalization in any other mammals in
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CHANGING DISTRIBUTIONS of relative brain size (E.Q.) are
plotted for ungulates (top) and carnivores (bottom). Each curve
gives the distribution of brain sizes for various species during
specified periods; recent species are those living today. There is a

steady increase in brain size and a concomitant diversification,
with small-brained species persisting, shown by the flattening of
successive curves. Note that these are “between species” curves.
Differences within a species are usually not reflected in behavior.
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DIVERSIFICATION IN BRAIN SIZE reflects an adaptive ra-
diation with respect to encephalization. The diverging pathways
(color) suggest the increasing number of ecological niches mak-
ing diverse demands on the brain. Niches appeared that required

more encephalization, and other niches were preserved that made
smaller demands. Animals adapted to a wider range of “encephali-
zation niches” were able to survive. The bars reflect schematically
the fact that distribution depends on discrete numbers of niches.
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the past five million years [see illustra-
tion below]. In the remainder of this
article I shall discuss some critical events
in the history of the vertebrates that pro-
vide clues to the causes of encephaliza-
tion and also to the nature of biological
intelligence.

\f ertebrates do not live by brains

alone. That is the message from the
insignificant encephalization in the many
successful species of lower vertebrates
and from the stability of relative brain
size in the archaic mammals for at least
100 million years. The advance from fish
to amphibian about 350 million years
ago illustrates the conservatism in brain
evolution. Here was an invasion of ter-
restrial niches, possibly the most de-
manding new adaptive zone in ver-
tebrate history, yet according to the
paleoneurological evidence there was no
increase in encephalization. That was
possible because the earliest amphibian
required only minor alterations in the
patterns of neurological and behavioral
organization of its immediate ancestor

among the bony fish. Sir James Gray has

shown that even the adaptations for
movements on land could be “conserva-
tive.” The legs of an amphibian served
the same function as the inertial force
of water for a swimming animal, provid-
ing a fulcrum that enabled early am-
phibians to be little more than fish that
swam on land.

In the same sense, I believe, the earli-
est mammals were probably only slight-
ly modified from their reptilian prede-
cessors: they were “reptiles” that were
active at night. This view, which ex-
plains the evolution of enlarged brains
in early mammals, is consistent with the
general evolutionary history of reptiles
of the late Paleozoic and early Mesozoic
eras, about 250 million years ago. The
mammal-like reptiles called therapsids
were the dominant forms during the
late Paleozoic era, and they were re-
placed during the early Mesozoic by the
ruling reptiles, notably the dinosaurs.
The dinosaurs and therapsids were clear-
ly in a kind of competition for the
normal niches of land reptiles, and the
mammal-like reptiles lost the competi-
tion, becoming completely extinct by the

mid-Mesozoic era, about 150 million
vears ago. The niches for which the the-
rapsids competed and lost were for large
diurnal animals that used vision as the
normal sense for receiving information
about events at a distance. The earliest
mammals were a persistent remnant of
only slightly modified therapsids, and
they survived as small, nocturnal ani-
mals. They had improved auditory and
olfactory systems and their visual sys-
tems were modified, with rod cells tak-
ing the place of cone cells. Both changes
were appropriate for animals that were
active at night.

The evolution of hearing and smell
to supplement vision as a distance sense
is sufficient reason for the evolution of
an enlarged brain in the earliest mam-
mals. The reason is to be found in the
way neural elements are packaged in
vertebrate sensory systems. In the visu-
al system many of the circuits are in
the retina, which contains an extensive
and complex neural network that allows
elaborate analysis of visual information.
The corresponding neural elements of
the auditory and olfactory systems of
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RATE OF EVOLUTION of grade of encephalization varied in
different vertebrate groups and at different times. There was ac-
tually variability of brain size within groups too, so that the curves
are somewhat arbitrary. In the case of cetaceans the highest grade
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attained is plotted to emphasize that the cetaceans that reached the
dolphin grade did so long before the primates reached even an
australopithecine grade; the recent and rapid evolution of the
hominid brain is notable. The broken lines indicate gaps in data.



living vertebrates are in the brain proper
[see illustration on next page].

In quantitative terms the effect of dif-
ferent modes of packaging is enormous.
A small, highly visual lizard such as the
American chameleon Anolis has in its
retina at least a million sensory cells
(cones) and about 100,000 ganglion
cells, where the fibers of the optic nerve
originate. Still other retinal neurons are
involved in higher-order processing in
that lizard’s retina, and they must be al-
most as numerous as the sensory cells.
The ear of Anolis, on the other hand, has
only a few hundred sensory cells and
other neural elements external to the
brain. An auditory system analogous to
the visual system would presumably
have to have about as much integrative
circuitry as there is in the retina, so that
an “auditory” animal the size of Anolis
would need space for almost a million
integrative neurons and their dendritic
fields to analyze inputs from the ears.
There is no space for these in the middle
and inner ears; the obvious place to
package the additional material is in the
brain itself, and solving the packaging
problem would therefore require the en-
largement of parts of the brain involved
in audition. A similar argument would
apply to an “olfactory” animal: its in-
creased dependence on the sense of smell
would require expansion of the forebrain
systems that contain the integrative neu-
rons of the olfactory system.

The brain of an early mammal with
the body size of Anolis would have han-
dled distance information in a reptilian
way but with audition and olfaction as
the receptor systems in place of daylight
vision. Such a mammal’s brain would
have had to be enlarged compared with
a normal Mesozoic reptilian brain in or-
der to have space for the new neural net-
works that evolved to analyze nonvisual
information. And so we see that the first
expansion of the vertebrate brain may
have been primarily a solution of a pack-
aging problem and that it may only
incidentally have resulted in the evolu-
tion of intelligence. Let us see how this
crucial incidental result might have been
attained.

The introduction of encephalized and

finely discriminative audition and ol-
faction demands new ways of encoding
neural information. Visual information
is encoded at a retinal level with a struc-
turally determined spatial code: the op-
tics of the eye and the arrangement of
retinal elements provide a grid that la-
bels the location of stimulated cells. No
such code is possible for sound or odors.

1t is difficult for us, the least olfactory of
land mammals, to imagine how spatial
information could be encoded with the
olfactory system, but consider how such
coding is accomplished by the auditory
system. Animals that use echolocation
to identify the source and shape of dis-
tant objects do it by translating spatial
information into a temporal code. Some
such localization of environmental
sounds in space must have been accom-
plished by the early mammals if audi-
tion was for them a precise distance
sense. In the evolution and functioning
of the neural apparatus necessary for
such behavior two dimensions of sensory
experience had to be encoded by the
brain: space and time.

More was needed. Imagine an early
mammal coping with life at twilight,
sensing stimuli from distant sources. The
stimuli are recorded by reptilelike vision
(modified toward the mammalian retina
with rod cells for night vision), mam-
malian hearing and mammalian smell,
all providing information from the same
environmental source. It would obvi-
ously be adaptive if the information re-
ceived from the different sense modali-
ties were given a common code, or label.
The integrating code would work, in all
likelihood, by the labeling of stimuli in
the different modalities as coming from
the same object in space at a particular
time. And so we have the basic con-
structs of human conscious experience:
objects in space and time. The conscicus
experience is essentially a construction
of nervous systems for handling incom-
ing information in a simple, consistent
way.

This leads me to a few simple propo-
sitions. Reality, or the real world we
know intuitively, is a creation of the
nervous system: a model of a possible
world, which enables the nervous system
to handle the enormous amount of infor-
mation it receives and processes. (That
view is similar to one presented by the
English psychologist K. J. W. Craik on
the nature of explanation.) The “true”
or “real” world is specific to a species
and is dependent on how the brain of
the species works; this is as true for our
own world—the world as we know it—as
it is for the world of any species. (That
view was made familiar by the German
biologist Jakob Johann von Uexkiill, who
described the “perceptual worlds” of ani-
mals and men.) The work of the brain is
to create a model of a possible world
rather than to record and transmit to
the mind a world that is metaphysically
true.

Biological intelligence, then, is a mea-
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sure of the quality of the particular real
world created by the brain of a particu-
lar species. The world as we know it our-
selves, with the self as perhaps its most
complex object, represents the human
grade of biological intelligence. Differ-
ent worlds are presumably constructed
by different species. A very simple con-
struction of a world may be character-
istic of the lower vertebrates. As a mat-
ter of fact, no transformation of neural
information—no construction—at all may
be required in the lower vertebrates.
Their behavior is tightly bound to spe-
cific stimuli by fixed-action patterns of
response, in contrast to an “intelligence”
system in which varied patterns of stim-
uli are transformed into invariant ob-
jects. The birds seem to be a special
case. In birds the fixed-action pattern is
the typical behavioral mode, and bio-
logical intelligence may be a little-used
capacity. Yet experimental procedures
showing that birds are well within the
mammalian range of competence in per-
forming standardized—albeit “unnatu-
ral”—learning tasks seem to affirm the
basic validity of the judgment, based on
relative brain size, that birds and mam-
mals are at comparable grades of bio-
logical intelligence. Intelligence, in bio-
logical perspective, is clearly only one
of several dimensions of behavior and is
not the most important one for birds.

The further encephalization of the

mammals beyond the archaic level
involved new and peculiarly mammalian
adaptations to niches that became avail-
able as a result of the extinction of dino-
saurs and other ruling reptiles. These
were daytime niches, and the mamma-
lian response to them occurred in two
stages. The first stage was an adaptive
radiation that did not involve encepha-
lization, in which effects were toward in-
creases in body size; this was the archaic
mammalian radiation. The second stage
was a response to the new availability of
daytime niches. It was inevitable that
the visual system would evolve in some
mammalian species and that those spe-
cies would be at an adaptive advantage
in daytime.

The new mammalian visual system
would not be a simple retrogression to
reptilian vision. Mammals had by then
lost many of the reptilian visual adapta-
tions; their normal vision was noctur-
nal, based on a new system of receptors
(rod cells rather than cone cells) and
a different analysis of the information
from the receptors. Their vision must
also have been much more encephalized
than reptilian vision if it needed to be
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integrated with auditory and olfactory
information. Lost adaptations do not re-
appear, and it is clear from the record
of the mammals that their daytime vi-
sion was based on mechanisms different
from those of reptiles. Mammalian vi-
sion is represented at forebrain levels, in
the thalamus and the cortex, whereas
reptilian vision has its most significant
central representation at the level of the
midbrain and is accomplished to a great
extent at a retinal level.

What was the nature of the encepha-
lized daylight visual system in progres-
sive Tertiary mammals? A conservative
approach would assume that such a sys-
tem would be modeled after the other
encephalized systems of the brain—the
auditory, olfactory and night-vision sys-
tems—and would therefore involve the

temporal encoding of spatial informa-
tion and also object formation. Because
the peripheral information would al-
ready have been encoded spatially, the
temporal code might result in the cre-
ation of “mental images,” or memories
of objects and of their spatial location.
That construction would also involve
other sense modalities, and so integra-
tive systems for associating information
contributed by the various sense modali-
ties would have to be expanded. That
called for still further morphological en-
cephalization.

The step to man can be analyzed in a
similar way. Several unusual selection
pressures may help to explain the pecu-
liar hominid adaptations and encephali-
zation. It is currently accepted that the
early hominids were nonarboreal pri-

mates that had invaded a niche com-
parable to that of predatory carnivores
and that they had become modified for
life in such a niche. What special prob-
lems may have faced such progressive
primates, assuming that, like their living
relatives, they were noisy social animals
with reduced olfactory systems? Their
geographic range would have been con-
siderably more extensive than that of
any other living primate, and they would
have had to cope with that range with a
much diminished sense of smell. Olfac-
tory labels, with which wide-ranging so-
cial carnivores such as wolves mark a
territory and map a perceptual world,
would not have been available to the
hominids. The development of adequate
labels to mark the range may have re-
quired the further development of audi-
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ripheral organ. The arrows show the flow of information through
successive orders of nerve cells (I through V) ; stages labeled 1V,
are parts of reflex control systems; F marks feedback loops. The
structures in the telencephalon (color) are specifically mammalian.



tory, visual and particularly vocal capac-
ities—the last of these acknowledging the
fact that primates are noisy animals.
Such a development is consistent with
the evolutionary model used to analyze
encephalization in other mammals. In
the case of the primates it suggests the
evolution of primitive language as a fur-
ther solution to the problem of creating
a real world that provides an adequate
model for the sensory events encoun-
tered during an animal’s life.
A primary model of that type postu-
lates language as a sensory-percep-
tual development. The availability of vo-
cal labels can obviously result in the ca-
pacity to communicate linguistically, but
I perfer to separate the role of language
in perceptual activity from its role in
communication; this makes it much
easier to justify the evolution of lan-
guage. If there were selection pressures
toward the development of language
specifically for communication, we
would expect the evolutionary response
to be the development of “prewired”
language systems with conventional
sounds and symbols. Those are the typi-
cal approaches to communication in
other vertebrates, and they are accom-
plished (as in birds) with little or no
learning and with relatively small neu-
ral systems. The very flexibility and
plasticity of the language systems of the
human brain argue for their evolution
as having been analogous to that of
other sensory integrative systems, which
are now known to be unusually plastic,
or modifiable by early experience. (Ben-
jamin Lee Whorf and Edward Sapir
pointed out many years ago one of the
maladaptive features of this flexibility
of the language system, which enables
different societies to develop different
languages and hence different realities,
often with catastrophic effects on the
interactions of human communities.)

I am proposing here that the role of
language in communication first evolved
as a side effect of its basic role in the
construction of reality. The fact that
communication is so central to our pres-
ent view of language does not affect
the argument. It is, in fact, theoretically
elegant to explain the evolution of an
important novel adaptation in a species
by relating it to the conservation of earli-
er patterns of adaptation. We can think
of language as being merely an expres-
sion of another neural contribution to
the construction of mentalimagery, anal-
ogous to the contributions of the en-
cephalized sensory systems and their
association systems. We need language

more to tell stories than to direct actions.
In the telling we create mental images
in our listeners that might normally be
produced only by the memory of events
as recorded and integrated by the sen-
sory and perceptual systems of the brain.

Mental images should be as real, in a
fundamental sense, as the immediately
experienced real world. Both are con-
structions of the brain, although it is ap-
propriate to.encode them in order to dis-
tinguish image from reality. The role of
language in human communication is
special because we have the vocal and
manual apparatus to create spoken and
written language. In hearing or reading
another’s words we literally share an-
other’s consciousness, and it is that fa-
miliar use of language that is unique to
man. The point, however, is that it was
necessary to have a brain that created
the kind of consciousness communicated
by the motor mechanisms of language.
That new capacity required an enor-
mous amount of neural tissue, and much
of the expansion of the human brain re-
sulted from the development of lan-
guage and related capacities for mental
imagery.

he vertebrate brain evolved to con-

trol the normal range of behavior
within each vertebrate species. It is rea-
sonable to identify the brain of lower
vertebrates as being adapted to control
fixed-action patterns in response to spe-
cific patterns of stimulation, with few
requirements for plasticity or flexibility.
In the higher vertebrates, the birds and
the mammals, plasticity and flexibility
are evident in all living species. Yet the
birds developed in their own direction,
perfecting the fixed-action pattern as
the basic behavioral response to envi-
ronmental requirements. It is among the
mammals that more flexible patterns of
behavior have been the rule. If one de-
fines intelligence as the capacity to
construct perceptual worlds in which
sensory information from various mo-
dalities is integrated as information
about objects in space and time, the
evolution of intelligence is most evident
in mammals. That capacity was most
elaborately developed in the primates,
a group of mammals adapted toward
adaptability. In the primates skeletal
specialization was minimal and adapta-
tions were more completely determined
by the enlargement of the brain and the
development of learned-behavior mech-
anisms than they were in any other ver-
tebrates. The trend culminated in man,
and we know it as the capacity for im-
agery, for language and for culture.
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MIRAGES

There are several types of apparition to be seen across

the sea or the land. Each has an explanation m terms of

the optical properties of a fluid medium: the atmosphere

by Alistair B. Fraser and William H. Mach

the North Pole, stood on the summit

of Cape Thomas Hubbard at the
north end of Axel Heiberg Land. To the
northwest, at a distance he believed to
be about 120 miles, he saw “snow-clad
summits above the ice horizon.” Later
he saw them again, this time from Cape
Columbia on Ellesmere Island, and
wrote: “My heart leaped the intervening
miles of ice as I looked longingly at this
land and, in fancy, I trod its shores and
climbed its summits, even though I knew
that that pleasure could be only for an-
other in another season.” That other man
turned out to be Donald B. MacMillan,
leader of the expedition to “Crocker
Land” in 1913. As the group approached
the supposed location of Crocker Land
(83 degrees north, 103 degrees west) it
obligingly appeared before them. Mac-
Millan wrote: “There could be no doubt
about it. Great heavens, what a land!
Hills, valleys, snow-capped peaks ex-
tending through at least 120 degrees
of the horizon.” They then tramped 30

In 1906 Robert E. Peary, striking for

miles “inland” over the Arctic ice with-
out seeing a thing. Crocker Land was a
mirage!

Both Peary and MacMillan had un-
doubtedly witnessed one of the most
spectacular types of mirage, the Fata
Morgana. It has been named after the
Fairy Morgan (Fata Morgana in Italian),
who appears in some of the Arthurian
legends as King Arthur’s sister. She was
credited with the magical power of cre-
ating castles in the air. In retrospect that
is an apt description of what happens,
because the images seen in the Fata
Morgana bear no resemblance to the ob-
ject from which they were formed. Fan-
tastic sights can appear in spite of the
fact that the only object in the distance
is a barren surface of snow or water.

One of the best early descriptions of
the Fata Morgana was written by an
Italian priest, Father Angelucci, who re-
lated his experience in a letter to a col-
league. On the morning of August 14,
1643, he was looking out over the Strait
of Messina from the city of Reggio on

" e

FERRYBOAT “ILLAHEE” is operated on Puget Sound by the Washington State Ferry Sys-
tem. Appearance of Puget Sound ferries is distorted in mirages shown on the opposite page.
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the southern tip of Italy. As he watched,
“the ocean which washes the coast of
Sicily rose up and looked like a dark
mountain range.” In front of the moun-
tain “there quickly appeared a series of
more than 10,000 pilasters which were
a whitish-gray color,” but then “the pilas-
ters shrank to half their height and built
arches like those of Roman aqueducts.”
Before it all vanished castles appeared
above the aqueduct, each with towers
and windows.

