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WHAT THE EXPERTS 
CALLED THE BEST 

LAS T  YEAR WASN'T 
GOOD ENOUGH FOR US. 

"IT CANNOT BE FAULTED." 
SA 9500-STEREO REVIEW 

"AS NEAR TO PERFECT AS WE'VE 
ENCOUNTERED." TX 9500-POPULAR 

ELECTRONICS 
"CERTAINLY ONE OF THE BEST ... AT ANY 

PRICE." TX 9500-MODERN HI FI 

Last year, the experts paid Pioneer 's 
integrated amps and tuners some of the highest 
compliments ever. 

But rather than sitting back and resting on 
our laurels, we set out to build even better amps 
and tuners. Amps and tuners that wou Id not only 
surpass anything we'd ever built before, but 
anything anyone ever built before. 

Our new TX 950011 tuner is a perfect 
example. 

Its front end features three newly developed 
field effect transistors that work to let you pull in 
beautiful FM reception no matter how far you 
live from the transmitter. 

It has separate bandwidths for weak and 
strong stations. Which means you can filter all 
the noise out of weak stations without worrying 
about overfiltering strong ones. 

And where most tuners have multiplex 
circuits that aCCidentally cut out some of the 
frequencies that add depth and presence to the 
music, the multiplex circuit in the TX 950011 
preserves them. So the music begins to sound as 

if it's coming live from your living room, instead 
of from some radio station miles away. 

Naturally, after developing a tuner this 
advanced, we had no chOice but to create an 
amplifier that could match it. 

That amplifier is our new SA 950011. A fully 

integrated amplitier that's capable of producing a 
continuous power output of 80 watts per 
channel RMS into eight ohms, from 20 to 
20,000 hertz, with no more than 0.1 % total 
harmonic distortion. 

In other words, an amp that cannot only 
reproduce the entire audible frequency range of 
every conceivable instrument, but an amp that 
can reproduce all music with a total harmonic 
distortion level well under what the human ear 
can hear. 

Obviously, both the SA 950011 and the TX 
950011 are very sophisticated pieces of 
equipment. But all of the engineering skill that 
went into making them has gone into every tuner 
and amplifier in our new series II. No matter 
what the price, no matter what the 
specifications. 

And that's something you don't have to be 
an expert to appreciate. 

High Fidelity Components 

(Y)PIONE ER 
WE BRING IT BACK ALIVE. 

<Cl1977 u.s. PIoneer ElectroniCS. 85 Oxford Drive. Moonachie. New Jersey 07074. 
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Olympus re-invented the 35 rnm SLR camera. 

Turned the camera world upside down. The 
OM -1 - smaller, lighter and quieter than 
conventional cameras - yet you could see more 
in the viewfinder. 

N ow other manufacturers are t rying to do 
the same thing. But Olympus has a five year 
lead - and we didn't let the grass grow under 
our feet! We have steadily perfected our concept 

and developed a complete system with an amazing choice of accessories. 
Even if you're a rank amateur, you can start with an OM -1 and get 

wonderful pictures immediately. But - once you've learned the way - we 
have all the accessories the most demanding professionals need. 

And while competition studied our OM-I, our engineers came up 
with an even more incredible camera, the OM -2, with an automatic 
exposure system so sensitive it measures light even during exposure! 

For five years both amateurs and professionals have been testing 
Olympus in the field - really putt ing it through the paces - and today 
there is no enthusiasm anywhere compared to that of an Olympus owner. 

. 

Ask one - he or she is our best advertisement. 
Then see an Olympus dealer - it's time you began to enjoy thE? 

finer things in photography. 

OLYMPUS 
the experts call it "incredible:' 

Marketed in the USA by Ponder & Best Inc Corporate Offices: 1630 Stewart Street Santa Monica. California 90406 ©Ponder & Best. Inc., 1977 
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ANNOUNCING A SIGNIFICANT ENGINEERING ADV ANC E: 

Oldsmobile 
.