To properly understand how the at-
mosphere can give rise to such strange
apparitions it is first necessary to exam-
ine the much simpler types of mirage. A
particularly striking example of a com-
mon type of mirage was seen and pho-
tographed in the spring of 1972 by one
of us (Fraser), who watched with fas-
cination as two boys strolled off a beach
at Seattle and casually walked out onto
the waters of Puget Sound among the
sailboats. The scene was so compellingly
real that it was easy to believe the rec-
ords that describe observations of other
men apparently walking on water, exam-
ples of which occur not only in Christian
writings but also in the literature of
Buddhism and of the Greeks of the Hel-
lenistic period.

This simpler type of mirage differed

from the Fata Morgana in that
whereas the mountains of Crocker Land
and the castles and aqueducts seen by
Angelucci were nonexistent, the boys
who were perceived walking on the wa-
ter actually existed. They had, however,
been seen by observation through a por-
tion of the atmosphere that, acting as a
giant lens, was bending the light rays
that passed through it. The image of peo-
ple walking on water was certainly real,
but it was an image, not an object. One
could not assume that because the im-
age showed people walking on water the



INFERIOR MIRAGE WITH TOWERING results when tempera-
ture and temperature gradient are greatest at the surface and de-

TWO-IMAGE INFERIOR MIRAGE of a ferryboat appears as a
series of towers. Everything below the ship’s bridge has vanished.

SUPERIOR MIRAGE results when the temperature increases with
height so that the image is displaced up from the object. Magnified

MISSHAPEN FERRYBOAT appears to be squashed and to be on
the top of a high wall. This is a superior mirage that results because

crease with height. In an inferior mirage the image is displaced
downward from the object. Towering means image is magnified.

Requirements for this mirage are the same as for an inferior mirage
with towering except that surface-temperature gradient is larger.

portholes and the squashed passenger deck and bridge result when
boat is at 4 in the image space of diagram at the bottom of page 106.

the ferryboat was in approximately the position that is marked
C in the image space of the diagram at the bottom of page 106.
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WALKING ON WATER is the impression this mirage gives. The have vanished below the optical horizon, so that the boys appear to
two boys to the left of the sailboat were actually walking on a sand- be suspended on the water. Because the figures have also been mag-
spit that had been uncovered at low tide in Puget Sound. In this in- nified, they appear to be larger and therefore closer than the peo-

ferior mirage with towering the sandspit and the feet of the boys ple in the boat, whereas they were actually much farther away.

FATA MORGANA MIRAGE appears as a whitish gray wall that sea surface can be distinguished on the wall. The same defocusing
breaks into pilasters and, toward the right side, arches. The wall is can also redistribute the brightness of the surface into bright and
actually a greatly magnified portion of the sea. The atmospheric dark patches that are easily mistaken for real eminences such
lens, however, is so badly out of focus that no detail of the original as buildings and mountains. The mirage was in Puget Sound.
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people were actually doing anything of
the sort. Usually in viewing one takes
for granted this distinction between an
image and an object. One knows that the
somewhat distorted-looking person who
appears on the television screen is just
an image and that the object, a perfectly
normal individual, is a considerable dis-
tance away in front of a television cam-
cra. Images seen through the atmospher-
ic lens are no more illusory than the
images seen through a telescope or even
through a pair of eyeglasses. With the
atmospheric lens or any other lens, how-
ever, the image may not look the same
as the object would if it were seen with-
out the lens.

The word mirage comes from the
French verb se mirer, to be reflected,
and although many of the images seen in
mirages resemble those seen in irregular
mirrors, the concept of reflection plays
no part in mirages. Acting as a lens rath-
er than as a mirror, the atmosphere pro-
duces mirages by refraction. The lens is
obviously not the kind of lens that would
be found in a camera or a pair of eye-
glasses. Such lenses, made of glass, have
a uniform index of refraction, and the
light is made to bend and generate im-
ages by their curvature. In the atmo-
sphere the lens has no shape, since both
the observer and the object are inside it.
The atmosphere causes light to bend as
a result of gradual variations of the
index of refraction within it. As part of
our meteorological research at Pennsyl-
vania State University we have exam-
ined this fascinating question of the im-
age-forming ability of the atmospheric
lens in an attempt to learn more about
the structure and behavior of the atmo-
sphere and to determine how the infor-
mation carried by light is altered as it
passes through the air.

The index of refraction of air depends
on the density of the air and the amount
of moisture in it. The contribution of
moisture to phenomena involving visible
light is so small, however, that it can be
ignored. The density of the air depends
on its temperature and pressure. Since
most of the mirages we shall discuss are
caused by shallow layers of air over
which the change in pressure is slight,
we can pretend that the index of refrac-
tion depends only on the temperature.

A high temperature corresponds to a
low density and a low index of refrac-
tion. The stronger the temperature gra-
dient (the greater the change of temper-
ature with distance), the stronger the
gradient of the index of refraction (the
greater the change of the index of re-
fraction with distance) and the greater
the amount of refractive bending of the
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OBJECT SPACE AND IMAGE SPACE are contrasted. If light rays (color) pass through a
region of the atmosphere where the change of temperature with height is constant, as indi-
cated in the temperature profile at bottom left, the rays take a parabolic track. This is what
happens in real space, that is, the space occupied by the object one is seeing (top). One’s
interpretation of what one is seeing, however, almost always rests on the assumption that
light is traveling in a straight line. Therefore it is best to visualize a mirage by deforming
the real space as if the rays were taking straight paths (bottom). Then surfaces that are ac-
tually flat are represented as being bent (gray). That is how space appears to the eye in a

mirage; it is the ¢

light. If the temperature in the air is the
same everywhere, the light will travel
in a straight line. The nature of the at-
mospheric lens and therefore of the mi-
rage images it produces thus depends on
the way the temperature varies in the
atmosphere, primarily with height.

Eght will take a parabolic path when it
passes through a region of the atmo-
sphere where the change of temperature
with height is constant [see illustration
above]. The curvature of the ray is pro-
portional to the temperature gradient
measured perpendicularly to the ray,
so that the ray is curved most strongly
when it is traveling parallel to the lines
of constant temperature. The curvature
of the light ray will cause an image, such
as a view of a distant boat, to be dis-
placed from the position of the object
(the boat itself). Since the ray always
bends so that the cold (denser) air is on
the inside of the curve, the image is dis-
placed in the direction of the warm (less
dense) air.
Most mirages involve viewing over
distances of anywhere from about half
a kilometer to about five kilometers, so
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‘image space” in terms of which mirages are discussed in this article.

that a mirage is only weakly influenced
by the curvature of the earth. For the
purposes of this discussion it is there-
fore convenient to assume that the earth
is flat. Over a flat earth any other sur-
faces drawn at uniform heights would
also be flat. If there is a temperature
gradient in the air, the light rays that
pass through the atmosphere will be not
straight but curved.

The space through which the rays
pass is the “real” or “object” space, but
it is not the space that is perceived by
the eye. One’s interpretation of what
one sees in one’s surroundings is almost
always predicated on the implicit as-
sumption that light travels in a straight
line. To comprehend a mirage it is better
to imagine that the “real” space has
been deformed so that the rays passing
through it are traveling in a straight line
and the previously flat surfaces, such as
the surfaces of the earth, have become
bent. We now have a drawing of space
as it appears to the eye; the drawing can
be described as a representation of the
“apparent” or “image” space. The mi-
rages described here will be discussed
mainly in terms of the image space that
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IMAGE SPACE for a two-image mirage is portrayed. When the
temperature profile (left) has its maximum gradient where the tem-
perature is highest, a two-image mirage can be produced. Because
the maximum temperature is also at the ground, the mirage is in-
ferior, so that all image-space surfaces (gray) bend down with in-
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creasing distance from the observer. Corresponding object-space
surfaces (black) are horizontal. An object 4 would be seen in im-
age space as a single image, displaced downward and magnified. An
object B would be seen twice in image space, once erect and once
inverted. Object C could not be seen unless it was a bit higher.

results from a particular type of temper-
ature (or refraction) profile occurring
in the bottom few meters of the atmo-
sphere.

The simplest distinction that can be
made is between a superior (literally
upper) mirage and an inferior (lower)

one. When the temperature increases
with height, a horizontal surface such as
a body of water will appear to be con-
cave upward. It gives the observer, par-
ticularly one who is viewing it with bin-
oculars, the impression of being inside a
large, shallow bowl. It is a superior mi-

rage because the image is displaced up-
ward from the position of the object. The
phenomenon was known to English sail-
ors as looming.

An inferior mirage occurs when the
temperature decreases with height. Then
a horizontal surface will appear to be
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THREE-IMAGE MIRAGE can result from an inflection-point tem-
perature profile. This profile often exists over an enclosed body of
water on a sunny afternoon. The apparent shape of the water sur-
face is a large, flattened S. An object B located where the surface
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folds is displaced up and seen as three images. An object 4 will
appear as a single image, but if it extends through the depth of the
diagram, the central part will be magnified and the top reduced.
An object C would be seen as a greatly squashed single image.
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convex upward. The impression is again
of a bowl, but now the bowl is inverted
and the observer is on the top of it with
the surface curving down in all direc-
tions. As a result there is an optical hori-
zon beyond which the surface vanishes
as it curves out of the observer’s sight.
This phenomenon is sometimes called
sinking.

It was an inferior mirage that made
those two boys appear to be walking on
the waters of Puget Sound. They were
actually walking on a sandspit that had
been uncovered at low tide, but their
feet and the sandspit were beyond the
optical horizon and could not be seen.
The image of the rest of the boys” bodies
was left suspended on the surface of the
intervening water.

The temperature profile that gives rise
to this effect is quite common over en-
closed bodies of water in the early morn-
ing. The water retains its heat through
the night but the surrounding land cools
off. Cool air from the land flows out over
the warmer water and is heated from the
bottom, thus creating a temperature pro-
file in which the temperature decreases

with height.

From the viewpoint of a mathemati-

cian who wants to calculate the shape
of the images in image space the differ-
ence between a superior mirage and an
inferior one is slight. If he assumes that
the temperature increases with height,
resulting in a superior mirage, the sur-
faces bend up with distance and the ob-
server is apparently in the bottom of the
bowl. To obtain the corresponding in-
ferior mirage the mathematician need
only turn the diagram upside down.
Now the temperature decreases with
height and the observer is apparently
sitting on the top of an upturned bowl.
The shape of the bowl is the same in
both cases, but there is a world of dif-
ference to the observer. With the su-
perior mirage he sees the inside of the
bowl, whereas with the inferior one he
sees the outside of the bowl and so can-
not see beyond its horizon. The me-
teorologist would likewise claim that a
worthwhile distinction can be made be-
tween the superior mirage and the in-
ferior one because the meteorological
conditions that give rise to an increase
of temperature with height differ from
the conditions that produce the reverse
effect.

Having examined the general charac-
teristics of superior and inferior mirages,
let us now look closer at their behav-
ior. One question is whether the image
has been magnified or reduced. If the

temperature gradient is constant with
height, there will be no magnification.
The image will have been displaced
from the position of the object, but ev-
erything at a given distance is displaced
up or down by the same amount. For
example, a person’s head will be dis-
placed by the same amount as his feet,
so that he keeps the same proportions.

Actually a constant temperature gra-
dient is rarely encountered in the bottom
few meters of the atmosphere.

The primary mechanism that deter-
mines the structure of the temperature
profile near the surface of the earth is
the transfer of heat between the surface
and the atmosphere. Near the surface,
in the bottom few centimeters of the at-

r__— T 5 -___/-":'-_-.-’ R \‘.
N ¥ OBJECT \

A ——

BRIGHTNESS

CONDITION FOR THE FATA MORGANA is also an inflection-point profile, but the tem-
perature gradient near the inflection point is slightly smaller than it is for a three-image
mirage. The apparent shape of the water surface does not fold over but instead rises up and
forms a wall. The surface is blurred because of astigmatism; since the wave front (upper
left) is not spherical, objects in the distance are out of focus as a blurred vertical line.
Amount of blurring is indicated below by gray vertical lines. Astigmatic blurring also re-
distributes the brightness (right) so that center of wall appears dark and other parts bright.
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ASTIGMATIC THREE-IMAGE MIRAGE produces an overhanging wall so blurred that no
detail can be seen on it. The brightness, however, is redistributed so that the center of the
wall is bright. This strip of brightness appears to the eye as a bank of fog and has been
called the Fata Bromosa. Internal gravity waves in the atmosphere can cause the image to
oscillate back and forth between looking like a vertical dark wall and looking like an over-
hanging bright wall. The patchy distribution of brightness that results can make observers
think they see a wide variety of phenomena, including mountains and elaborate buildings.
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mosphere, heat is transferred mainly
by molecular conduction and radiation;
higher up free or forced convection usu-
ally dominates. The most efficient of
these mechanisms is convection, and so
it requires the smallest temperature gra-
dient to transfer a given amount of heat.
It is usual, therefore, for the tempera-
ture gradient to be at a maximum near
the surface and to decrease with height.
The resulting temperature profile has
curvature, which changes the magnifica-
tion of the image.

Stooping, the name applied to an im-
age when it is reduced in size (has a
magnification of less than unity), occurs
if the temperature gradient decreases as
the temperature increases. This condi-
tion frequently arises on sunny after-
noons over lakes and sounds. Air that
has been warmed over the surrounding
land is carried out over the cooler water
and so is cooled from below. The strong-
est temperature gradient and the lowest
temperature are found at the surface of
the water, so that with height the gra-
dient decreases and the temperature in-
creases. We are therefore dealing with
a superior mirage: the image is displaced
upward from the position of the object.
Thus the bottom of the object, which is
seen through a stronger gradient than
the top is, will be lifted more than the
top. The resulting image is squashed.

An observer on a beach can often
watch a distant scene becoming increas-
ingly stooped as the day progresses. The
lateral dimensions do not change, be-
cause the horizontal gradient of temper-
ature is negligible. The view of, say, a
distant boathouse would therefore re-
tain a fixed angular width while becom-
ing increasingly small vertically.

Towering, the term applied to an
image when it is magnified, occurs
when the temperature gradient and the
temperature increase together. Tower-
ing almost always accompanies an in-
ferior mirage, since whenever the sur-
face is warmer than the air above it, the
air will be heated from below. The maxi-
mum temperature and the maximum
temperature gradient are hence found
at the bottom of the temperature pro-
file, and both quantities decrease with
height. Such conditions are to be found
over enclosed bodies of water in the
early morning, as we have mentioned,
and also over sun-heated ground later
in the day. Since the temperature in-
creases near the surface, the image of a
distant object will be displaced down-
ward, but the bottom of the object will
be displaced downward more than the
top because the bottom is seen through
a stronger temperature gradient. The
photograph of the two boys apparently
walking on water illustrates the phe-
nomenon. They both appear to be as
large as or even larger than the people
in the sailboat in spite of the fact that
they are considerably farther from the
camera. They are towering.

e turn now to the two-image mi-
rage, which is the phenomenon in-
volved in the familiar example of the
traveler in the desert who thinks he has
sighted an oasis. The “water” in such a
mirage is a second (inverted) image of
the sky, seen below the horizon and
therefore interpreted as if the sky light
were reflected by a surface of water. This
is a two-image inferior mirage.
The requirements for the existence of
a two-image mirage are the same as for
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towering: the temperature and the tem-
perature gradient must increase togeth-
er. To give rise to two images instead of
a single towering one, however, the tem-
perature profile must have a somewhat
greater curvature. In an inferior mirage
the effect can be accomplished by an in-
crease in the temperature gradient at the
surface of the ground or of the water. A
ray of light that travels through this re-
gion of strong temperature gradient be-
comes so strongly bent that it will no
longer be able to join the eye with the
bottom of some distant object but will in-
stead join the eye with the top of the ob-
ject to give a second, inverted image.
The image is inverted because as the ob-
server lifts his gaze slightly he is looking
through a region of the atmosphere that
has a weaker temperature gradient, so
that the ray is less strongly curved. It will
therefore join the eye to a point lower on
the object rather than higher, as would
usually be expected.

A diagram of the image space for a
two-image inferior mirage [see top illus-
tration on page 106] shows that the vari-
ous surfaces do not extend indefinitely
into the distance. The bottom surface
terminates at the optical horizon, and the
other surfaces terminate at a distance
that increases with the height of the sur-
face. They vanish at the tip of a noselike
fold in the surface that causes a portion
of the surface to appear in the diagram
twice.

As an object at the height of one of
the surfaces moves farther away from
the eye it will appear first as a single
image, then as a double image, and
finally it will vanish from view. A person
walking away from you on a desert
would therefore slowly vanish from the
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DESERT MIRAGE is another example of a two-image inferior
mirage. In spite of the strong impression of water in the distance,
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nothing isthere but dry desert and mountains. The bottom part of the
mountains has vanished; upper part appears as an inverted image.



feet up. It would look as if he were wad-
ing into the sea, an impression Strength-
ened by the seemingly reflected image
of the upper portion of him that was still
to be seen. He would ultimately “drown”
as his entire body vanished.

he distance to the edge of the “water”

is the distance to the optical horizon.
It is determined by the last ray that
touches the surface of the ground, that
is, the ray that is tangent to the surface.
As the observer moves forward or back-
ward, so does the optical horizon. The
phenomenon is familiar to every driver
who watches the “water on the road”
recede up the road as he approaches
it. Over the flat expanse of a desert
the “water” surrounds the observer and
moves as he moves. With the coming of
evening the desert cools, the tempera-
ture gradient decreases, the curvature of
the light rays decreases and the “waters”
recede from the observer.

It is sometimes difficult for the observ-
er to decide whether the scene before
him is actually a reflection from a sur-
face of water or whether it is a mirage,
particularly when the two-image inferior
mirage is seen over a real water surface
(as in the photograph on the cover of
this issue). If it is a mirage, what is seen
depends strongly on the elevation of the
observer’s eye. When the observer kneels
down, all the surfaces terminate much
closer to him, so that distant objects van-
ish, only to reappear when he stands up.
A reflection would not behave in this
way.