......... ".-� , ,�- the worlds first 

For 1978, Olds­
mobile offers an 
engine that saves 
like a diesel, runs 
like a V8, because 

it's both. It will be avail­
able in Delta 88, Custom 
Cruiser and 98 models. 
And it combines the 
basic economy of a 
diesel with performance 
you might not expect 
from a diesel. 

. DIESEl EC ONOMY 

Diesel means fuel 
economy. That's what 
a diesel is all about: 

1978 EPA MPG ESTIMATES 
WITH DIESEL va ENGINES 

Hwy. 
Delta 88 30 
Ninety-Eight 30 
Custom 

Cruiser 27 

City Comb. 
21 24 
21 24 
19 22 

As you can see, 
these ratings are excel­
lent, for full-size cars. 
EPA ratings are esti­
mates; your mileage 
may vary depending on 
how and where you 
drive, your car's condi-

tion, and its 
equipment. 

Something else to 
consider: You not only 
get more miles per 
gallon with a diesel, 
you also get less cost 
per gallon, based on 
traditionally lower 
prices for diesel fuel 
compared to unleaded 
gasoline. 

VSDESIGN 

Diesels have been 
around since the 1890s. 
And response and ac­
celeration have never 
been their strong suit. 
But you'll be pleasantly 
surprised by these 
new diesel-powered 

�le'i:.p· V8. 

Oldsmobiles. 
This new diesel V8 

has one of the highest 
power-to-weight ratios 
among diesel cars on 
the road today. 

It offers acceleration 
and a liveliness that the 
most powerful diesel 
foreign cars in America 
don't have. And it's 
quiet for a diesel, too. 

NO SPARK PlUGS 
NO CARBUREfOR 

The new diesel V8 
simply does not have 
many of the compo­
nents that require 
tune-ups. 

It has no carburetor. 
It has no distributor. 

And no spark 
plugs. Result? It 
eliminates the 

need to service or 
replace these items. 

TEST DRIVE A DIESEL 
AT YOUR oms DEALERS 

Only your Olds 
dealer can offer you a 
selection of V8 power 
-diesel or gasoline­
in a passenger car. No 
other dealer can make 
that statement. 

In fact, we have 
made many strong 
statements about the 
new diesel V8. We 
invite you to put them 
to the test. Stop in at 
your nearest Olds­
mobile dealer's and 
ask for the keys to an 
Olds 88, 98 or Custom 
Cruiser equipped with 
this remarkable diesel 
V8 engine. 

In this day and age, 
it's certainly worth rh checking out. rp 
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THE COVER 

The picture on the cover looks like an aerial photograph but is not. It is an 
image of the area of Flagstaff, Ariz., made by a side-looking airborne radar 
system. The antenna of such a radar system is mounted on the belly of the air­
craft and points to the side. Microwave pulses emitted by the antenna strike 
the ground at a shallow angle; the reflections of the pulses are received by the 
antenna, displayed on the screen of a cathode-ray tube and recorded on photo­
graphic film, forming a radar hologram. The picture is then created by illumi­
nating the hologram with monochromatic light and recording the reconstruct­
ed image on color film (see "Side-Looking Airborne Radar," by Homer Jensen, 
L. C. Graham, Leonard J. Porcello and Emmett N. Leith, page 84). The air­
plane making this image was 25 miles east of Flagstaff, flying on a course from 
left to right (north to south) at an altitude of 40,000 feet. The prominent eleva­
tion at left center in the picture is Elden Mountain. The cluster of yellow images 
extending from the top to the lower right center is the town of Flagstaff. The 
craterlike feature at bottom right is Dry Lake. Thin broken line of yellow im­
ages at the top left is a series of radar reflections from a high-voltage power line. 

THE ILLUSTRATIONS 

Cover photograph courtesy 
of Goodyear Aerospace Corporation 
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Scribner's Sons Environmental Research 
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43 ® National Geographic (bottom) 

Society-Palomar 102-103 Ben Rose 
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Inter-American 123 Y. K. Rao, University 
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Offprints 
Each article in each issue of 

SCIENTIFIC AMERICAN is 

available in a separate Offprint 

starting January 1977 

Offprints will be ready for delivery by 

the end of the month following the 

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

are available in Offprints and are listed 

in catalogue (see form below). 

Individual and Corporate Orders 
Offprints may be ordered in any quan­
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order. Coupon below suggests form 

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

Please send me Offprints: 
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Multiply by $ .35 

Payment Enclosed $ -'-------'--
Minimum order $5.00, payment with order 
California residents add sales tax 
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THE PLATTER 
IS THE M OTOR. 

Fisher introduces a major advance in audio technology: 
the linear motor 120 pole, direct drive turntable. 

One of the problems in improving 
direct drive turntable performance is 
reducing wow & flutter due to cogging 
action of the motor. 

With its limited number of poles 
(usually 12) and its relatively slow 
operating speed, most conventional 
direct drive systems also have an in­
herent problem of low starting torque. 

To solve these problems, Fisher has 
engineered the linear motor, direct 
drive system. The new Fisher MT6225. 

In effect, the platter becomes the 
turntable's motor. And Fisher's 120 
pole design practically eliminates 
cogging action, and lowers wow & 
flutter to a totally inaudible 0.03%. 

The linear motor direct drive system 
further reduces turntable rumble to an 
extremely low - 70 dB, far below 
hearing level. 

HOW IT WORKS 
A continuous band of ferrite ma­

terial, containing 120 magnetic poles, 
is attached to the inside bottom rim of 
the platter. To start platter rotation, 
each pole opposes 
one of the electro­
magnetic drivers 
on the base top. 
Each of the 120 poles is attracted or 
repelled as it passes the driving electro­
magnets for smooth, stable operation. 

BOITOI>! VIEW 

OF PLAITER 

120 pole 
permanent 

ferrite 
magnetic band. 

An electronic sensing device moni­
tors the platter's speed, and acts as a 
servo-feedback control to maintain 

© 1977, Fisher Corporation 

practically perfect speed accuracy. 
Built-in strobe and pitch controls 
are provided. 

The speed accuracy of the 
system is independent of 
line voltage fluctuations. 

THE ARM 
The Fisher MT6225 

is equipped with a pro-
fessional-type gim- _ 

baled tone arm for perform-
'-­

ance to equal its technically 
advanced motor design. 

The arm accepts all stand- Spindle 

ard cartridges, The auto-return system, 
which returns the arm to rest at end of a 
record, is designed with no restraints 
on its lateral or vertical motion during 
operation, 

The arm has adjust� � .. 
able tracking 11i\ .

.. �� . �' 
force with cali- . 

brated � � 
,�tl·· ��(h 

settings from 
0.6 to 3.5 
grams, There's 
also precise 
variable anti-skate, 
and viscouS damped 
cueing. The MT6225 
also has a heavy cast-
aluminum platter, 
and a massive 
integrated 

base to absorb vibration. 
In all, there is no other turntable 

Driue signal 
generator sensing coils 

TOP VIEW OF BASE 

Motor 

Wow & Rutter 

Tracking Force Range 

Rumble 

available that comes 
closer to the perfect 
performance .. . or 

the ultimate 
in reliability. 
Fisher MT6225, 

for about $250. + 
See it now at fine 

audio stores and the 
audio section of 
department stores. 

linear Direct Drive 

0.03% WRMS 

0.6-3.5 grams 

-70 dB (DIN B) 

Maximum Tracking Error ± 1.5° 
Auto Stop Yes 

Auto Reject Yes 

Cueing Viscous Damped 

Anti-Skate Control Adjustable 

Platter Weight 2.2Ibs. 

Speed Selector 33/45 rpm 

�FISHER 
The first name in high fidelity 

Fisher Corporation, 
21314 Lassen St., 

Chatsworth, Calif. 91311 

+Manufacturer's suggested retail price. Actual selling price determined by individual dealer. 
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LETTERS 
Sirs: 

Bernard L. Cohen's article "The Dis­
posal of Radioactive Wastes from Fis­
sion Reactors" [SCIENTIFIC AMERICAN, 
June) contains serious errors and poten­
tially misleading statements. Considera­
tions of space limit my discussion to a 
few flaws that seem important. 