To obtain a three-image mirage the
temperature profile must satisfy the con-
ditions for a two-image mirage (the tem-
perature and the temperature gradient
must increase together), and in addition
the rate at which the temperature gra-
dient increases must decrease. This is
roughly equivalent to saying that the
curvature of the profile decreases with
increasing temperature.

One example is the “elbow” profile
that appears next to a sun-baked wall.
When the sun shines on a long, uniform
wall, the temperature of the wall rises
and the heat is transferred both into the
building and out to the surrounding air.
A temperature gradient builds up in the
first few centimeters outward from the
wall. Because the change of temperature
is horizontal, the image is displaced side-
ways, yielding a lateral mirage. An ob-
ject that is along the wall but close to
the eye has a single image. If it is far
from the eye, it has two images, and if
it is in a narrow zone at an intermediate
distance, it has three images.

UTILITY POLES appear to become submerged in water with increasing distance from the
observer. The effect is caused by the two-image inferior mirage and can be understood by
examining the image space shown in the top illustration on page 106. With increasing dis-
tance the poles seem to vanish from the bottom up. As they do so an inverted image of a
portion of the poles gives the impression of being a reflection from a surface of water.
Perfectly normal utility poles appearing thus distorted here are in Great Salt Lake Desert.

Often on warm spring or summer af-
ternoons a three-image mirage can be
seen over an enclosed body of water
such as a large lake, a bay or a sound.
The images are caused by a temperature
profile that has an inflection point. The
temperature increases with height, be-
cause the warm air from the land has
flowed out over the cooler water. As a
result of turbulent mixing of the air as
it flows over the water, the temperature
gradient in the bottom few meters is
small, but it increases with height at
first and then decreases again. The
curvature of the profile therefore de-
creases with height and indeed vanishes
at the point where the temperature gra-
dient is at its maximum: the inflection
point.

The apparent shape of the surface of
the water, as seen through this strange
lens, is that of a large, flattened letter S
[see bottom illustration on page 106]. An
object located where the surface folds
will be seen three times. A diagram of
the image space reveals the remarkable
way an image would change as the ob-
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ject moved farther away from the ob-
server.

A temperature profile with an inflec-
tion point will not necessarily give rise
to a three-image mirage. If the tempera-
ture gradient in the vicinity of the inflec-
tion point is just a little gentler, the ap-
parent surface will not fold over but will
instead rise and form a wall. An object
located at the distance of the apparent
wall will be seen greatly magnified. That
is the simplest manifestation of the Fata
Morgana.

f that were all there was to the Fata
Morgana, it would have been incapa-
ble of generating the many strange im-
ages that have been credited to it, such
as the castles and pilasters seen by An-
gelucci and the mountains of Crocker
Land seen by Peary and MacMillan. An
understanding of those phenomena re-
quires a further discussion of the basic
image-forming properties of the atmo-
spheric lens.
Up to this point we have discussed
the atmospheric lens in terms of its abil-
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ity to produce multiple images of a dis-
tant object and to alter the magnifica-
tion. Nothing has been said about how
good the images are in terms of sharp-
ness, although some of the photographs
accompanying this article will reveal
that the sharpness of the atmospheric
lens can vary greatly. Some of the lack
of sharpness can be ascribed to shim-
mering, which is caused by small irregu-
larities in density and temperature that
result from turbulence in the air. Also
contributing to the lack of sharpness is
the astigmatism of the atmospheric lens.

Astigmatism is apparent when the
wave front of the light that reaches the
eye is not spherical but instead is shaped
like a small portion of an ellipsoid [see
upper illustration on page 107]. A hori-
zontal cross section through the wave
front has a curvature different from that
of a vertical cross section. One’s ability
to focus the light on the retina or on the
plane of the film in a camera is deter-
mined by the curvature of the wave
front, so that in this case one can focus
to define the image sharply in either the
horizontal or the vertical but not in both.
In the atmosphere it is only possible to
focus on, and thus to sharply define, the
horizontal position of the image, because
the curvature varies so rapidly in the
vertical cross section. A discrete object
will appear defocused as a fuzzy vertical
line.

The astigmatic wave front gives rise to
another curious effect: it can alter the
brightness of the image. Consider a point
source of light seen in the distance. The
vertical defocusing of the image means
that the light is spread into portions of
the image that would otherwise have
been dark. The light energy has been re-
distributed, leaving the apparent posi-
tion of the light source darker than it
would have been in the absence of astig-
matism, whereas the regions above it
and below it have become brighter. Be-
cause the amount of astigmatism varies
greatly in different parts of the mirage,
even a uniformly illuminated surface will
appear to the eye as being nonuniform-
ly bright.

That effect is the origin of the mirage
phenomenon named the Fata Bromosa,
or fairy fog. A perfectly flat and uni-
formly illuminated surface of the sea is
deformed in image space to look like a
slightly overhanging wall. The blurring
effect of the astigmatism eliminates all
detail in the “wall,” and so the fact that
it is an image of the ocean cannot be
determined. The redistribution of bright-
ness on the overhanging wall causes the
wall to appear much whiter than its sur-



roundings, so that it looks to the eye just
like a fogbank out over the water.

The water surface that appears to
have an overhanging wall is the result of
an inflection-point profile that gives rise
to a three-image mirage. If the tempera-
ture gradient at the inflection point is
decreased a little, the apparent wall
no longer overhangs but stands vertical.
The astigmatism will still blur detail in
the wall, but now it redistributes the
brightness so that the wall appears to be
darker than the surrounding regions.
Only one more element remains to ex-
plain Angelucci’s observation of the 10,-
000 pilasters, and that is the presence of
gravity waves in the atmosphere.

The temperature profile we have been

discussing is one that causes the at-
mosphere to be stably stratified. If the
surfaces of constant temperature (and
density) become tipped, they will oscil-
late back and forth around the horizon-
tal position and give rise to waves. (It
is rather like water sloshing back and
forth in a swimming pool.) Gravity acts
as the restoring force for these waves,
which derive their energy from the
wind.

For the purposes of this discussion all
that matters is that the waves cause the
strength of the temperature gradients in
our temperature profile to vary slightly
in a periodic manner. Looking through
one portion of the wave, the appar-
ent shape of the water will be slightly
overhanging and thus bright; looking
through another portion, the surface will
be vertical and thus dark. Each wave
will result in the appearance of another
whitish gray pilaster. A slight increase
in the strength of the mean temperature
gradient makes possible the appearance
of a white wall with periodic dark win-
dows in it. In fact, slight variations in
the shape of the temperature profile and
the amplitude of the gravity waves are
all that is required to produce any of
the details of Angelucci’s observations
or of Peary’s view of “Crocker Land.”

Although the simple forms of the mi-
rage only transmit and distort images of
objects that actually exist, the Fata Mor-
gana is capable of bringing about such
a great transformation that the images
seen bear no resemblance to the object
that gave rise to them. The Fata Mor-
gana can take a flat, evenly illuminated
surface of water, snow or ground and
transform it into a wall on which all prior
information has been erased. As the
brightness on the wall is redistributed,
new pictures are created. It is not sur-
prising that some mirages have been
credited to fairies.
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Immunization against Smallpox before Jenner

Long before he introduced inoculation with cowpox, smallpox was

prevented by inoculation with smallpozx itself. The procedure was

risky, but its spread in the 18th century set the stage for Jenner

that is now on the verge of eradica-

tion, was endemic everywhere in Eu-
rope and probably throughout the world.
Perhaps the most infectious disease of
man, it was in many respects even more
loathsome and fearful than that other
great killer, plague. Where plague de-
cided between life and death within
three or four days, smallpox lasted for
two weeks or longer. Its first signs were
fever, backache and vomiting. The fever
then subsided, and many small bumps
the size of birdshot appeared on the skin,
particularly on the face, the chest and
the arms. Over several days the bumps
enlarged as they filled with fluid. The
fever then returned and the bumps be-
came inflamed and swollen pustules that
broke and formed a soft yellow crust
with an offensive odor. Eventually, if the
patient survived (and in many epidemics
two in five died), the crusts fell off, re-
vealing the characteristic pox, or de-
pressed scars, that gave the disease its
name. It was not unusual for the patient
also to be left blind.

Although smallpox most commonly at-
tacked children under five, it did not re-
spect age or social status. Scarcely 20
percent of the population escaped it en-
tirely, and it was always more virulent in
the cities than it was in the countryside.
In 17th-century London it accounted for
some 10 percent of all deaths, and it took
an even higher toll in other European
cities. Like plague it would assume epi-
demic proportions every five to 10 years.
About 1660, just as plague was begin-
ning to die out in Europe, the threat
from smallpox increased. Not long after-
ward the intelligentsia of Europe awak-
ened to a fact already known to common
folk: this terrifying scourge was avoid-
able. Smallpox was in fact the first major
disease that was amenable to a form of

In the 17th century smallpox, a disease
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by William L. Langer

prophylaxis; it could not be cured but it
could be prevented.

Today the prevention of smallpox is
usually associatéd with the name of Ed-
ward Jenner. Actually people in many
parts of the Old World had practiced
one method or another of “buying the
pox” long before Jenner’s time. Fearful
for their children’s health, parents would
seek out someone with a case of small-
pox, preferably a mild one. The smallpox
victim and the child would then make
contact in such a way as to infect the
child. After an incubation period of
about a week the child, if he was lucky,
would develop a mild case of smallpox
and would emerge virtually unscarred
and immune to the disease thereafter;
the mild induced case gave the same pro-
tection that was provided by a severe
one. Educated people came to call this
practice of folk medicine inoculation,
after the Latin inoculare, to graft. They
also called it variolation; variola, from
the Latin varus, pimple, was the scholar-
ly name for smallpox.

There were numerous techniques of
variolation. The Chinese avoided direct
contact with the sick; instead the child
was induced to inhale a powder made
from the crusts shed by a recovering
patient. In the Near East and in Africa
fresh material from a diseased patient’s
pustules was rubbed into a cut or scratch
in the skin of the person being im-
munized. The first scholarly account of
peasant immunization practices in Eu-
rope appears to be one written by Thom-
as Bartholin, an anatomist at the Univer-
sity of Copenhagen and later physician
to Christian V, king of Denmark and
Norway; his note on variolation in the
Danish countryside was published in
1675. At that time the practice was also
known in rural France and in Wales.

In England 40 more years passed be-
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fore the folk practices came to the notice
of the learned. An Oxford-trained Greek
physician then living in Constantinople,
Emanuel Timoni, was the reporter. He
wrote to the Royal Society of London in
1713 to describe to his fellow members
the method of variolation used in the
Near East. His note was summarized in
the society’s Philosophical Transactions
in 1714. Two years later the same journal
published a more detailed analysis of the
Eastern practice written by an Italian
physician, James Pylarini, who was then
serving as the British consul in Smyrna.
Variolation was practiced in Smyrna
along well-established Near Eastern
lines; professional variolators, usually
women, took material from a ripe pustule
and rubbed it into a scratch or an inci-
sion in the arm or leg of the person being
inoculated.

We now come to Mary Pierrepont,

a well-born English beauty who
against her father’s wishes eloped in
1712 with Edward Wortley Montagu, a
grandson of the first earl of Sandwich.
The couple lived quietly in the country
until Edward became a member of Par-
liament for Westminster in 1715 and his
wife suddenly found herself one of the
most popular hostesses in London and a
friend of the leading intellectuals of the
capital. That same year Lady Mary con-
tracted smallpox, to the ruin of her beau-
ty. The following year her husband was
sent as ambassador to the Turkish court
in Constantinople. Lady Mary, who now
had an understandable interest in small-
pox, was greatly impressed by what she
saw of the Turkish practice of variola-
tion. She had the embassy physician in-
oculate her young son, and on her return
to London in 1718 she agitated enthusi-
astically in favor of variolation. When
her daughter reached the age of four



DEVELOPMENT OF SMALLPOX in a child is shown in this
series of photographs made under the auspices of the World Health
Organization for a poster designed to alert people in smallpox
areas to the difference between the symptoms of smallpox and those
of chickenpox. Those areas are now limited to two countries: Ban-
gladesh and Ethiopia. The first photograph (top left) was made on

the third day after the smallpox rash had first appeared; the re-
maining photographs (left to right and top to bottom) were made
on fifth, seventh, 10th, 15th and 25th days. In the course of the in-
fection the rash develops into pustules, which in this case have be-
gun to break on seventh day. By 25th day the pustules have largely
healed, leaving the depressed scars characteristic of the disease.
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in 1721, Lady Mary made sure that she
too was inoculated against smallpox. Al-
though she was not the first to report the
Eastern practice to the English, Lady
Mary deserves great credit both for her
courage in having her children inoculat-
ed and for her persistent propaganda in
court circles.

Lady Mary and those physicians who,
having read the Royal Society reports,
also favored the practice met with
sustained and not entirely irrational op-
position. Many clergymen simply de-
nounced variolation as an interference
with God’s will. The fact remains that a
few of those who were inoculated did
die. More important, all who were in-
oculated became potential sources of
contagion throughout the period of their
illness.

Curiously, this contagious effect had
not been foreseen and might have con-
tinued to go unnoticed except for an in-
cident in the country north of London.
The physician who had variolated Lady
Mary’s son in Constantinople had by now
returned to England and happened to
variolate the daughter of a Hertford
Quaker. The household staff was large,
and in the course of the little girl’s illness
and convalescence six of the servants

(who had never contracted smallpox and
therefore had no immunity) came in close
contact with the child. All six were
stricken, and a local epidemic ensued.
Thus although a certain degree of prog-
ress was achieved (George I, for exam-
ple, allowed the royal grandchildren to
be immunized), variolation in England
remained the exception rather than the
rule.

N the same time inoculation against

smallpox was initiated quite inde-
pendently on the other side of the Atlan-
tic. Boston was then the intellectual cen-
ter of the British colonies in America, and
Cotton Mather, the eminent theologian
and far-ranging scholar, was a member
of the Royal Society of London. Mather
read the society’s Philosophical Transac-
tions, and soon after the appearance of
Timoni’s note he wrote a friend in En-
gland to say that one of his slaves had
already told him of variolation as it was
practiced in Africa.

In April, 1721, a smallpox epidemic
broke out in Boston. Mather tried to mo-
bilize the physicians of the city for a
campaign of immunization. With one
exception the response was outspoken-
ly negative. The exception was Zabdiel

Boylston. On June 26 Boylston inoculat-
ed his six-year-old son, one of his slaves
and the slave’s three-year-old boy, all
without any adverse effects. Boylston
thereupon proceeded to inoculate more
than 200 other Bostonians in spite of a
vigorous newspaper and pamphlet cam-
paign in opposition to the practice.
Unlike the opposition in England, Boyl-
ston’s principal adversaries were his fel-
low physicians. The clergy on the whole
supported Mather and Boylston.

The issue was a grave one, because the
1721 epidemic was unusually severe. Al-
most half of the population of Boston,
5,889 of the city’s 12,000 inhabitants
(11,720 if one subtracts the 280 immu-
nized by Boylston and two other physi-
cians), contracted smallpox. Of this num-
ber 844, or every seventh victim, died.
The next smallpox epidemic to strike
Boston, a less severe outbreak in 1730,
was met with a much more widespread
inoculation program.

Meanwhile in England interest in vari-
olation continued to decline until John
Kirkpatrick, an American physician from
Charleston, S.C., visited London in
1743. He brought to English medical
circles details of how inoculation had
successfully halted a particularly severe

PRO-INOCULATION CARTOON published in 18th-century Rus-
sia shows a father and children (left) whose clear skin contrasts
with the disfiguring smallpox scars of another family (right). The
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pockmarked father complains that the “pretty little children” of
the other family refuse to play with his “monsters.” His dis-
figured children scold their father for failing to inoculate them.



outbreak of smallpox in Charleston in
1738. Kirkpatrick gave credit to an im-
proved method of variolation that had
reduced the severity of the disease in
inoculated patients and had lowered the
mortality rate among the immunized to
one in 100. (About one in 50 of Boyl-
ston’s patients had died.)

Kirkpatrick’s report reopened the de-
bate over inoculation in England. In
1746 a special facility, the Smallpox and
Inoculation Hospital, was founded in
London with the patronage of the duke
of Marlborough. Although the hospi-
tal’s capacity was limited, it quickly be-
came a center of study and teaching;
many students from abroad went there
to learn the techniques of variolation.
In 1754 Kirkpatrick’s account of the
success in Charleston was published.
Translated into French and other lan-
guages, it soon became virtually a cate-
chism. The next year Robert and Daniel
Sutton, father and son, began to practice
variolation, first in Suffolk and then in
London. The Suttons made many im-
provements in variolation technique, and
before moving to London they reported
that they had inoculated 2,514 individ-
uals without a single fatality. Daniel
opened a private clinic in the city and
soon attracted an imposing clientele of
well-to-do Londoners. It is reported that
he earned 2,000 guineas in 1764 and
6,500 the following year.

There is nothing implausible in Sut-
ton’s financial success; by the middle of
the 18th century, as one authority notes,
variolation had become a “social institu-
tion.” Several dozen young physicians,
having learned the technique of variola-
tion, set up practice on the Continent
and made a good living; the situation
was much as it is today, when golf clubs
on the Continent think that in order to
gain prestige they must have a Scottish
professional. The clientele, however,
continued to be drawn mainly from the
upper classes. For example, in 1756 a
Geneva physician, Theodore Tronchin,
was summoned to Paris to inoculate the
family of the Duc d’Orléans, second in
rank only to the king. So great was the
excitement that elegant carriages formed
a queue at Tronchin’s door, much as if
their owners were attending a perform-
ance at the Comédie Francaise.

In spite of exceptions such as this one,
inoculation in Europe remained virtually
an English monopoly. When profession-
al inoculators were called in to train a
corps of local physicians in the tech-
niques of variolation (for example, a
team was called to Potsdam by Frederick
the Great and another to Vienna by the
Empress Maria Theresa), it was from

V. An Account, or Hiftory, of the Procuring the SMALL
PO X &y Incifiony, or Inoculation; as it has for fome time
been praitifed at Conftantinople.

Being the Extract of a Letter from Emanuel Timonius,
Oxon. & Patav. M. D. 8. R. S. dated 4t Conftaatinople,

December, 1713.