Cohen's comment (pages 23 and 24) 
regarding the present extensive use of 
plutonium as a fuel in light-water reac­
tors is true, but for the unwary reader it 
is probably deceptive. The controversy 
concerning plutonium recycling has lit­
tle to do with plutonium that sits secure­
ly within an operating reactor core. It 
concerns only the fate of the plutonium 
after its removal from the reactor. 

The parenthetical remarks on the "lin­
earity hypothesis" (page 24) assume that 
if that hypothesis is abandoned, it will 
be replaced by a threshold model or 
some other reduced-toxicity model. If 
hypotheses such as those of Karl Z. 
Morgan ("Suggested Reduction of Per­
missible Exposure to Plutonium and 
Other Transuranium Elements," Ameri­
can Industrial Hygiene Association Jour­
nal, pages 567-575; August, 1975) con­
cerning alpha-active isotopes become 
generally accepted, however, then aban­
donment of the linear hypothesis could 
lead to an increase in nuclear-related 

Scientific American, October, 1977; Vol. 237, No. 4. 
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 
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New York, N.Y. 10017. Manuscripts are submitted at 
the author's risk and will not be returned unless accom­
panied by postage. 

Advertising correspondence should be addressed to C. 
John Kirby. Advertising Director, SCIENTIFIC AMERI· 
CAN. 415 Madison Avenue. New York. N.Y. 10017. 

Offprint correspondence and orders should be ad­
dressed to W. H. Freeman and Company. 660 Market 
Street, San Francisco. Calif. 94104. For each offprint 
ordered please enclose 35 cents. 

Subscription correspondence should be addressed to 
Subscription Manager, SCIENTIFIC AMERICAN. 415 
Madison Avenue, New York, N.Y. 10017. For change 
of address, notify us at least four weeks in advance. 
Send both old and new addresses and enclose an ad· 
dress imprint from a recent issue. (Date of last issue on 
your subscription is shown at upper right·hand corner of 
each month's mailing label.) 

Name 

New Address 

Old Address 

health-hazard estimates, not "drastic re­
ductions." 

Cohen must substantiate his claim 
(page 28) that "ceramics or other more 
resistant materials" will be able to main­
tain their integrity and low leachability 
over long periods when they are subject­
ed to thermal heating, intense irradia­
tion, large overburden pressures and 
surrounding brine. 

Cohen's discussion of ion-exchange 
processes that tend to retard radioac­
tive-waste transport through aquifers 
(page 28) oversimplifies the matter. It 
has previously been criticized by F. von 
Hippel, D. G. Jacobs and J. E. Turner in 
Physics Today (pages 68-69, August, 
1976, and pages 15 and 86, November, 
1976). 

The calculated probability of waste 
release (page 29) is based on an assumed 
"equal escape probability for atoms of 
waste and radium." This assumption is 
unwarranted, because one can devise 
scenarios of waste-repository failure 
that are not applicable to radium in the 
earth. For example, (1) the possibility 
exists that waste-generated thermal ex­
pansion or post-backfill mine subsi­
dence might fracture overlying shale 
formations (depicted on page 25), re­
sulting in unanticipated ground-water 
intrusion (see W. Hambleton, "The Un­
solved Problem of Nuclear Wastes," 
Technology Review, pages 15-19; March­
April, 1972), and (2) radium in the earth 
does not have one or more "sealed" mine 
shafts leading to it, and little work has 
been done on the feasibility of creat­
ing long-lived water-impervious seals. 
Moreover, the knowledge that New 
Mexico is currently arid is useful in 
terms of the relatively short half-lives of 
strontium 90 and cesium 137 but is not 
terribly germane to the half-lives of io­
dine 129 or actinides (more than 24,000 
years). Failure to address such issues 
renders Cohen's probability calculation 
meaningless. 

The author's belief (page 30) that nu­
clear fission cleanses the earth of radio­
activity is incomplete. He neglects to 
mention that uranium deposits which 
were sitting safely (more or less) under­
ground are dug up in order to fission 
them. In the process radium, radon and 
their daughter products are left exposed 
to the elements in tailing piles at ground 
level. On the basis of the linear hypothe­
sis and an assumed global population of 
four billion one can calculate that each 
reactor-year of operation eventually 
gives rise to more than 300 latent cancer 
fatalities from this cause alone. 