Commuricated to the Royal Society &y John Woodward, M. D.
Proell Med. Grefh.4ndS. R. S.

HE Writer of this ingenious Difcoutfe obferves, in

the firft place, that the Circafians, Ge'rgians, and

other Afiaticks, have introduc'd this Practice of procuring
the Small-Pex by a fort of Ineculation, for about the fpace
of forty Ycars, among the Zurks and others at Conflanti-

#nople.

Thar altho’ at firft the more ptudent were very cautious
in the ufe of this Pralice; yet the happy Succefs it has
been found to have in thoufands of Subjeis for thefe eight
Years paft, has now put it out of all fufpicion and doubr;
fince the Operation having been perform’'d on Perfons of all

FIRST ACCOUNT OF INOCULATION for smallpox to appear in England was written
by Emanuel Timoni and published in the Philosophical Transactions of the Royal
Society of London in 1714, Timoni, then in Constantinople, described the method there.

England that they were summoned. The
French did not begin to catch up with
the English in this respect until the mid-
1750’s, after another smallpox epidemic
had broken out. With some interruptions
the outbreak continued until the 1790’s,
and during those years the disease at-
tacked a larger percentage of adults than
usual.

Voltaire, who had survived an attack

of smallpox at the age of 29, was a
staunch advocate of inoculation. The
prime mover among the French, how-
ever, was not Voltaire but a scientist of
great eminence, Charles Marie de La
Condamine, a mathematician and geog-
rapher whose fame sprang from an ex-
pedition to the Amazon in the 1730’s. La
Condamine went into action during the
epidemic of the 1750’s. In 1754 he pub-
lished a number of tracts attacking the
clergy’s will-of-God position (an argu-
ment that appears to have been particu-
larly influential in France) and advocat-
ed variolation as a means of controlling
the epidemic. The Parlement of Paris,
the chief judicial body of France, re-
acted to popular pressure by appointing
a commission of 12 from the Faculty of
Medicine of the University of Paris to
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investigate the issue and draft a report.

After much argument the commission
split evenly for and against variolation,
but when at last it reported the stale-
mate, the Faculty of Medicine as a whole
had already come to favor this means of
preventing smallpox. The practice was
sanctioned by the Parlement until in
1763 a fresh epidemic in the city (urban
areas were always the worst hit) was at-
tributed to the contagion that inevitably
accompanied inoculation. The Parlement
responded by forbidding variolation
within the Paris city limits, but the in-
oculators reacted to the prohibition by
opening clinics just outside the capital.
Among those practitioners, in addition
to various English professionals and
Tronchin, was a Venetian physician, An-
gelo Gatti, who lived in Paris and con-
tributed substantially to the study of the
disease. Five years later the Parlement
rescinded its prohibition.

A roster of the better-known victims
of the mid-century epidemics dramatizes
the fact that smallpox did not respect the
rich and powerful. In 1759 the most
notable victim was the empress of Aus-
tria, Maria Theresa, stricken at the age
of 52. She recovered and later engaged
a Dutch physician to inoculate the mem-
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bers of the imperial family. In 1774 the
most notable victim was the king of
France, Louis XV, stricken at 64. After
two weeks of agony he died; his mal-
odorous body was hurried to the grave
at night for fear that in those troubled
times the usual pomp of a royal funeral
might provoke a popular uprising. His
death so frightened his successor, Louis
XVI, that the monarch immediately had
the entire royal family inoculated.
Perhaps inspired by Maria Theresa’s
experience or perhaps because of the
hideous appearance of her own pock-
marked late husband, Czar Peter, Cath-
erine the Great summoned a London
physician, Thomas Dimsdale, to St. Pe-
tersburg in 1768 to inoculate her and her
son and heir, the Grand Duke Paul. This
Dimsdale did without mishap in the fall
of 1768. The grateful Catherine not only
bestowed the title of baron on Dimsdale
but also gave him a cash gift of 10,000
pounds (and another 2,000 pounds to
cover expenses) and established an an-
nuity of 500 pounds for him. This must
surely be the highest compensation paid

by anyone in exchange for immunity
against smallpox. In 1781 Dimsdale
made a second journey to Russia to in-
oculate Catherine’s grandsons, Constan-
tine and Alexander. During that visit he
also immunized many other members of
the Russian aristocracy, both in St. Pe-
tersburg and in Moscow.

By the eve of the French Revolution
the method of inoculation had been so
improved that a small pinprick and a
drop of thin pus inserted by lancet
served the purpose. It would probably
be safe to say that everywhere in Eu-
rope a majority of the well-to-do had
been variolated; after all, it was an ex-
cellent investment for those who could
afford it. Some students of 18th-century
population growth have suggested that
the widespread practice had noticeably
reduced the overall mortality rate in Eu-
rope and was thus responsible, at least
in part, for the phenomenal increase in
population at that time. There can be no
certain judgment on the point; it is im-
possible, first, to establish the death rate
for a time before the initiation of the

Their Ages.|Perfons in-f Had  the|Had an Im- Had no Ef+ Sufpected
oculated. | Small.Pox Ipcri'c&fmall fe&. to have died
by Inocu- Pox. of Inocula-
lation. tion.
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RECORD OF INOCULATIONS performed

in Boston and vicinity by Zabdiel Boylston

and two colleagues during the smallpox epidemic of 1721 appears in an account published
by Boylston. Those inoculated numbered 280 aged between nine months and 67 years. Six
of them died of smallpox. Six others had no reaction; they may already have had the disease.
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census and, second, to speak with any as-
surance of the extent of successful immu-
nization. The suggestion does, however,
raise a further question: To what extent
was variolation practiced among urban
and rural workers? The urban poor in
particular were the traditional incuba-
tors of endemic disease, and they made
up the vast majority of the population in
all cities. If they were not inoculated,
there could be no hope of eradicating
smallpox.

The well-to-do were not blind to the
problem. Public clinics were opened and
in some instances offered free inocula-
tion for children. In England, Jonas Han-
way, a well-known philanthropist and a
trustee of the Foundling Hospital, sug-
gested to his peers that they employ no
servants who had not had smallpox or
been inoculated against it. The younger
Sutton, whose clinic was perhaps the
most elegant in London, offered to vario-
late 400 children, 100 at a time, and care
for them for a full month afterward if
rich patrons would subscribe a guinea
per head. Nothing came of his proposi-
tion, presumably for lack of subscribers.
LAS for the urban poor themselves, they

seem to have shown no great in-
terest in the issue. Naturally suspicious
of approaches by their social superiors,
they may also have held the pessimistic
view that smallpox was an integral part
of life. Perhaps they had no reason to
think otherwise. Those of them who fa-
vored variolation would have looked to
itinerant inoculators or even to amateurs
for treatment. Such practitioners could
not have been relied on to do an up-to-
date job. More important, it would have
been impossible in the urban slums to
isolate the newly inoculated. Inoculated
children would not have felt the effects
for a week or so and would have con-
tinued to be in contact with others. It is
reasonable to suppose they would thus
have infected other children, who would
then have come down with a full-blown
case of the disease. If new contagion of
this kind was commonplace, it is not
hard to understand why many believed
smallpox was constantly gaining ground.
Contemporary writings contain eloquent
testimony to a veritable panic over the
disease that seized all Europe in the last
quarter of the 18th century.

Much later, in 1852, Thackeray, re-
calling his life early in the 19th century,
noted that at that time hundreds died or
rose from their sickbed terribly scarred
and disfigured. “In my early days,” he
wrote in Henry Esmond, “this pestilence
would enter a village and destroy half
the inhabitants: at its approach, it may



well be imagined, not only the beautiful
but the strongest were alarmed and those
fled who could.” There is more than
enough contemporary evidence to show
that Thackeray’s remarks were not ex-
aggerated.

Under the circumstances many physi-
cians sought ways to prevent the infec-
tion that resulted from variolation. Jen-
ner, a physician with a preference for a
country practice, noted in the 1790’s that
the dairymaids in his neighborhood rare-
ly, if ever, contracted smallpox, even in
the absence of inoculation. After years of
careful observation and experiment he
published in 1798 a 70-page pamphlet:
“An Inquiry into the Causes and Effects
of the Variolae Vaccinae.” (Variolae vac-
cinae was cowpox, the bovine form of
smallpox.) In this classic report Jenner
advanced the notion that inoculation
with cowpox, which he considered a
mild form of smallpox, would provide
the same immunity to smallpox that vari-
olation did. What was more important,
the disease produced by vaccination, as
opposed to variolation, would be so ex-
tremely mild that the vaccinated indi-
vidual would not be a source of infection.

No better news could have reached
the world in the midst of the Napoleonic
Wars. Jenner’s thesis was accepted at
once by the great majority of physicians,
and within a year or two thousands had
been vaccinated. The news raced around
the world faster than news had ever
traveled before; Jenner was hailed every-
where as mankind’s greatest benefactor,
and his discovery was characterized as
the most important medical advance of
all time.

It is not my purpose here even to
touch on the history of vaccination in the
19th and 20th centuries except to note
that for all its benefits the procedure was
not quite as simple and the immunity it
conferred was not as long-lived as Jenner
and the early vaccinators had supposed.
Nonetheless, it seems appropriate to
close this review of the antecedents of
Jenner’s great discovery with a note on
its instant adoption in the U S.

N the close of the 18th century a high-

ly imaginative (although somewhat
eccentric and testy) Harvard professor of
medicine, Benjamin Waterhouse, played
a role not unlike the one played by Math-
er and Boylston in the opening decades
of the century. Waterhouse had been
educated in Europe and maintained a
regular correspondence with his friends
there. Having received a copy of Jenner’s
pamphlet almost as soon as it could ar-
rive by ship, Waterhouse was at once
converted to Jenner’s view. He wrote to
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INOCULATION WITHOUT CONTAGION, using cowpox pustules instead of smallpox
pustules as the source of inoculation material, was proposed by Edward Jenner in 1798. The
title page of his pamphlet on the subject is shown here. The quotation is from De rerum

natura, by Lucretius, a Roman poet of the
guishing between truth and falsehood man

friends in England asking for some of
the cowpox material used for vaccina-
tion. It arrived in July, 1800, and he im-
mediately vaccinated his children and
servants.

Waterhouse promptly notified Thom-
as Jefferson, who was then vice-presi-
dent, of Jenner’s discovery. That always
inquisitive statesman at once sought Wa-
terhouse’s good offices in securing an
ample supply of the vaccine. Jefferson
and his son thereupon vaccinated their
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first century B.C., who suggests that in distin-

has no more certain criterion than his senses.

entire household of 60, slaves included.
As president, Jefferson went on to use his
influence to establish the new procedure
in Philadelphia and the other cities of the
young republic. Before Jefferson’s retire-
ment to Monticello in 1809 the number
of people who had been vaccinated on
both sides of the Atlantic could be reck-
oned in the millions. The campaign to
eradicate smallpox, now coming to a
close after nearly two centuries, had be-
gun in earnest.
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MATHEMATICAL GAMES

A breakthrough in magic squares,

and the first perfect magic cube

by Martin Gardner

“In my younger days, having once
some leisure (which I still think I
might have employed more usefully), I
had amused myself in making...magic
squares.”

—From a letter by Benjamin Franklin

wo major breakthroughs have

I been made in the study of magic
squares and magic cubes: all or-
der-5 magic squares have been counted,
and the first perfect magic cube has
been constructed. I am pleased to be the
first to publish both results here. So that
the magnitude of the two achievements
can be fully appreciated, let us take a
brief look at the history of magic squares.

Although some of the greatest mathe-
maticians have done work on magic
squares, and even though such work
leads into the theories of groups, lattices,
Latin squares, determinants, partitions,
matrices, congruence arithmetic and
other nontrivial areas of mathematics,
the most enthusiastic square constructors
have been amateurs. The famous Frank-
lin square, an ingenious 16-by-16 matrix
that Benjamin Franklin called “the most
magically magical of any magic square
ever made by any magician,” is itself the
topic of many articles and monographs.
The literature on magic squares in gen-
eral is vast, and most of it was written
by laymen who had become hooked on
the elegant symmetries of these inter-
locking number patterns.

A standard magic square, as few read-
ers need to be told, is a square array of
positive integers from 1 through N2, ar-
ranged so that the sum of every row, ev-
ery column and each of the two main
diagonals is the same. N is the “order” of
the square. It is easy to see that the
magic constant is the sum of all the num-
bers divided by N. The formula is (1 +
2+ 3+...4+ N2)/N =%N3 + N).

The trivial square of order 1 is simply
the number 1, and of course it is unique.
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It is equally trivial to prove that no or-
der-2 square is possible.

There are eight ways to arrange the
digits 1 through 9 in an order-3 array
that is magic. It is traditional, however,
not to count rotations and reflections.
When they are excluded, the order-3
square is unique. To appreciate the gem-
like beauty of this most ancient of all
combinatorial curiosities, consider all the
ways that its constant, 15, can be parti-
tioned into a triplet of distinct positive
integers. There are exactly eight:

9+5+1
9+4+2
8+6+1
8+5+2
8+4+3
74+64+2
7+5+3
6+5+4

Now, in the order-3 square each of
eight lines of three numbers must total
15: the six orthogonals (rows and col-
umns) and the two diagonals. The eight
lines exactly match the number of trip-
lets we have available. Since the cen-
ter number belongs to a row, a column
and both diagonals, it clearly must be a
digit that appears in four of the eight
triplets. The only such digit is 5. We
therefore know that 5 is the central num-
ber.

Consider 9. It belongs to only two trip-
lets, so that we cannot place it in a cor-
ner since each corner cell belongs to
three lines. Consequently it must go in a
side cell. Because of the square’s symme-
try it does not matter which side cell we
choose, and so let us put it above the 5.
For the top corners, on each side of 9, we
have no choices except 2 and 4. Again it
does not matter which digit goes where,
since one arrangement is merely a mir-
ror reflection of the other. The rest of the
square follows automatically. We have
by this simple construction proved its
uniqueness.

The completed square, in the form
shown in the top illustration on page
120, is the Lo shu of ancient China. Ac-
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cording to legend the pattern was first
revealed on the shell of a sacred turtle
that crawled out of the Lo River in the
23rd century B.c., but today’s Chinese
scholars trace references to it back no
further than the fourth century =B.c.
From then until the 10th century the
pattern was a mystical Chinese symbol
of enormous significance. The even num-
bers were identified with yin, the female
principle, and the odd numbers with
yang, the male principle. The central 5
represented the earth, around which, in
evenly balanced yin and yang, were the
other four elements: 4 and 9 symbolizing
metal, 2 and 7 fire, 1 and 6 water, and 3
and 8 wood. For this and other historic
interpretations of the Lo shu, and its
connection with divination and the I
Ching, see “The Magic Square of Three
in Old Chinese Philosophy and Reli-
gion,” by Schuyler Cammann, in History
of Religions, Vol. 1 (Summer, 1961),
pages 37-80, and “Old Chinese Magic
Squares,” by Schuyler Cammann, in
Sinologica, Vol. 7 (1962), pages 14-53.

There are 880 magic squares (exclud-
ing rotations and reflections) of order 4.
They were first given by Bernard Fré-
nicle de Bessy in 1693. There are many
ways to classify them. One of the best
was devised by Henry Ernest Dudeney,
who explains his system in an excellent
article on magic squares in early print-
ings of the 14th edition of the Encyclo-
padia Britannica. The last printing of
that edition substitutes for Dudeney’s
article a superb historical article by Cam-
mann. The current (15th) edition has a
trivial microarticle on magic squares in
the Micropzedia.

How many magic squares are of order
5P The best estimate was given by Al-
bert L. Candy in his Construction, Clas-
sification and Census of Magic Squares
of Order Five, privately published in
Lincoln, Neb., in 1938. Candy arrived
at a total of 13,288,952. The exact num-
ber was not known until 1973, when the
counting was completed by a computer
program developed by Richard Schroep-
pel, a mathematician and computer pro-
grammer at Information International.
The program, using a standard back-
tracking procedure, consists of about
3,500 “words” and took about 100 hours
of running time on'a PDP-10. A final re-
port, written by Michael Beeler, was is-
sued last October.

Candy’s estimate was low by a wide
margin. Not counting rotations and re-
flections, there are 275,305,224 magic
squares of order 5. Schroeppel prefers
to divide that number by 4 and give the
total as 68,826,306. The reason is that in



addition to the eight variants obtained
by rotation and reflection there are four
other variants generated by the follow-
ing two transformations, which also pre-
serve magic:

1. Exchange the left and right border
columns, then exchange the top and bot-
tom border rows.

2. Exchange rows 1 and 2 and rows 4
and 5. Then exchange columns 1 and 2
and columns 4 and 5.

in meaningful ways is staggering. Dude-
ney once wrote that certain ways of di-
viding magic squares into types seemed
to him about as useful as dividing peo-
ple into those who take snuff and those
who do not. Nevertheless, certain divi-
sions yield unexpected results. Consider,
for example, the total number of order-5
squares with centers that are numbers 1
through 13:

than squares with a center of 10, came
as a surprise. Of course, these same
anomalies occur in the counts of squares
with centers 14 through 25, since every
square with a center that is not 13 has its
complement. There are as many squares
with 1 in the center as there are with 25,
and the same is true for all numbers ex-
cept 13. Readers interested in the details
of Schroeppel’s program may write to
him at 835 Ashland Avenue, Santa Mon-
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When these two transformations are 1. 1,091,448 ica, Calif. 90405.
combined with the two reflections and 2. 1,366,179 The illustration below shows an or-
four rotations, the resultis 2 X 4 X 2 X 3. 1,914,984
2 = 32 forms that can be called isomor- 4, 1,958,837
phic. With this definition of isomorphic 5. 2,431,806 -
the count becomes 68,826,306. 6. 2,600,879
That number can be lowered even 7. 3,016,881 1 15 24 8 17
more by considering another well-known 8. 3,112,161
transformation. If every number in a 9. 3,472,540
magic square is subtracted from N2 + 1 10. 3,344,034 23 7 16 5 14
(in this case 26), the result, called the 11. 3,933,818
complement, is also magic. When the 12. 3,784,618
center of an order-5 square is 13, the 13. 4,769,936 20 4 13 22 6
complement is isomorphic with the origi-
nal. If it is not 13, a different square re- Note that the totals steadily increase
sults. If we broaden the term isomorphic ~ from 1 through 8 but that the totals for 12 21 10 19 3
to include complements, the count of 9 and 10 and for 11 and 12 are reversed.
order-5 squares drops to about 35 mil- That there are more squares with a cen-
lion. ter of 11 than squares with a center of 9 18 2 11 25
The task of classifying order-5 squares 12, and more squares with a center of 9
o
1 15 24 8 17 1 15 24 8 17 1 15 24 8 17
23 7 16 S 14 23 7 16 5 14 23 7 16 5 14
20 4 13 22 6 20 4 13 | 22 6 20 4 13 22 6
12 21 10 19 3 12 21 10 | 19 3 12 21 10 19 3
9 18 2 11 25 9 18 2 11 25 9 18 2 11 25
o 9
1 15 | 24 8 17 1 15 24 8 17 1 15 24 8 17
23 7 16 5 14 23 7 16 5 14 | 23 7 16 5 14
20 4 13 22 6 20 4 13 | 22 6 20 4 13 22 6
12 | 21 10 19 3 12 21 10 | 19 3 12 21 10 19 3
9 18 2 11 25 9 18 2 11 25 9 18 2 11 25
o
An associative and pandiagonal magic square of order 5 (top) and its cyclic permutations (bottom)
119



METAL

A 9 2

FIRE
3 5 7
(EARTH)
WOOD
8 1 6
\——
WATER

The Lo shu magic square of ancient China

der-5 square of a type that is more pow-
erfully magic than any other. It is as-
sociative, which means that any pair of
numbers symmetrically opposite the cen-
ter add up to N2 + 1. And it is pandi-
agonal (sometimes called Nasik or dia-
bolic), which means that its broken di-
agonals add up to 65, the constant. To
put it another way, if we tile the plane

o)
¢
O

I

Richard Schroeppel’s proof, lemma 1

Z
0}

3 <= :
-H&“xxﬁ A ‘//////
~L| =
\\ ~1 7 > 0/
\.\‘
\ /
Schroeppel’s proof, lemma 2
120

with this square, we can outline a 5-by-5
square anywhere on this infinite pattern
and it will be magic, although not nec-
essarily associative. To be associative too
it must have 13 in the center.

The Lo shu is associative but not pan-
diagonal. An order-4 square may be
pandiagonal or associative but not both.
The order-5 square is the smallest one
that can have both properties. Excluding
rotations and reflections, 3,600 order-5
squares are pandiagonal, or if we also
exclude variants obtained by the cyclic
permutation of rows and columns, 144
are pandiagonal. In other words, there
are 144 infinite patterns of the type
shown here, each containing 25 pandi-
agonal order-5 squares. Of the 144, just
16 contain a square that is also associa-
tive. All of this, by the way, was known
before Schroeppel developed his com-
puter program.

Of the 16 associative pandiagonal
squares of order 5, four have 1 in the
first cell, four have 1 in the third cell,
four have 1 in the seventh and four have
1 in the eighth. The medieval Moslems
were particularly intrigued by pandi-
agonal squares with 1 in the center. The
patterns were not, of course, associative,
but the Moslems thought of the central 1
as being symbolic of the unity of Allah.
Indeed, they were so awed by that sym-
bol that they often left blank the central
cell on which 1 was supposed to go.

It is natural to extend the concept of
magic squares to three dimensions and
even higher ones. A perfect magic cube
is a cubical array of positive integers
from 1 to N3 such that every straight line
of N cells adds up to a constant. These
lines include the orthogonals (the lines
parallel to an edge), the two main diag-
onals of every orthogonal cross section
and the four space diagonals. The con-
stant is (1+2+3+...4+ N3)/ N2=
%(N*+ N).

There is, of course, a unique perfect
cube of order 1, and it is trivially true
that there is none of order 2. Is there
one of order 37 Unfortunately 3 does
not quite make it. I do not know who
first proved the impossibility, but Rich-
ard Lewis Myers, Jr., has a simple way
of doing it. Consider any 3-by-3 cross
section. Let A, B, C be the numbers of
the first row, D, E, F the numbers of the
third row and X the central number.
Since the diagonals and the center col-
umn each must add up to 42, we can
write:

3X+A+B+C+D+E+F =3(42).

From this we subtract A+ B+ C + D
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+ E + F = 2(42) to get 3X = 42, and X
= 14. Since 14 cannot be the center of
every cross section, the cube is impos-
sible.

Annoyed by the refusal of such a cube
to exist, magic-cube buffs have relaxed
the requirements to define a species of
semiperfect cube that apparently does
exist in all orders higher than 2. These
are cubes where only the orthogonals
and four space diagonals are magic. Let
us call them Andrews cubes, since W. S.
Andrews devotes two chapters to them
in his work Magic Squares and Cubes
(1917). (There is a Dover paperback re-
print.) The order-3 Andrews cube must
be associative, with 14 in its center. John
R. Hendricks has proved (Journal of Rec-
reational Mathematics, Vol. 5, January,
1972, pages 43-50) that there are four
such cubes, not counting rotations and
reflections. All are given by Andrews,
although he seems not to have realized
that they exhaust all basic types.

No perfect cube of order 4 exists. As
far as I know the first proof was pub-
lished by Schroeppel in a memorandum
in 1972. The first step is to show that on
any 4-by-4 section (orthogonal or diag-
onal) the four corners must add up to
the constant. Let Q be the constant and
label the 16 cells with other letters [see
middle illustration on this page]. The
colored lines indicate six quadruplets
that catch all 16 cells. Since each corner
cell is common to three lines, 3A + 3D
+ 3M + 3P plus each of the other cells
taken once must equal 6Q. If we subtract
from this the values of the four rows, we
are left with 2A + 2D + 2M + 2P = 20Q,
which reduces to A+ D+ M+ P=0Q,
our first lemma.

Now consider the cube’s eight cor-
ners. We prove that any two corners con-
nected by an edge must have a sum of
Q/2. Call the corners A and B. Let C, D
and E, F be the corners of any two edges
parailel to A, B [see bottom illustration
on this page]. ABDC, EFBA and EFDC
are each the corners of a 4-by-4 cross sec-
tion, so that their total is 3Q. Gather the
like terms:

2A+2B+2C+2D +2E 4+ 2F = 3Q.
Divide each side by 2:
A+B+C+D+E+F=3Q/2.

From this we subtract C + D + E + F
= Q to obtain A + B = Q/2, our second
lemma.

Now consider corner B. It is joined to
corners A, D, F.Since A+ B=F + B =
D + B, we can take B from each equality
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Cross section of Richard Lewis Myers’ magic cube of order 8. (Computer printout courtesy of William Gosper.)
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to prove that A = F = D. That is impos-
sible, and so our proof is complete.

Is there a perfect magic cube of order
5? No one knows. Schroeppel has made
a beginning by proving (using algebra
and combinatorial thinking) that if such
a cube exists, its center must be 63. It is
not known if there are magic cubes of
orders 6 and 7.

There are perfect magic cubes of or-
der 8. A method of constructing them
by the millions was discovered in the
spring of 1970 by Myers, when he was
16 and a student at William Tennant
High School in Johnsville, Pa. He sent
me a short note about it, saying that he
had obtained his first cube “after three
months, seven theories and 31 sheets of
graph paper.” I am embarrassed to con-
fess that I did not appreciate the signifi-
cance of his claim. He did not send an
actual cube, and I replied by suggesting
a mathematical journal that could evalu-
ate his work.

I next heard about Myers’ cubes in
December, 1972, from John H. Staib, a
mathematician at Drexel University in
Philadelphia, where Myers had enrolled
as a freshman. Staib sent an order-8 cube
[see illustration on preceding page], and
although he extolled its symmetries and
provided hints about how Myers had
constructed it (by superposing three
Latin cubes and applying base-8 nota-
tion), I still failed to comprehend the
cube’s importance. I had glanced too
quickly at Andrews’” book, noting refer-
ences to magic cubes of order 3 and
higher, without realizing that those
cubes were only semiperfect. It was not

until I started researching this report
that I awoke to a full realization of what
Myers had done.

Myers dropped out of college after
his freshman year and is now working as
a computer programmer for the Interna-
tional Computaprint Corporation in Fort
Washington, Pa. He hopes to save
enough money to enable him to return
to a college where he can continue his
education in mathematics.

Every orthogonal and diagonal line of
eight numbers on the Myers cube shown
on the preceding page, including the
four space diagonals, add up to 2,052.
The cube is associative: any two num-
bers symmetrically opposite the center
add up to 513. It follows that not only
do the eight corner cells of the cube
total 2,052 but also (as Staib pointed
out) the corners of every rectangular
solid centered in the cube add up to the
same number. If that is not enough, the
cube can be sliced into 64 order-2 cubes,
and the eight numbers in each of these
cubes add up to the constant!

These remarkable symmetries make
possible an enormous number of re-
arrangements of the cube, all in a sense
isomorphic, and of course every arrange-
ment can be rotated and reflected 48
ways. Imagine this cube with each of its
512 cells replaced by the same cube in
any of its thousands of rearrangements
or orientations. In cell 1 we put a cube
that starts with 1. In cell 2 we put a cube
that starts with 8% + 1 =513, in cell 3
we put a cube that starts with (2 X 83) +
1 = 1,025, and so on for the other cells.
The result is a perfect magic cube of

order 64. Order-64 cubes in turn will
build perfect magic cubes of order 512,
and the same is true for all higher orders
that are powers of 8.

How many order-8 magic cubes are
there? By choosing different Latin cubes
to superpose, Myers can construct mil-
lions different from one another and
from the one given here, although not all
will be associative. The number of Latin
squares of order 8 have been counted
(there are billions), but the number of
Latin cubes has not, so that the problem
of counting just the order-8 cubes that
can be generated by Myers’ procedure
alone is horrendous.

Is 8 the lowest order a perfect magic
cube can have? Are there magic cubes
of orders not in the 8-power series? Both
are open questions.

Here are the solutions for the random
assortment of puzzles presented in
this department last month.

1. The first symbol of Tom Ransom’s
L.Q. test differs from the other four in
having a colored border. The second
symbol differs in not being shaded. The
third differs in not being square and the
fourth in not having a colored spot. The
fifth is the only symbol that is not unique
with respect to some property, and
therefore it is the one symbol “most dif-
ferent” from the others. To put it differ-
ently, the first four are each different in
the same general way, whereas the fifth
is different in a different way, which
makes it radically different.

One is reminded of the story about the
report of a psychiatrist on the most re-
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Solution to N. J. A. Sloane’s series of figures

122

Solution to the square-cake problem
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markable case in his experience. The
patient was a person who showed no
trace of any kind of neurosis. In my
opinion Ransom has found a simple, ele-
gant model of a semantic paradox that is
frequently encountered but seldom ex-
plicitly recognized.

The sixth figure in N. J. A. Sloane’s
puzzle is given in the upper illustration
on the opposite page, with the vertical
lines of symmetry shown in color. On the
right of each colored line are the numer-
als 1 through 6; on the left are their
mirror reflections.

2. To cut a square cake frosted on the
top and four sides into n pieces of equal
volume and equal frosting area we need
only mark the perimeter into n equal
parts and cut the cake in the usual man-
ner [see lower illustration on opposite
page]. To understand why this is so we
adopt a stratagem given by Norman N.
Nelson and Forest N. Fisch in their ar-
ticle “The Classical Cake Problem,” The
Mathematics Teacher, Vol. 66, Novem-
ber, 1973, pages 659-661. Imagine the
cake cut along its diagonals into four con-
gruent triangular prisms, and the prisms
arranged in a row as shown at the right
in the illustration. The base line is the
cake’s perimeter. Divide the cake into
seven equal portions, A, B, C, D, E, F,
G, as shown by the seven colored lines.
Those lines correspond to the seven cut-
ting planes in the solution.

It is easy to see that the area of icing
on each portion is the same. The sums
of the one or two rectangles that form
the sides of each portion clearly are
equal. The tops of each portion (com-
posed of one or two triangles) are also
equal in area because the sums of the
bases of these triangles are equal, and
all triangles have the same altitude. Fi-
nally, the volumes of the seven portions
are the same because their heights are
equal and their tops are equal in area.

The solution obviously generalizes to
n portions. We cannot, however, apply
the procedure to a cake on which the
frosting has a finite thickness because
the four corners of such a cake introduce
complexities.

3. The French cryptarithm is solved
with 94,851 + 6,483 + 6,483 = 107,817,
and the German one with 821 + 821 +
821 + 821 = 3,284.

4. The first published attempt to solve
Lewis Carroll’s anagram poem was made
by Sidney H. Williams and Falconer
Madan in their Handbook of the Litera-
ture of the Rev. C. L. Dodgson. Some of
their errors were corrected in 1962 in a
revised edition, the Lewis Carroll Hand-
book, by Roger L. Green. For further
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Solution to the third-man theme

criticism and speculation see Philip S.
Benham, “Sonnet Illuminate,” in Jab-
berwocky, the journal of the Lewis Car-
roll Society, Summer, 1974. (The so-
ciety’s address is 55 Heath Cottages,
Chislehurst, Kent, England.)

Drawing on the above sources, and
with help from Spencer D. Brown, here
is how matters stand:

1. As to: oats (not oast, stoa). 2. The
war: wreath (not thawer). 3. Try elm:
myrtle. 4. 1 tried: tidier. 5. The wig:
weight. 6. Cast in: antics (not sciant). 7.
I went: twine. 8. To ride: rioted. 9. Ring
yes: syringe. 10. We rang: gnawer. 11.
Let’s rap: plaster (not stapler, persalt).
12. We don’t: wonted. 13. O shew:
whose. 14. Her wit: writhe (not wither,
whiter). 15. As yet: yeast. 16. She won't:
snoweth. 17. Saw eel: weasel. 18. In
Rome: merino- (not moiren, minore). 19.
Dry one: yonder. 20. He’s wet: seweth
(not thewes, hewest). 21. I am dry: myr-
iad. 22. O forge: forego. 23. Th’ rogue:
tougher (not rougeth). 24. Why a net:
yawneth.

Benham notes that words 10, 16, 20
and 24 are the most questionable. Car-
roll’s letter containing the puzzle poem
first appeared in Six Letters by Lewis
Carroll, privately printed in 1924, It is
reprinted as Letter XLV in A Selection
from the Letters of Lewis Carroll to His
Child-Friends, edited by Evelyn M.
Hatch (Folcroft, 1973).

5. The only solution to the third-man
chess problem is to place a white bishop
on the board as shown in the illustration
above. Black obviously cannot move, and
White cannot move because it is not his
move. To prove it must be Black’s move
(therefore Black is stalemated) requires
such clementary retrograde analysis that
I leave it to the reader. The problem ap-
peared in The Problemist (September,
1974, page 471, Problem R16).
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Plant a THINK TANK anywhere
and watch the minds grow!

ce- 5cnool-park club-churches-labaratory

Unique instructional games designed by uni-

versity professors to make learning fun
through brain-to-brain action. Beginning games
can be mastered by young children— final games
will challenge intelligent adults. These are
the famous GAMES FOR THINKERS from
WEFF ‘N PROOF Publishers.

WEFF ‘N PROOF (logic) 13.00*
QUERIES ‘N THEORIES (science) 13.00*
EQUATIONS (mathematics) 10.00*
ON-SETS (set theory) 10.00*
PROPAGANDA (social studies) 11.00*
ON-WORDS (word structures) 10.00*
CONFIGURATIONS (geometry) 6.75*
TRI-NIM (problem solving) 5.75%
REAL NUMBERS (arithmetic) 2.25*
WFF (beginner’s logic) 2.25*
QWIK-SANE (puzzle) 2.25*
TAC-TICKLE (pure strategy) 1.75*
Teachers Manual 1.25*
THINKERS Bookends 16.00*

12-Kit THINK TANK & Teachers Manual
With THINKERS Bookends (save $10.75) 94.50*
Without Bookends (save $4.75) 84.50*

*postage & handling included in above prices

Order from: WFF ‘N PROOF
1490-YG, South Boulevard, Ann Arbor, Mi. 48104

Gifts that are a COMPLIMENT to receive!

ol

AR T AT B IAT BT TR

When is a
“Yimited edition”
really limited?

HEN the book contains a é
colophon page, disclosing s
the exact number of copies print-
ed and bearing the written signa-
ture of author, artist or designer. S
Each of our books contains such
a page and thus our Club mem- s
bers know that each book is a
wise investment.

No effort is spared in the de-
sign and craftsmanship of these
truly rare —and valuable —edi- S
tions. Yet the cost is moderate.

For information about Club
memberships now available,
please mail the coupon. S

Tue LimiTep EpiTions CLus
Avon, Connecticut 06001

ADDRFSS

Firy
STATE zip D
]

pan wale WG vl e iy e v

YR B A A A A A TR A 7 B AT AT WA B

123



Conducted by C. L. Stong

ntil recently only a full-time scien-
l tific worker would have been like-
ly to undertake to build a model
of an enzyme, partly because these giant
molecules that catalyze the chemical re-
actions of the living cell are highly com-
plex and partly because the task is quite
expensive with most model-building kits.
Frank H. Clarke (14 Long Pond Road,
Armonk, N.Y. 10504) decided to see if
the project could be brought within the
reach of amateurs in terms of both skill
and cost. He found that it could. Clarke,
a medicinal research chemist, is depu-
ty director of the chemistry division of
Ciba-Geigy Corporation. He recently re-
ceived a patent for the novel features of
the model-building components he de-
scribes as follows.

“There are two major kinds of model
for illustrating molecular architecture.
The skeletal model indicates the centers
of the atoms and the bonds that join
them; it resembles the kind of line draw-
ing an organic chemist would make to
define a molecular structure. The space-
filling model shows both the shape of the
molecule and the volume it occupies. It is
particularly useful for suggesting how
one molecule interacts with another.

“Up to now it has not been very prac-
tical even for the professional scientist to
build a model that is both skeletal and
space-filling. In the method I have de-
vised it is possible to make such a model,
and with inexpensive components. The
finished model not only is instructive as
a guide for understanding the details of
modern biochemistry but also is a hand-
some object to have in the home.