The comparison of chemical and ra­
diological hazards (page 30) should note 
that chemical toxins can, if it is desired, 
be neutralized by appropriate chemical 
transformations. Radiological toxins re­
main hazardous regardless of their 
chemical form, provided one can postu­
late some plausible mechanism for "ad-

Own a bottle. 

It's worth the 
price to have at least one 
thing in your life that's 
absolutely perfect. 
Tanqueray Gin, a singular 
experience. 

PRONOUNCE IT "TANKER·RAY" DISTILLED & BOTTLED 
IN LONDON. 100% NEUTRAL SPIRITS. 94.6 PROOF. 

IMPORTED BY SOMERSET IMPORTERS LTD .. NY 
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With it, the phone system of tomorrow 
is in Chicago today. 

A while ago, we told you light­
wave communications was just 
around the corner. Today, it's in the 
streets of Chicago_ 

For the first time, the human 
voice, business data and even video 
signals are being carried by light­
waves traveling over hair-thin glass 
fibers_ Instead of electric current 
traveling over copper wire_ 

But without that little link you 
see on the opposite page, lightwave 
communications for such a wide 
range of services might still be an 
experiment in a lab_ And without 
Western Electric technology, the link 
might still be a design on a blueprint-

The link is an outgrowth of an 
idea from the people at Bell Labs_ 
While they were putting the major 
components of the lightwave system 
together, they had to find a way to 
splice the glass fibers and get the 
light across the splice_ 

A Simple Idea 

The idea they came up with was 
deceptively simple_ A coupling 
device made up of tiny grooved chips, 
smaller than the tip of your finger, 
that would guide the ends of the 
hair-thin fibers and butt them up 

8 

in perfect alignment-
There was only one hitch_ 

Making one chip was easy_ But there 
was no machinery that could mass 
produce all the identical chips that 
would be needed for a lightwave 
system like the one in Chicago_ 

Making Ideas Reality 

That's where Western Electric 
comes in_ Turning ideas into tech­
nological innovations is nothing new 
at Western Electric 

Over the years, Western Electric 
has piled up an impressive list of 
innovations that have become man­
ufacturing standards_ 

It was the first company in the 
world to manufacture the transistor. 

It was the first to put the laser 
to work as a useful production tooL 

And it is the company that went 
beyond conventional machining 
techniques to make the chips for 
Chicago's lightwave system_ 

Each chip is pure silicon crystaL 
Its internal structure (a criss-cross 
arrangement of intersecting planes) 
provides a built-in blueprint for reg­
ularly spaced grooves_ And 

pendicular planes, uniform grooves 
can be chemically cut into the chip_ 

By combining the science of 
chemistry and the art of lithography, 
Western Electric's Engineering 
Research Center developed a way 
to etch 12 ultra-precise, perfectly 
shaped, identical V-grooves on each 
chip_ With each groove no wider than 
a hair and separated only by a hair's 
breadth from its neighbors_ 

And, more importantly, they 
were able to reproduce these chips 
so that each one was a perfect double 
of the other. 

Teamwork is the Key 

The telecommunications revolu­
tion beginning in Chicago is another 
good exam pie of how Western Electric 
and Bell Labs help put new tech­
nology into practical use for the Bell 
telephone companies, quickly and 
economically_ 

Their close relationship is an 
important reason why your telephone 
system is the most efficient and 
reliable communications system in 
the world_ And it's a basic reason why 

because the crystal's diagonal 
planes etch faster than its per-

@ 
innovations in technology 
are a common occurrence 
in the Bell System_ 

Western Electric 
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"I've always wanted Bose 90t's, 
but won't I need a tOO-watt amp?" 