“The method can be applied to any
biological molecule for which the atomic
architecture is fully known. The enzyme
lysozyme is a good example. A model I
have made portrays the catalytically ac-
tive site of alpha chymotrypsin, a proteo-
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How an amateur can construct a model

of an enzyme molecule at modest cost

lytic (protein-splitting) enzyme [see illus-
tration on opposite page]. The first step
in learning to make such a model is to
consider the structure of peptides and
the bonds that give rise to it.

“A peptide bond is constructed by
the linking of two amino acid molecules
through the carboxyl (COOH) group of
one and the amino (NH,) group of an-
other. A polypeptide is a long-chain
polymer made in this way from the 20 or
so natural amino acids. The chain is ar-
ranged so that the carboxyl group of the
first amino acid forms part of an amide
(peptide) bond with the amino group of
the second and so on. The final amino
acid in the chain has a free carboxyl
group. It is convenient to build a model
in the same way that nature builds a pro-
tein. Each chain begins with a free amino
group of the first amino acid and ends
with the free carboxyl group of the last
amino acid.

“As the polypeptide chain grows, the
successive amino acids become fixed in
a particular configuration that can be
described in two ways. One is to give
the spatial coordinates of each atom. The
other, which is possible because the dis-
tances between successive atoms are
known, is to work in terms of the di-
hedral angles around the bonds that join
the atoms in the chain.

“For the molecular hobbyist it is con-
venient to use components cut to prede-
termined lengths and to fix the angles
around the successive bonds. Nearly all
peptide bonds are trans and planar,
meaning that hydrogen and carbonyl
oxygen (CO) are on opposite sides of the
bond. Hence it is necessary only to fix
the two dihedral angles around each
alpha carbon atom and then to link each
amino acid successively with its prede-
cessor in the chain to form trans and
planar amide bonds.

“As the chain is extended small errors
are often multiplied. It is therefore nec-
essary to have additional means of de-
termining the shape of the chain. Skele-
tal drawings based on the horizontal
coordinates of the chain segments are
helpful. Moreover, since all proteins
have a secondary structure determined
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partly by hydrogen bonds, these bonds
can also help the model builder to work
out the conformation of the molecule.
When the main chain has been made, it
is mounted on a base and the side chains
are added. Finally, space fillers are at-
tached to round out the molecule.

“I make models with components I
obtain commercially and then modify.
Two of the basic components are made
by Prentice-Hall, Inc. (Englewood Cliffs,
N.J. 07632), namely Framework Mo-
lecular Model tubes and straight alumi-
num connecting pins. Two others are
available from Science Related Materi-
als, Inc. (P.O. Box 1422, Janesville, Wis.
53545), namely color-coded Minit atom
centers and expanded-polystyrene balls.

“The modified components I make are
unique in two ways. First, they are color-
coded, so that not only the plastic atom
centers but also the connecting tubes are
colored to identify the atoms that are
joined. Second, the tubes have tapered
cavities so that they can be pressed onto
the arms of the atom centers to fix the
dihedral angles. Each atom and bond of
the completed model is readily identified
by its color: blue for nitrogen, red for
oxygen, black for carbon, yellow for sul-
fur and white for hydrogen. The polysty-
rene space fillers are also color-coded to
represent the individual atoms.

“I work at a scale of 12.5 millimeters
per angstrom. It is the same as the scale
of the well-known Corey-Pauling-Koltun
(CPK) space-filling models. The two sets
of models can therefore be used inter-
changeably.

“For the model builder the most im-
portant consideration is the overall form
of the molecule, particularly when the
molecule is a complex bio-organic com-
pound. It is not necessary to locate the
center of each hydrogen atom. Moreover,
the distance between carbon-hydrogen
bonds can be made longer than the scale
distance between the atom centers. The
distance between carbon-carbon bonds,
however, must be exact because the
length and shape of the chain are im-
portant.

“Even so, chains are frequently
not stretched out; indeed, polypeptide



chains are normally bent back on them-
selves. The angles of the bends are im-
portant, but often the individual dis-
tances between atoms need not be exact
to build a good representation of a com-
plete peptide. Thus the connecting tubes
of the color-coded skeletal models have
only three different lengths (12.5, 14.5
and 21.7 millimeters). Those lengths suf-
fice for a wide variety of models of
bio-organic compounds. When the tubes
are connected to the Minit atom cen-
ters, they provide interatomic distances
representing 1.36 angstroms (for short
bonds, such as those in aromatic rings),

1.54 angstroms (for bonds of medium
length, such as those in aliphatic carbon
compounds) and 1.81 angstroms (for
longer bonds, such as those involving sul-
fur atoms). The color combinations of the
various lengths are indicated in the ac-
companying illustration [upper illustra-
tion on next pagel. Yellow Testors Pla
enamel paint is used to color black and
white tubes for S—C and S—H bonds.
“The color-coded tubes with tapered

cavities are not yet available commer--

cially, It is easy to make them, how-
ever, by cutting to appropriate lengths
the Framework Molecular Model tubes.

Hold a tube in a suitable hand vise and
drill the tapered cavities with a hand
power drill fitted with an eighth-inch bit
that has been ground to a taper with
an emery stone. Alternatively a tapered
cavity can be made by pushing the tube
onto the hot No. 5 conical tip of a Weller
soldering iron.

“The color-coded Minit atom centers
are most convenient for use with these
tubes. The atom centers are inexpensive
and are supplied in a variety of colors
with tetrahedral and planar-trigonal ar-
rangements of the valence arms. Special
trigonal carbon and nitrogen centers are

Frank H. Clarke’s model of the active site of alpha chymotrypsin
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supplied for building the amide bonds
of peptides.

“In addition the short, straight alumi-
num connecting rods supplied by Pren-
tice-Hall are convenient for forming the
many different angles involved in the hy-
drogen bonds of polypeptides. They are
easily bent to the proper angle with two
short lengths of brass tubing, such as

short

those that hold the ink in certain ball-
point pens. A sturdy base and stiff wire
rods are needed to support a complex
model. The rods can be made from wire
coat hangers.

“The space-filling polystyrene balls
come in two diameters, one inch (25.4
millimeters) for hydrogen atoms and 1.37
inches (34.8 millimeters) for oxygen and
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Amide bond to join amino acids in the peptide chain
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sulfur atoms. The hydrogen atom is ex-
actly to scale. The oxygen atom is some-
what larger than the scale calls for and
the sulfur atom is a little smaller, but the
discrepancies are not large.

“The bottom third of the hydrogen
atom is painted the color of the atom to
which it is joined: black for carbon, blue
for nitrogen and red for oxygen. Car-
bonyl-oxygen atoms are painted red with
a black base. The sulfur atoms are yel-
low, with black for the carbon portion
of a carbon-sulfur bond. Since the sulfur
atoms are divalent, the spheres must be
shaped. One must also make holes in the
base of each hydrogen and carbonyl-
oxygen atom so that it will fit neatly over
the skeletal tube.

“In sum, the components of a model-
building kit that is color-coded and both
skeletal and space-filling are simple and
either available or easily prepared. They
are so inexpensive and the assembled
model is so attractive that it is preferable
to make a new model from fresh compo-
nents rather than to disassemble an exist-
ing model. Entire collections of mole-
cules can be easily assembled and em-
ployed in comparative studies of mo-
lecular architecture.

“The points that must be taken into
account in assembling a model of a poly-
peptide are the construction of the amide
bonds, the arrangement of atoms around
the asymmetric alpha carbon atom, the
measurement of dihedral angles and the
construction of the hydrogen bonds. As
I have mentioned, each amino acid of the
peptide chain is joined to its neighbor by
an amide bond. The N-H is trans and
planar to the carbonyl oxygen. The
amide bond is formed between two
Minit atom centers with two double bars
[see bottom illustration at left]. The an-
gle opposite the pair of ‘double bars is
114 degrees. Short connecting tubes
serve for the N—C bond and for the car-
bonyl group. The other tubes are of me-
dium length.

“To make a peptide chain one first
prepares the amino acid units and then
joins them in sequence with the amide
bonds. An amino acid unit is depicted in
the accompanying illustration [bottom
of opposite page]. It has three compo-
nents: the N—H, or amino, component
[“¢” in illustration], the alpha carbon
atom [“d”] and the carbonyl component
“e”]. The alpha carbon atom is shown
attached to its alpha hydrogen atom. It
is advisable to put on the tube for the
hydrogen atom a label with a number to
indicate the particular amino acid that is
to be represented. Avery self-adhesive
labels are convenient for this purpose,
provided that you cover each one with a



small piece of transparent tape to keep it
from unwrapping. The number is par-
ticularly important because in model
building the distinguishing side chain R
is left off initially, so that only the vacant
arm indicates the stereochemistry.

“To assemble the amino and carbonyl
components insert the appropriate tubes
in vertical holes you have drilled in a
board so that one end of each tube pro-
jects above the board. Then coat the tip
of the appropriate arm of a Minit center
with ‘5 Minute’ epoxy cement (freshly
mixed) and insert it in a tube. Repeat the
process until all the components have
been assembled.

“Finally, two of the arms of the alpha
carbon are coated with epoxy cement
and inserted in the black tubes of the
amino component and the carbonyl com-
ponent respectively. Take care to main-
tain the alpha carbon in the orientation
shown. The completed unit [“D” in illus-
tration] has the N—H on the left and the
CO on the right; the hydrogen of the
alpha carbon points down and the vacant
arm points up. The unit now has the cor-
rect absolute stereochemistry.

“The next step is to determine and fix
the dihedral angles around the alpha car-
bon atom. The angles are called phi and
psi [see top illustration on next page].
Phi is the angle between successive car-
bonyl carbon atoms around the nitro-
gen—alpha carbon (N-CA) bond. Psi is
the angle between successive nitrogen
atoms around the CO-CA bond.

“To measure phi one sights along the
N-CA bond with the carbonyl carbon
pointed to the right. Phi is the angle the
vacant arm on the nitrogen (blue) atom
center makes with the CO-CA bond.
Since the vacant arm is so short, more
accuracy can be obtained by putting a
thin drinking straw over the arm to
lengthen it. The psi angle is measured
by sighting along the CO—CA bond with
the nitrogen having the vacant arm
pointing to the right. Psi is the angle the
CO-N bond makes with the CA-N bond.

“Dihedral angles of proteins are re-
corded in various ways. It is important to
check which angle is measured around
the N—CA bond and which one is mea-
sured around the CO-CA bond, whether
an angle of zero degrees is cis or trans
and whether a positive angle is measured
clockwise or counterclockwise.

“When you have measured the dihe-
dral angles, press the tubes firmly onto
the arms to fix the atoms in position. The
angles are easily adjusted while the ce-
ment is soft, but after it has set each bond
soon becomes permanent.

“Approximately 10 amino acid units
are first joined to form segments of a

polypeptide chain, and later the seg-
ments are joined. Make the amide bond
by coating the vacant arm of amino acid
unit No. 2 with epoxy cement and insert-
ing the arm into the nitrogen-bond cav-
ity of the C-N tube attached to the CO
carbon center of amino acid No. 1. Do it
so that the amide bond is trans and
planar. The amine of unit 3 is then at-
tached to the carbonyl of unit 2 and so
on until the segment is complete.

“Often it develops that when the chain
folds back on itself, hydrogen bonds are
formed between amido hydrogens and
carbonyl oxygens of the same chain. Hy-
drogen bonds are also formed between
adjacent chains, and they provide the
secondary structure that keeps the poly-
peptide in a particular shape. For the
model builder hydrogen bonds provide
structural strength, so that fewer outside
supports have to be supplied.

“In a polypeptide molecule many of
the hydrogen bonds are between an
amido hydrogen and the carbonyl of a
neighboring amide. Often the line join-
ing the carbonyl, the hydrogen atom and
the nitrogen atom follows a zigzag
course. When the hydrogen bond is
linear, the distance between the center

=

A space-filling hydrogen atom

of the nitrogen atom and the center of
the oxygen atom is three angstroms. On
the scale of 12.5 millimeters per ang-
strom the distance is represented in the
model by a distance of 37.5 millimeters
[see middle illustration on next page].
“To make such an arrangement the
van der Waals radius of oxygen is rep-
resented by a long tube, the CO double
bond by a short tube and the NH by a
tube of medium length. The long tube is
joined to the CO and the NH by Frame-
work Molecular Model linear aluminum

Forming an amino acid unit
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Determining the dihedral angles around the alpha carbon atom

o-

H

Planar, trigonal arrangement for an oxygen atom involved in two hydrogen bonds
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pins. In the assembled linear hydrogen
bond the distance between the center of
the carbon of the carbonyl and the cen-
ter of the nitrogen of the amide group is
54 millimeters. It is a relatively simple
matter to extend this construction tech-
nique to form hydrogen bonds that are
not linear. For this purpose you bend the
aluminum connectors to the proper an-
gles before joining them to the plastic
tubes.

“Occasionally a single carbonyl oxy-
gen is involved in two hydrogen bonds.
Make them with a planar trigonal oxygen
[see bottom illustration at left]. In this
instance the van der Waals radius of ox-
ygen is represented by a tube of medium
length. The aluminum connectors can be
either straight or bent as depicted in the
upper and lower parts of the illustration
respectively. The same principles are
easily adapted to form hydrogen bonds
between hydroxyl groups or between a
hydroxyl group and the nitrogen atom
of an imidazole group of histidine. For
the latter a short blue tube represents the
van der Waals radius of nitrogen.

“The arms of the aluminum connectors
are smaller in diameter than the arms of
the Minit atom centers. The pins fit the
Framework Molecular Model tubes with-
out a tapered cavity. Accordingly the
white ends of the tubes representing OH
and NH are not drilled, and neither are
the ends of the long red tubes. One end
of each medium-length red tube is
drilled to fit the arm of a Minit center.
Carbonyl tubes for amide bonds are
drilled only at the black end, but CO
tubes for hydroxyl groups are drilled at
both ends.

“When the main chain, with its hydro-
gen bonds, is assembled, the side chains
are constructed and added. For this task
it is most convenient to prepare plans of
the horizontal coordinates of the non-
hydrogen atoms of small segments of the
main chain. The plans become quite
crowded if the segments are longer than
about 10 amino acid units.

“After the skeletal model is complete
it can be partly or completely converted
to a space-filling model by adding the
painted polystyrene balls. The illustra-
tion [top of preceding page] shows the
space-filling hydrogen atom with its
painted bottom third.

“The use of models of enzymes en-
ables the medicinal chemist to study the
interaction of small molecules with com-
plex ones, to design enzyme inhibitors
and to gain understanding of the intri-
cate mechanisms of complex bio-organic
processes. Eventually studies such as
these will aid directly in the discovery of
new medicinal agents.”
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by Philip Morrison

IVIDING, RULING AND MASK-MAK-
D ING, by D. F. Horne. Crane, Rus-
sak & Company, Inc. ($57.50).

“He had great faith in instruments, and I
do not think it naturally occurred to him
to doubt the accuracy of a scale.... He
was astonished when we found that one
of his micrometers differed from the oth-
er.” So wrote Francis Darwin of his fa-
ther, Charles Darwin. This volume is de-
voted to the justification of our faith in
the elegant and exacting industry that
forms and calibrates the linear and circu-
lar scales that fix the settings of machine
tools, theodolites and levels. These in
their turn determine the fit, size and
shape of most of our engineering prod-
ucts, large and small. Today’s best pro-
duction practice routinely reaches an
accuracy of a quarter of a micrometer
(formerly a micron). This volume surveys
the techniques by embedding within a
clear and expert general account rather
detailed excerpts from actual manufac-
turer’s directions for the use of a wide
variety of special instruments and pro-
cedures. It is well illustrated with many
diagrams and photographs of real setups.
The classical products are mainly sets
of lines on stainless steel or on glass, ei-
ther ruled directly with a sharp diamond
edge or etched througha “resist” that has
been made by ruling or by photochemis-
try. Evaporated metal can also be depos-
ited through the resist. The widest con-
temporary extension of these arts is the
one covered in the third term in the title:
the remarkable technology of making in-
tegrated circuits. There calibration is of
little importance, but high precision is
nonetheless needed for the proper and
precise registry of half a dozen layers (re-
sistive, conductive, and carrier-diffusing)
that are placed on a silicon semiconduc-
tor base to yield the complex arrays
of minute circuit elements—smaller and
denser each year—that are the works of
pocket calculators and guided missiles.
Such patterns come to resemble molecu-
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Precision production instruments,

Gypsies and natural catastrophes

lar biology more than they do the uni-
form crystalline divisions of setting cir-
cles and micrometers (the instrument,
not the unit).

Calibration occupies one chapter, fas-
cinating to the general reader. Slip (or
block) gauges are fundamental in the
precision machine shop. They must be
finished well enough so that they can be
“wrung” together, or to special flat steel
surfaces, with allowance made for wring-
ing thickness, which amounts to a quar-
ter of a microinch. One clever instru-
ment uses four different wavelengths of
the mercury-vapor lamp to give a kind
of optical vernier reading of gauge thick-
ness, without counting many interfer-
ence fringes. Air pressure, temperature
and humidity must be corrected for, and
the gauges can be checked to a micro-
inch. A standard meter bar (made of a
steel alloy less noble than the platinum-
iridium prototype in Paris) is still the
basis for calibration of steel tapes and
scales. The fiducial lines are engraved on
the crossbar of the H-section standard,
cleverly arranged to be in the neutral
axis of the beam, where length does not
change with small bending. The firm of
V.E.B. (formerly Carl Zeiss) Jena has
found a neat extension of that idea.
Transparent glass scales have advan-
tages (they give strong signals when they
are scanned photoelectrically for fast
calibration at many scale points, and the
polished surfaces are consistently good),
but it is not practical to form a glass H
section in one piece. The optical wits at
Jena have found a cross section, a care-
fully computed but simple trapezoidal
shape, such that rulings made on the
lower glass surface but viewed from
above through the thickness of glass
are seen in virtual image at the un-
bending mechanical neutral axis inside
the solid glass.

The future seems to lie closer to laser
interferometry. Electronic counting of
fringes (with heterodyne techniques) and
stable wavelengths give such instru-
ments remarkable powers. One is de-
scribed here: a Hewlett-Packard device
based on a helium-ncon laser, which
can accommodate itsclf to calibrating
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200-foot lengths with one-microinch res-
olution. Beam alignment might be a lim-
it in use, but the narrow beam makes
such errors minimal in the hands of an
alert operator. There are even correcting
thumbwheels for feeding in ambient air
conditions in order to get standardized
results on the digital display; they affect
only the fourth digit and beyond. With
a cube-corner reflector and a beam-bend-
er one can fully survey a near-flat area.
Here is displayed one such map, with
half a dozen profiles running across a
yard-long granite surface plate, accuracy
in the microinch range. This is virtuoso
work in the tool shop.

Here is the contemporary standard of
circle division too. No official bar need
be consulted for it; every circle has its
own million-plus seconds of arc. The
trick is equal division. The Moore Spe-
cial Tool Company of Bridgeport, Conn.,
will supply you with a small-angle di-
vider to calibrate circles to 1/10 second
of arc at any position. (A test certificate
shown here gives corrections to the nomi-
nal at the level of a few hundredths of
a second of arc.) The heart of this clas-
sically inspired instrument (developed
about 1960) is a pair of identical steel
“face gears,” each of which is about eight
inches in diameter and has 1,440 identi-
cal V-shaped teeth. The two gears mesh
well, of course. Once the teeth are en-
gaged they are mutually locked. Then
they are disengaged, the gears are ro-
tated a finite number of teeth and are
once again brought in contact. Thus a
definite angle is stepped off, a quarter of
a degree per tooth. High precision arises
from the averaging effect of all those
teeth in mesh at once; each gear has been
mutually lapped against its mate by such
engaging and disengaging motions, with
random rotations, through long hours of
lapping with increasingly fine abrasives.
Finally the gear teeth are mutually run
in for still more hours of random repeti-
tion while they are clean and dry. Inter-
polation between quarter-degree steps
is made by a fine-pitch micrometer screw
with a dial and a vernier, its flat end
carefully held in contact with the main
index. It need work linearly over only a



fortieth of an inch, and it is adjusted to
agree with the result of a single-tooth
increment.

Auxiliary arts are treated too: the mak-
ing of the wide variety of optical grati-
cules, with their lettering and scales, that
we so often look through or see project-
ed; the preparation of diamond cutting
edges; the cleaning of glass; the evapora-
tion of metal layers, and more. The ar-
cana of diffraction gratings are laid out
in a long chapter. Some gratings are
ruled directly by great interferometer-
controlled ruling engines; some are made
from a fine master screw thread by cast-
ing cylindrical plastic replicas and split-
ting them, a surprisingly accurate tech-
nique developed at the National Physi-
cal Laboratory in England. The design
of clean rooms is sketched, with exam-
ples. The usual ceiling-to-floor clean air-
flow was not good enough for the Moore
Special Tool Company because the tem-
perature of the air in such a flow pattern
tends to stratify horizontally: the room is
dust-free but is thermally unsuited for
precision work in steel. The company
added air intakes at a number of levels
and temperature-control of the floor.

Horne is no stranger to this industry.
He is the developer of a new device—
now called the Nikon I C (integrated cir-
cuit) Printer—that produces microimages
optically, without making contact with
the base semiconductor slice. (The de-
vice is aligned automatically to a few
micrometers and its sharp images are
projected across a gap of up to tens of
micrometers, preventing contamination
and damage to the mask or the slice it-
self.) A wide-ranging chapter on metro-
logical history, from Pharaoh’s forearm
to Maudslay and Johansson, has been
supplied by a colleague of Horne’s at
Hilger and Watts, Ltd, Mrs. C. E. Ar-
regger.

The volume was first to be called sim-
ply Dividing and Ruling. That sounded
too political, and so the third noun,
Mask-making, was added. It does not
help: modern states behave in ways that
pun on the matter-of-fact activities of
that remarkable tradition of manufac-
ture, a fusion of the graphic arts with the
precision of the optical laboratory.

GYPSIES: THE HIDDEN AMERICANS, by
Anne Sutherland. The Free Press
($13.95). Gypsy onN 18 WHEELs: A
Trucker’s TALE, by Robert Krueger.
Edited by Sam Yanes. Praeger Publish-
ers ($6.95). Real Gypsies are the subject
of the Sutherland book, “an ethnograph-
ic description of a group of American
Rom” as they lived about 1970 in a “de-
pressed town of substandard housing” in

northern California, “its most noticeable
feature being the maze of railway tracks
that form natural boundaries for the
various ethnic groups.”

The Gypsices call themselves O Rom.
They belong to the quasi-nomadic folk,
now spread all over the world, who
speak a Sanskrit-derived language they
call Romanes. It is 1,000 years, more or
less, since their ancestors left the north
of India and began their wanderings.
In all that time, over four continents,
through profound economic and political
changes in the host lands across which
they have nearly always moved as a tiny,
outcast minority, they have remained
unified, distinct, recognizably as they
were described in medieval Europe. The
question that motivates this acute and
technical field study by a young Oxford-
trained American social anthropologist
on the faculty of the University of Dur-
ham is: How have they done it?

The author is pretty convincing, even
though her answer is trendy. The Rom
live in a world of social experience cleft
into purity (wuzho) and pollution (ma-
rime). All that is non-Rom (gaje) is mor-
ally wrong. The gaje are polluted. They
do not even know to keep the upper and
the lower body strictly separated, as the
Rom do. Let the living room be strewn
with discarded food to be swept out into
the yard every day. No matter. The
house stays pure if the six classes of
laundry (male and female, tops and bot-
toms, food and children) are kept sepa-
rate, and if food is never handled by
gaje or by the temporarily unclean. To
eat, to sleep or to work among the care-
less outsiders is manifestly to risk the
danger of marime and of eventual ejec-
tion from the Rom. The Rom always try
to cooperate; they work together and
not side by side with gaje; they must be
free to travel widely to fulfill their so-
cial duties centered on marriage rites
and death rites. The Rom families that
are studied here, about 300 people in 33
households, spent almost half of their
time away from home, traveling.

The economic life of the Rom, con-
stant through superficial change, re-
mains based on the extraction of support
from the gaje—shameless people who can
command no respect yet are the only
possible source of a livelihood based on
mobility and separation. Horse trading
gives way to coppersmithing; the tin-
ker’s art becomes fender-fixing; there is
always itinerant farm labor—and now
there is welfare, the chief income source
for this sample. For 1,000 years the Rom
have been persuading gaje to give them
money on one slender pretext or another:
tea-reading or palmistry, doctoring lame
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horses or fiddling in the street. They
have become fully adapted to the way
of the hustle. Welfare is only the latest
hustle, further proof of the deep gulli-
bility of the gaje. Read the I.Q. estimates
made of certain Rom who played retard-
ed to avoid having to accept employ-
ment. These clever people elicited re-
sults such as: “An 1.Q. score of G4...a
mental age of about ten years. Think-
ing was markedly concrete. .. motor per-
formance was also poor.... Retraining
does not scem feasible.” But the subject
of that report told Sutherland: “The trick
is never to protest anything but act like
you are doing everything right.... I just
give some wrong answer ... there was a
picture of this doll, and I was supposed
to connect the arms and legs. Well, I put
the legs in the armholes and the arms
below. She kept trying to help me but I
stuck with that like I was sure it must be
right.” That is the subtle art of pretense,
which informs the petty deceits and pil-
fering long associated with the Gypsies.
They are almost never violent and gen-
erally engage in a fully temperate para-
sitism that avoids deep damage to the
host. It is a social adaptation.

And the Rom steadily adapt. They re-
main generally illiterate, although the
need to move within a bureaucratized
society has begun to persuade them that
writing is useful. The most prolonged
contact with the Rom the author reports
was her time as the principal of a church-
supported, Gypsy-controlled “Romany
school,” which was intended to allow
their children to acquire literacy without
losing the values of the Rom. Costumes
change. The men dress colorfully, with
Stetsons, gold badges and flashy col-
ors, but fundamentally in gaje modes;
children wear normal clothes. Only the
women hold to distinctive dress: the 10-
yard skirt and a low-cut blouse, echoes
of the basis of wuzho and marime.

The book tells much more, particular-
ly about the complicated kinship system
and the elaborate social groupings of the
Rom, from the level of “the tent” to the
lineage, the community and the tribe.
There are documents of Gypsy trials
(transcripts of recorded narratives), a
glossary of Romanes terms and a critical
bibliography. (The reader is warned not
to generalize much beyond this one ex-
amined community.)

It is not likely that the Rom will be
assimilated, although the possibility is
constant. Official recognition is the new-
est hazard they have encountered (they
were named an official U. S. minority in
1972), and it may increase their vulner-
ability. Soon there will be nowhere to
go, and territoriality may become their
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What’s new in physics...
applied mathematics...
the lives of bees...
our galaxy...chemistry...
early civilizations...

To keep up with every-
thing that’s happening in
every scientific area that
interests you: Take any
3books (values to $64.95)

all for only $3.95—
as a member of

¢ Library
of Science.

if you will join now for the trial period and
agree to accept only 3 more books —at members’
discount prices—over the next 12 months.

The Library of Science 144D
Riverside, New Jersey 08075

Pledse accept my application for membership and send me the three volumes indicated,
billing me only $3.95. I agree to purchase at least three additional Selections or
Alternates during the first year I am a member, under the club plan described in this ad.
Savings range up to 30% and occasionally even more. My membership is cancelable any
time after I buy these three books. A shipping and handling charge is added to all
shipments. Send no money. Members are billed when books arrive.

3 books for $3.95

Indicate by number the 3 books you want.

I | R | E—

A few expensive books (noted in book descriptions) count as 2 choices.

City . Sate_ Zip_—— 00000000000
(Offer good in Continental U.S. and Canada only. Prices slightly higher in Canada.)
Book selections purchased for professional purposes may be a tax deductible expense.
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% (Publishers” Prices shown)
70170. PRINCIPLES OF HO-
LOGRAPHY. Second Edition.
Howard M. Smith. Completely
revised and expanded edition of
classic work c

tals to rigorous theory, fi
chemical formulas to applica-
tions. $16.50

70190. PRINCIPLES OF OP-
ERATIONS RESEARCH.
Second Edition. Harvey M.
Wagner. Based on the author’s
twenty years of experience ap-
plying operations research to a
wide variety of problems, this
1039-page book offers a com-
plete overview of all the funda-
mental concepts. $17.95

Harchook df
Appsed

Mathermahcs

52190. HANDBOOK OF AP-

. PLIED MATHEMATICS. Ed-
ited by Carl Pearson. This joint
effort by over 20 contributing
author-specialists provides over
1,000 pages of vital and practical
techniques for scientists and en-
gineers who use mathematics as
atool. Counts as 2 of your 3
books. $37.50

87855. THE WORLD OF
MEASUREMENTS. H. Arthur
Klein. Abounding in enlighten-
ing insights and illuminating ob-
servations, this delightfully
wide-ranging overview of mete-
orology gives a fascinating histo-
ry of the development of
weights and measures. $14.95

68750. PHYSICAL
THOUGHT FROM THE
PRE-SOCRATICS TO THE
QUANTUM PHYSICISTS.
Samuel Sambursky. Skillfully ed-
ited by one of England’s pre-
eminent science writers, this
more than 500-page anthology is
an impressive history of the
most important events in the
development of the physical sci-
ences. Includes excerpts of great
scientists from Aristotle to
Pauli. $20.00

How the Club Operates ® The Book Club News,

describing the coming Main Selection and Alternate
Selections, will be sent to you 15 times a year at 3-4 week
intervals. e If you wish to purchase the Main Selection
nothing and it will be shipped to you automatical
you prefer one of the Alternates, or no books at all,
indicate your decision on the reply form always enclosed
with the News and mail it so that we receive it by the date
specified. ® The News is mailed in time to allow you at
least 10 days to decide if you want the coming Main
Selection. If, because of late mail delivery of the N h
you should ever receive a Main Selection without having
ad the 10 day consideration period, that Selectior: may be
returned at Club expense. ® Continued membership past
the trial period brings you the added benefits of our Bonus
Book Plan—an important way to save even more, at least
70% off publishers” prices.




68735. PHYSICS OF THE
EARTH AND PLANETS.
Alan H. Cook. What forces
shaped the earth? What is the
mechanism that prompts conti-
nental drift? These questions —
and dozens more —are answered
by one of the world’s leading
authorities on physical mete-
orology. Counts as 2 of vour 3
books. $24.75

62630. THE MILKY WAY.
Fourth Edition. Bart Bok and
Priscilla Bok. A thoroughly up-
dated and expanded edition of
the most popular book on our
%alaxy. This outsized volume,
1lled with over 125 pictures,
charts and diagrams, has been
revised to include the latest sci-
entific research while retaining
the same elegant, precise style
of its predecessors. $15.00

54240. HUNTING FOR DI-
NOSAURS. Zofia Kielan-Jawo-
rowska. An absorbing account of
a team of paleontologists’ three-
year effort to find and decipher
the meaning of the ancient
bones that litter the Gobi desert.
Crammed with fascinating de-
scriptions of dinosaurs and their
evolution, the Gobi and its peo-
ple, and the team’s work and
discoveries. $12.00

44861. THE ENCYCLO-
PEDIA OF CHEMISTRY.
Third Edition. Edited by Clifford
A. Hampel and Gessner G.
Hawley. In this completely re-
vised and greatly expanded new
edition of a classic encyclopedia,
600 leading chemists thoroughly
explore over 800 theoretical and
applied aspects of chemistry and
chemical technology. Over 1200-
page, outsized volume offers
hundreds of invaluable charts,
diagrams, and illustrations.
Counts as 2 of your 3 books.

42325. THE DISCOVERY OF
OUR GALAXY. Charles A.
Whitney. *. . . a clear and excit-
ing account of some of the his-
tory behind modern extra-galac-

73330. A RANDOM WALK
IN SCIENCE. Compiled by
Robert L. Weber and Eric Men-
doza. A collection of jokes, short
essays and poems on humor
and humanity in physics and
related sciences. **. .. it is the
best anthology of its kind I have
seen. | can't imagine a science-
minded reader who would not
find it vastly entertaining.”

— Martin Gardner. $12.50

67190. THE PATH TO THE
DOUBLE HELIX. Robert Olby.
A captivating history of twen-
tieth century experimental bio-
chemistry and a highly readable
account of the physical and
chemical nature of the gene.
‘... The first full scholarly ac-
count of how the structure of
DNA was discovered . .. ab-
sorbing reading.”’ — Francis
Crick. Counts as 2 of your 3
books. $23.50
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tic astronomy . . . Charles
Whitney’s account is easily un-

iy ilizalions

48630. THE FIRST GREAT
CIVILIZATIONS. Jacqueta
Hawkes. A distinguished En-
glish archaeologist has written
an extraordinary history of the
great civilizations of Meso-
potamia, the Indus Valley, and
Egypt. Big and lavishly illus-
trated. $12.50

52650. THE HERITAGE OF
COPERNICUS. Edited by Jerzy
Neyman. Sponsored by the Na-
tional Academy of Sciences, this
volume commemorates the
500th birthday of Copernicus by
offering 25 highly readable es-
says on the quasi-Copernican
revolutions that have occurred
in the past five centuries. Con-
tributions by Bart J. Bok,
Stanley L. Miller, Glenn T. Sea-
borg, and two dozen other sci-
entists. Counts as 2 of your 3
books. $30.00

44941. THE ENCYCLO-
PEDIA OF PHYSICS. Second
Edition. Edited by Robert M.
Besangon. In this updated and
expanded edition of a modern
classic, over 300 distinguished
authorities in 344 articles offer
incisive, authoritative
information on every major
topic in physics today. Outsized
volume contains more than
1000 pages. Counts as 2 of your 3
books. $37.50

70240. PRE-COLUMBIAN
CITIES. Jorge E. Hardoy. A
highly acclaimed synthesis of
the urban civilization of the
New World before Columbus.
**. .. first-class reading.” — Scien-
tific American. $19.95

derstandable, rapid moving, re-

markably free of jargon, and re-

quires no mathematical back-
round.”” — American Scientist.
10.00

68690. THE PHILOSOPHY
OF QUANTUM MECHAN-
ICS. Max Jammer. A distin-
%uished scholar and physicist of-
ers a truly impressive study of
the interpretations of quantum
mechanics. This 500-page vol-
ume explores virtually all of the
major interpretations—from the
early semi-classical interpreta-
tions, through the hidden varia-
ble theories, to the modern
stochastic and statistical inter-
pretations. $19.95

78820. THE SOCIAL BE-
HAVIOR OF THE BEES.
Charles D. Michener. One of the
world’s foremost authorities on
bees offers the first definitive
work on group phenomena
among these most amazing in-
sects. A publishing classic.
$25.00

46500. THE EVOLUTION OF
RADIO ASTRONOMY. J. S.
Hey. One of the pioneers of
radio astronomy offers an ab-
sorbing history of this powerful
technique’s remarkable develop-
ment **...an important work in
the history of astronomy.” —M.
L. Meeks, in Sky and Telescope.
$10.00
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34720. ATLAS OF ANCIENT
ARCHAEOLOGY. Edited by
Jacquetta Hawkes. With the aid
of over 350 maps, site plans,
and drawings, two dozen inter-
nationally renowned archaeolo-
gists offer detailed descriptions
of 170 major archaeological
sites. $19.50

42680. DONANA: SPAIN'S
WILDLIFE WILDERNESS.
Juan Antonio Fernandez. Sump-
tuously illustrated portrait of
one of the world’s most impor-

¥ tant wildlife sanctuaries. Stun-
® ning 9-by-11 inch volume con-

tains over 240 pages of full color
photographs. Counts as 2 of your
3 books. $29.95

56190. INTRODUCTION TO
ARTIFICIAL INTELLI-
GENCE. Philip Jackson. A com-
prehensive survey of the work
in artifical intelligence as well as
a broad coverage of other fields
interested in the question of in-
telligence. $18.50

49080. FROM KNOW-HOW
TO NOWHERE: The Develop-
ment of American Technology.
Elting E. Morison. One of the
leading historians of technology
offers a fascinating history of
how America developed the as-
tounding technological capacity
to design and construct just
about anything and go just
about anywhere. $10.00
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only means of preventing overexploita-
tion of the gaje. In Europe a proposal
for some Romany Zion has even arisen
among them. Once long ago in Romania
they were enserfed and settled; that in-
fluence is strong still, but it has not inte-
grated the Rom. Their travail of hidden
superiority preserves among us a lasting
example of human wit and ingenuity, a
touching, even romantic memorial to
conscious solidarity, to the enduring
power of the social recognition of “pu-
rity and danger.”