The original Bose 901 was prob­
ably the most critically acclaimed 
loudspeaker ever. But a lot of 901 
admirers didn't buy them because 
they thought they'd need a big, expen­
sive amplifier. Now comes the new Bose 
901 Series III. In every dimension of sound 
reproduction it is superior to the original 
901. Yet, due to a unique new high­
performance driver with a stronger-than­
steel, precision injection-molded frame and 
an ultra-high-efficiency voice coil, it can 
produce the same sound volume with a 15-watts-per­
channel receiver as the original 901 with 50 watts (in 

fact, we suggest that any­
thing over 70 watts is simply 

unnecessary). 
The Bose 901 Series III: 
the speaker you've always 
wanted has become 
a lot easier to own. 

nllS E® 
Better sound through research. 

'For cornD",herlSive literature, send $1.00 to Bose, DeptSAIO. The Mountain, 

1. Patents issued and pending. Cabinets are walnut veneer. 

�-------------------------------� 
VVhat your home could have in common with the Met, the Tate, and the Louvre. 

Beautiful, original works by arrists who are represenred in the world's 
great museums and galleries can be yours for very reasonable prices. 

We offer original etchings, lithographs and serigraphs signed by 
Calder, Chagall, Dali, Delacroix, Renoir and ocher imponanr anists. 

Name 

Address 

City 

(Shoichi Hasegawa's delicate 
pastel etching "Solei! Couchanr" 
is just one of the many fine prinrs 
we've recently made available.) 

Our experr advice and full 
money- back guaranree are your 
assurances that the arr you buy 
will"have lasting value and beaury. 

Send for our colorful, 
descriptive brochure, without 

. obligation. 

'" 0;;:;;;; ;i�H group,Ud. {' 
120 EaS! 56th Street, Dept. SA8, New York, N.Y. 10022 

o PLEASE SEND ME YOUR FREE COLOR BROCHURE. 

Scare Zip 
• � © 1977 Original print collectors group, Ltd. I. 
� -------------------------------. 
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ministering" a dose. In addition, the ab­
solute toxicity shown for nuclear waste 
after 100 years (107 lethal doses) is in 
contradiction with the information pre­
sented in the graphs on pages 28 and 29 
(approximately 1010 lethal doses). 

The discussion of the probability and 
nature of various future human activi­
ties (page 31) is entirely speculative. I 
might note. however, that "random ex­
ploratory drilling" may not be a helpful 
basis for prediction. Assuming some 
continuity to human nature, curiosity 
will long be with us. Thus the evidence 
of past drilling (which would be blatant 
if markers are left as warnings) might 
well increase the probability of future 
human activity at the same site .... 

Regarding the author's concluding 
statement, in the future no source of 
high-quality energy is likely to be 
"cheap." 

Cohen also fails to assess the risks as­
sociated with predisposal transportation 
and handling operations. 

Clearly we have radioactive waste, 
and we should get on the ball to put it 
someplace where it is unlikely to do us 
(or future generations) harm. My own 
preference would be to store high-level 
wastes or unreprocessed spent fuel in 
easily retrievable form in a man-made 
structure located deep within a salt mine 
or some other relatively stable geologi­
cal formation, pending a more thorough 
evaluation of alternative disposal con­
cepts than (barring some unforeseen 
conceptual breakthrough) can be ob­
tained within the next couple of dec­
ades .... 

RICHARD SCLOVE 

Department of Nuclear Engineering 
Massachusetts Institute of Technology 
Cambridge 

Sirs: 
My reply to the letter from Mr. 

Sclove will follow the order of his com­
ments. 

My article was based on a more de­
tailed paper published in Reviews 0/ 
Modern Physics (January. 1977), a repu­
table and thoroughly refereed journal 
(there were 14 referees on my paper). If 
the article contains "serious errors," Mr. 
Sclove should submit a paper to that 
journal about them. 

I thought my one-sentence point 
about burning plutonium was interest­
ing. and I do not see how it can be re­
garded as being deceptive. There are 
those who seem to believe that any use 
of plutonium, even its very existence, is 
sinful. 