The metaphorical gypsy—not the real
one—is the theme of the book by Robert
Krueger. No work of social science, it is
an extraordinary evocation in fine photo-
graphs and an edited text: a set of first-
person narratives by truckers themselves
of the way of life of the owner-operator
of a five-axle, 18-wheel diesel rig. These
lonely blue-collar entrepreneurs, mostly
men but also “a few brave women,” roam
the concrete ribbons of the Interstates
as the merchantmen from Tyre roamed
the wine-dark sea 3,000 years ago. They
are profoundly integrated; indeed, theirs
may be the very archetype of American
life today. Consider the symbolic inten-
sity of the highway system itself, the
diesel fuel and its tax load, the overarch-
ing mortgage, the Teamsters Union and
General Motors, the citizen-band two-
way radio, Radar Alley (where lurks
Smokey the Bear), the universal truckers’
café and the waitress’s high blue hairdo,
the disc jockey and his country music,
Benzedrine, five national trucking publi-
cations—and always one ironic dream:
“The problem is that a truck is... some-
thing that can be taxed, but it can’t vote.
... The truck driver [is] Don Quixote all
right, but...he charges bureaucracies.
He could be so free, like I always
dreamed. Workin’ hard but havin’ fun.”
There is the dream made visible in the
frontispiece rig pounding up the long
smooth hill at Raton, N.M., nothing else
moving under the wide sky.

I got ten forward gears and a sweet
Georgia overdrive,

I'm takin’ little white pills and my
eyes are open wide.

I just passed a Jimmy and a White,

I'm passing everything in sight,

Six days on the road, and I'm going
to make it home tonight.

GEOLOGICAL Hazarps: EARTHQUAKES
— TsunaMIS — VOLCANOES — AVA-
LANCHES—LANDsLIDEs—FLooDs, by B. A.
Bolt, W. L. Horn, G. A. Macdonald and
R. F. Scott. Springer-Verlag ($25.80).
PraysicaL AsPecTs OF NATURAL CATAs-
TROPHES, by Adrian E. Scheidegger.
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Elsevier Scientific Publishing Company
($29.25). Each of these remarkably com-
plementary books manages to convey an
air of wonder and awe by entirely sober
methods of exposition. The first book—
the work of three Californians and one
Hawaiian—is aimed at the general reader
and college student. It is rich with in-
formation and is often explicit in dis-
cussing mechanisms, but it has not one
equation (although there are tables,
maps and graphs). It is built on particu-
lars. Perhaps a fourth of the text is given
over to case histories: accounts in a page
or two of specific events in most of the
categories of the subtitle. Dramatic il-
lustrations accompany the text. One pho-
tograph taken by an unknown seaman
shows a huge seismic sea wave striking
the pier at Hilo in 1946. A man is 100
feet from the wave crest. (“He was never
seen again.”) There is an aerial photo-
graph of Long Beach, Calif., with the
contours showing the subsidence at the
shore induced by the withdrawal of sub-
surface oil and gas. There is the great
spine of rock protruding from Mont
Pelée, funeral monument to the city of
the dead below, asphyxiated St. Pierre.

It is odd to see a four-story concrete
apartment house lying on its back, struc-
turally intact but surely rather surprised,
after the induced liquefaction of the
saturated sands at its foundation during
the Niigata earthquake of 1964. The
worst disasters on record, the Kansu
earthquake of 1920 and the Shensi one
of 1556, seemed to have been largely the
result of an analogous process in wind-
deposited loess. A few pages are given
to an explanation of this strange phe-
nomenon. The main cause appears to be
the increase in pore pressure in a water-
soaked granular material. That pressure
increases following the repeated alter-
nating stress of earthquake shaking, as
the loaded grains settle to a denser pack-
ing. The increased pore pressure takes
the normal load off the grains, so that the
material may become near-liquid and
begin to flow under the changing shear
stresses. The process is seen in virtually
all earthquakes and is of major impor-
tance in some.

The second volume looks quite differ-
ent. Its geophysicist author, trained in
Zurich and Toronto and now a professor
in Vienna, gives us plenty of equations
but no photographs and little particu-
larity. Scheidegger’s maps of earthquake
regions are postage-stamp drawings, not
big, clear spreads. The aim is general un-
derstanding. He treats the same topics
as the casebook does and adds for good
measure a chapter on air catastrophes,
from lightning to hurricanes. He sums
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up the empirical facts (the quantities
measured, the range of variability), and
then he seeks an analytic description,
which for most of the events is mainly a
study in the classical mechanics of in-
stability. Both solid elastic theory and
fluid dynamics are drawn on. Since the
initial conditions are natural and com-
plex and the results that are required are
less than precise, he can seek models of
some simplicity; elaborations are hardly
worth while.

It is a delight to the reader with some
knowledge of the mechanics of Newton
to see how certain of these awesome phe-
nomena fit cunningly employed main-
stays of the high school physics labora-
tory. On a simple frictional model a
landslide will reach out a distance that
is merely the height of fall divided by
the average coeflicient of friction; the
height, the speed reached and the rock
mass involved are immaterial. Slides
ranging up to a volume of about 100
houses fit the theory well with plausible
constants. Introducing a coefficient of
friction that varies smoothly and simply
with slide volume (much smaller friction
for much larger volumes), one fits the
data very well up to catastrophic slides
of an entire mountainside. Perhaps the
cause is lubrication by trapped air; we
do not know.

Both books pay a good deal of atten-
tion to the statistics of unusual events;
the estimates of risk and reasonable ef-
forts at alleviation and prevention re-
quire that kind of understanding. The
reader who wants reliable and yet dra-
matic facts and the more mathematically
trained reader who wants to see what
models work, and perhaps to begin mak-
ing models of his own, will find one of
the books rewarding. There is much left
to do; many questions of fact and theory
remain unanswered. A minor disaster for
the reader and his library is the high cost
of these by no means very specialized
books.

ASTRONOI\IICAL PHENOMENA FOR THE

YEAR 1976, issued by the Nautical
Almanac Office, United States Naval
Observatory. U.S. Government Printing
Office (80 cents). Sky CALENDAR, by
Robert C. Victor. Abrams Planetarium,
Michigan State University ($2 per year,
monthly sheets mailed quarterly, three
issues per mailing). Fountainhead of
public information on the motions of the
bodies of the solar system, the paradigm
of Newtonian science, is the computing
office of the United States Naval Ob-
servatory (with its partner in the United
Kingdom). A big tabular hardback of its
work, The American Ephemeris and



Nautical Almanac, appears yearly, bear-
ing the coordinates of the sun, the moon,
the planets and the satellites, and han-
dling authoritatively many finicky ques-
tions of timekeeping, geocentric and
heliocentric relations, eclipses and oc-
cultations. It is genuine prediction: the
main tables are ready three years in ad-
vance, and so each January we get one
of these inexpensive slender pamphlets
of tables selected from the bigger volume
for the third year ahead. (The 1976 issue
first appeared in 1973.) The first 10
pages are mainly taken up with calendar
tables, but they always include tables
giving to the minute the times of the
four phases of the moon all year long, a
list of the morning and evening stars and
a laconic half page, full of symbols, that
details the “planetary configurations” for
the year. That is the central source of
every sky gazer’s guide to the unaided-
eye sights of the ecliptic. It is hard to un-
pack, but the news is all there. Then
there are half a dozen pages on the
eclipses of the year, including world
maps of eclipse tracks. Detailed tables
of the sun’s and moon’s rising and set-
ting times, and the limited motions of
Polaris, tabulated for precise latitude
fixes, make up most of the other pages.
Early and authoritative, the pamphlet
has the austere beauty of unadorned nu-
merical prediction.

Not many can enjoy a year of sky-
watching guided only by the succinct
half-page table of the Nautical Almanac
Office. If that work supplies the first and
the most data for a dollar, the Sky Calen-
dar out of East Lansing is the serious be-
ginner’s best buy. For each month there
is one sheet of paper. On the reverse
a star chart generally appears, sensibly
simple, bearing only the chief constella-
tions in the month’s evening sky. The
other side is made up as a calendar; in
each day box there is a bit of text or a
neat, tiny drawing of noteworthy objects
along the sunset or dawn horizon. (Mich-
igan skylines show an unexpected num-
ber of contemplative horses in silhou-
ette.) Text and drawing guide one to the
planets, to the bright ecliptic stars as the
moon passes them, even to a few sights
that can be enjoyed only with binocu-
lars. A special event—a lunar eclipse or
bright apparitions of Venus, for exam-
ple—may sometimes augment the
month’s star chart, bringing a detailed
and helpful summary of the event for
the amateur viewer. This work is unap-
pealing typographically, dominated by
crowded typewritten copy in grayish
offset, but its low cost, explicitness and
simplicity are outstanding; handsome is
as handsome does.

Little Maria
had been

hungry
all her life.

Maria lives in a slum in Brazil and has
suffered from malnutrition all her young
life. When she was accepted into our
CCF-assisted nutrition program, she was
about five and a half years old but was
unable to walk. She weighed only sixteen
pounds—Iless than half her estimated nor-
mal weight for a child her age.

Little Maria’s home is a four room
shack made of poles, mud and partially
covered with tiles, flattened tin cans and
pieces of scrap lumber. Holes in the walls
are patched with cardboard. She shares
this home with her mother and father, five
sisters, five brothers and a nephew.

While Maria’s father works hard, he is
totally unskilled and can only get work as
a porter, carrying immense loads on top
of his head. His income is so meager he
cannot possibly provide for his family.
Maria’s mother does not have a job and
stays home to care for the children.

Now Maria has a chance for a better
life with help from her CCF sponsor.
After she was enrolled in the nutrition

lproject, she showed rapid signs of im-
provement. She became able to crawl
around the recovery room. She could
smile and talk. She could even draw and
our report shows that her physical state
was improving normally. Hopefully she
will make a good recovery and the marks
of malnutrition will disappear.

But there are many other youngsters
like Maria who suffer from severe malnu-
trition and who must wait for the assis-
tance they so urgently need.You can help
such a child by becoming a CCF sponsor.
The cost is only $15 a month (tax de-
ductible) and you will have the privilege
of developing a person-to-person relation-
ship with the child you assist.

You will receive the child’s photograph,
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name and mailing address so that you can
exchange letters and cards. Most impor-
tant, you will have the satisfaction that
comes from sharing your love with some-
one who needs you. And boys and girls
like Maria urgently need your help. Mal-
nutrition can cause many permanent de-
fects even if it does not immediately lead
to disease and death.

Won’t you help? Please fill out the
coupon at the bottom of the page indi-
cating the sex and country of the child
you’d like to sponsor. In about two weeks
you will receive your personal sponsor
folder on the child who has been placed
with you.

Sponsors urgently needed in Brazil,
India, Guatemala, Indonesia and the
Philippines.

We will be glad to send you a Statement
of Income and Expense upon request.

Write today: Dr. Verent J. Mills@

CHRISTIAN CHILDREN'S FUND, Inc.
Box 26511, Richmond, Va. 23261

I want to sponsor a [ ] boy [] girl in
(Country)
[J Choose any child who needs my help.
I will pay $15 a month. I enclose first
paymentof $__ . Please send me
child’s name, mailing address and photo-
graph.
I can’t sponsor a child now but I do want
togive$_ .
[J Please send me more information.
Name
Address
City
State Zip

Member of International Union for Child Wel-
fare, Geneva. Gifts are tax deductible. Canadians:
Write 1407 Yonge, Toronto, 7. $S3310
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mission. U.S. Government DPrinting
Office, 1975.
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Printing Office, 1975.
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Lapp. Fact Systems/Reddy Kilowatt,
Inc.,, in press.

ENVIRONMENTAL I1aZARDs IN HicH-LEvV-
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Bernard Cohen in Reviews of Modern
Physics, in press.

TIIE VOLCANOES OF MARS

VoLcaNisy oN Mars. M. Carr in Journal
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MARTIAN SURFACE AND CRUST: REVIEW
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InTRODUCTION TO IlicH ENERGY PHys-
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UNIFIED THEORIES OF ELEMENTARY-
PARTICLE INTERACTION. Steven Wein-
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No. 1, pages 50-59; July, 1974.
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CurrenTs. David B. Cline, Alfred K.
Mann and Carlo Rubbia in Scientific
American, Vol. 231, No. 6, pages 108—
119; December, 1974.
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TRINOs. David B. Cline, Alfred K.
Mann and Carlo Rubbia in Physics
Today, Vol. 28, No. 3, pages 23-31;
March, 1975.

A DNA
OPERATOR-REPRESSOR SYSTEM

STRUCTURE OF THE A OPERATORS. Tom
Maniatis and Mark Ptashne in Nature,
Vol. 246, No. 5429, pages 133-136;
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THE NUCLEOTIDE SEQUENCE OF THE LAC
OreraTor. Walter Gilbert and Allan
Maxam in Proceedings of the National
Academy of Sciences, Vol. 70, No. 12,
pages 3581-3584; December, 1973,
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BACTERIOPHAGE A. Tom Maniatis,
Mark Ptashne and Russell Maurer in
Cold Spring Harbor Symposia on
Quantitative Biology, Vol. XXXVIII,
pages 857-869; 1974.

REPRESSOR, OPERATORS, AND PROMOT-
ERS IN BACTERIOPHAGE LAMBDA.
Mark Ptashne in The Harvey Lec-
tures: Series 69. Academic Press,
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THE AGGRESSIVE AND TERRITORIAL BE-
HAVIOR OF THE MANTIS SHRIMP GO-
NODACTYLUS BREDINI MANNING (CRuUs-
TACEA: SToMAaTOPODA). Hugh Dingle
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cance. Hugh Dingle, Raymond C.
Highsmith, Kenneth E. Evans and
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Caldwell and Hugh Dingle in Die
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pages 214-222; May, 1975.
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AND THE EVOLUTION OF MIND
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VENTURES BY A BRAIN SCIENTIST. ]ohn
C. Eccles. Springer-Verlag New York
Inc., 1970.

© 1975 SCIENTIFIC AMERICAN, INC

Tuone Brain 1IN Hoauxm EvoLurion.
Phillip V. Tobias. Columbia Univer-
sity Press, 1971.

OBjEcTIVE KNOWLEDGE: AN EvoLu-
TIONARY ApProacH. Karl R. Popper.
Oxford University Press, 1972,
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GENCE. Harry J. Jerison. Academic
Press, 1973.
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pages A92—-A93; April, 1975.
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TION. Arnold C. Klebs in Johns Hop-
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265, pages 69-83; March, 1913.
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THE MebpicaL. WorRLD ofF THE EIGH-
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MATHEMATICAL GAMES

Macic SQuARE ProBLEMs. Henry Ernest
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THE THREE-DIMENSIONAL STRUCTURE OF
AN ENzymME MoLecure. David C.
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Truck drivers have always known
what motorists need to know
about aluminum.

That aluminum can take it. That it
can be engineered to perform as well

without sacrificing strength. So,
they’re specifying strong, lightweight

as the material it replaces. Yet, because aluminum alloys specially designed

it's a weight-saver, aluminum gives
you a lighter vehicle that saves gas,
brake wear, tire wear, even registration
costs in some states.

Aluminum has performed so well in
trucks, which are built to last hundreds
of thousands of miles, that automotive
engineers are now evaluating additional
aluminum applications for the automo-
bile—specifically, hoods, wheels, trunk
decks, bumpers and bumper reinforce-
ments .. . even, in some cases, alumi-
num doors. They understand better than
most of us that American cars must
become less expensive to operate,

The reasons for using aluminum
are found in aluminum itself.

for passenger cars.

Sturdy aluminum components
that save weightin trucks.

BALCOA
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The men who drive truck rigs equip-
ped with aluminum cabs, frame rails,
radiator parts, bumpers, fuel tanks,
suspension parts and forged disc
wheels know how well aluminum stands
up over the long haul. Under rough
treatment. In all kinds of weather.

They also know that lightweight alumi-
num components pay off financially.
Because a lighter rig can carry more
payload, yet requires less fuel when
rolling. Either loaded or empty.

If you'd like a more in-depth look at how
aluminum in automobiles helps in the
conservation of energy, send for our
brochure, Energy, Aluminum and the
Automobile. Write to Aluminum Com-
pany of America,504-A Alcoa Building,
Pittsburgh, PA 15219.



I Chevoiet A

“You can get it fixed anywhere
in the country?

Autoweek-Sept. 20, '75

%..extensive corrosion protection?
Automotive News-Sept. 15,75
“Keeping in mind that it is a small car,
the Chevette interior is marked by

considerable roominess? .
Foad & Trask.Oct. 75 %..in the hardcore measurements of

the marketplace — price, gas, mileage,
appearance (and) overall size

. ...the Chevette seems a winner?
“Should be a standout choice... Car & Driver-Oct. 75

perfectly suited to fill the U.S. buyer’s
need for high-fuel-economy (and)

- ”»
low cost transportation.” “Chevette is a car of the times:

lightweight and thrifty...
a most pleasing car”
Road & Track-Oct. '75
“May be the most important new
U.S. car of the next decade?

Motor Trend-Oct. ‘75

Prices start at $2899* 40 mpg highway, 28 mpg city,

2-seat Scooter $2899* based on EPA test results with standard 1.4-litre
Chevette Coupe (shown) $3098* engine, standard rear axle ratio. and standard 4-speed
The Sport $3175* manual transmission. Remember: These mileage figures
The Rally $3349* are estimates. The actual mileage you get will vary
The Woody $3404* depending on the type of driving you do, your driving
_*Manufacturer’s Suggested Retail Price habits, your car’s condition. and available equipment.
""'ﬂﬂL’:téieﬁfsrx.rﬂi‘xovr\e?r:c‘lxig,gmdrzfylﬁm In California, see your Chevy dealer for EPA mileage
equipment, state and local taxes are additional. figures on California emission-equipped cars.

Chevette

Chevrolet’s new kind of American car. m

At all 6030 Chevy dealers.
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