The position that the "linearity hy­
pothesis" is much more likely to overes­
timate the harmful effects of small radi­
ation doses than to underestimate them 
is endorsed by all official radiation-safe-
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ty groups, including the National Acad­
emy of Sciences Committee on the Bio­
logical Effects of Ionizing Radiation 
(the BEIR Report), the U.S. National 
Commission on Radiation Protection 
and Measurements (NCRP Publication 
No. 43) and the United Nations Scientif­
ic Committee on the Effects of Atomic 
Radiation (Ionizing Radiation: Levels 
and Effects). The proposal that it may be 
otherwise, referred to by Mr. Sclove, 
was rejected by the International Com­
mission on Radiation Protection in its 
decision not to lower permissible expo­
sures. Under the circumstances I believe 
my one-sentence parenthetical remark 
was justified. In any case it did not form 
a part of my analysis. 

My article made no statement about 
ceramics such as the one mentioned in 

. Mr. Sclove's letter. My comment on ce­
ramics is based on the work of G. 
McCarthy and Rustum Roy at Pennsyl­
vania State University. 

The criticism by von Hippel in Physics 
Today of my treatment of the effects of 
ion exchange on the transport of radio­
active wastes was answered thoroughly 
in my reply to his letter (printed immedi­
ately following it). At the time von Hip­
pel wrote that he was studying the prob­
lem further, and although he has written 
to me at least twice since then on other 
subjects, he has not mentioned that 
problem again. The Jacobs-Turner let­
ter was essentially a more detailed treat­
ment than mine rather than a criticism 
of mine, and there is little disagreement 
between us, as was explained in my re­
ply printed with their letter. 

The fracture of overlying shale by 
thermal or subsidence problems was 
studied by the Oak Ridge group and is 
not considered to be a serious prob­
lem. The shaft-sealing problem is being 
worked on and is not believed to be no­
tably difficult. The shaft area is minus­
cule, it is quite distant from the buried 
waste in most designs and the salt is self­
sealing. Moreover, there are holes in the 
ground (for example caves, mines and 
fissures) containing the radium to which 
the waste is compared. This is not to 
mention the comparison between the ra­
dium and the waste with respect to 
ground water, rivers, winds, animals, 
freeze-thaw cycles, vegetation working 
on surfaces and so on. My paper does 
not assume that the burial site is arid or 
will remain so. I do not agree that there 
is anything unfair in my comparing the 
escape probabilities of buried waste and 
the radium in the ground above it. 

The discussion of tailings from urani­
um mining and milling is a rather sepa­
rate issue that is discussed in other pa­
pers by me (for example Bulletin 0/ the 
Atomic Scientists, February, 1976, page 
61). That problem is being actively 
worked on and does not seem very diffi­
cult or costly to solve. Incidentally, the 
same calculation that Mr. Sclove cites 
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Macrozoom lens gives you front­
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as indicating 300 eventual cancer fatali­
ties from that source yields a saving of 
5,000 cancer fatalities from the burning 
up of the uranium. 

The chemical toxicity of arsenic and 
barium is not essentially affected by or­
dinary changes in their chemical form. 
There was a mistake in the illustration 
on page 30 in that "(after 100 years)" 
should have read "(after 500 years)." 
The correct numbers appear in the text 
and in the illustrations on pages 28 and 
29. 

I do not understand or sympathize 
with Mr. Sclove's objection to my treat­
ment of the drilling problem. Can he 
suggest a more appropriate treatment? 
Nothing frightful can result from drill­
ing in the far distant future. 

I see no reason why nuclear energy 
should not become cheaper in the fu­
ture, and remain so for millenniums. 

Dangers to the public from waste han­
dling and transport have been studied in 
other papers and found to be of far less 
consequence than those discussed here. 
Radioactivity releases from transport 
accidents are estimated to cause an aver­
age of much less than .01 fatality for 
each year of all-nuclear power. 

It is difficult to quarrel with Mr. 
Sclove's call for more research, and the 
research effort is being accelerated. It is 
also difficult for me to understand, how­
ever, the intensity of his concern for the 
wastes from nuclear power, which have 
never harmed anyone and which my pa­
per shows will probably never cause as 
much as one eventual fatality per year. 
when we are killing at least 10.000 
Americans each year with the air-pollut­
ing wastes from coal burning, our only 
viable alternative source of electric 
power. Moreover, I cannot understand 
his insistence that the most conservative 
assumptions be made and the most im­
probable events be considered in evalu­
ating the dangers from nuclear wastes. 
when the opposite philosophy is fol­
lowed in evaluating dangers from coal­
burning wastes and all other risks in our 
society. There are papers in the scientific 
literature that estimate annual fatalities 
from coal-burning air pollution at many 
times 10,000. Those papers have never 
been refuted. Moreover, radiation ef­
fects are far better understood than the 
effects of air pollution are, and the radi­
ation levels under consideration here 
are a minute fraction of the natural 
background of radiation, whereas in the 
case of air pollution the levels are many 
times the natural background. Is it too 
much to ask that there be some balance 
and perspective in the consideration of 
our waste problems? 

BERNARD L. COHEN 

Department of Physics and Astronomy 
University of Pittsburgh 
Pittsburgh. Pa. 

© 1977 SCIENTIFIC AMERICAN, INC



There is new life 
on our planet 

Announcing the birth of 
H UMAN NAT URE ••• the first 
magazine to bring to life every­
thing important about the hu­
manity inside us and around us. 

Human Nature is destined 
to be the most important new 
magazine of our time. It unbog­
gles your mind about the most 
important invention on our 
planet: the human being. 

Visually exciting and to­
tally readable, Human Nature is 
the first· magazine to take you 
on a journey-from genetic to global-through all 
the human sciences. You'll get possible answers and 
new looks at questions about ourselves: Why a child's 
early years may not be as important as we think 
• The meaning of money. How your immune system 
protects you against cancer • Teaching intuition 
• The physiology and culture of the kiss . Voodoo 
death • What hypnosis tells us about consciousness 
... and more. 

The effect is total-to make all aspects of life 
come together. So our human world becomes more 
meaningful, more understandable, more fascinating. 

There has never been a general interest 
monthly like Human Nature. Because there has 
never been one publication to uncover the most 
important discoveries, ideas, and insights so essen­
tial to our quality of life. That's why Human Nature 
magazine is here . Finally. And the need has never 
been greater. 

Now we can learn more about ourselves and 
our possibilities. And enjoy the entire experience 
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lished by Harcourt Brace 
Jovanovich. Its renowned edi­
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psychologist - Robert Ornstein. 
Together they collaborate with 
the most important authorities in 
all areas that touch human life. 
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quality telescope provides portability 
and superior optics for excellent as­
tronomical viewing. Only $149.95, this 
classic Newtonian reflector gives clear, 
spectacular views of the heavens. 

The result of months of sophisticated 
engineering, this fine instrument fea-

tures: fully coated optics; 4%// preci­
sion polished mirror; high-impact plas­
tic body; and cast aluminum mount. 
Order yours today 
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50 AND 100 

YEARS AGO 

OCTOBER, 1927: "Clarence D. 
Chamberlin, the trans-Atlantic flyer, 
has added to his laurels by making the 
first ship-to-shore flight from the deck of 
a merchant vessel, the Leviathan of the 
United States Lines. Above the boat 
deck of the huge vessel, of nearly 60,000 
tons register, a broad runway 114 feet 
long was built, extending from the star­
board side of the first stack to the port 
side above the bridge. At the time of the 
test there was a wind of 15 miles per 
hour, and the Leviathan itself was steam­
ing at about the same speed. Thus 
Chamberlin had ideal wind conditions. 
His Fokker biplane, equipped with a 
Wright Whirlwind engine, was lightly 
loaded, carrying only 900 pieces of mail 
in addition to the pilot and some two 
hours' supply of gasoline. The pilot only 
had to stick to the runway for a distance 
of 75 feet before his speed, together with 
the relative speed of the wind, sufficed to 
get him into the air. He covered the dis­
tance between a point at sea 80 miles 
east of the Ambrose Light and Curtiss 
Field at Garden City on Long Island in a 
little more than an hour." 

"Cellulose, the principal constituent 
of wood fiber, may revolutionize photo­
graphic methods by its use in photo­
graphic films. A new process' has just 
been developed by Philippe David, a 
collaborator of Alphonse Bertillon, the 
famous criminologist, by means of 
which cellulose takes the place of gela­
tin as a support for the sensitive silver 
salts. In the ordinary photographic plate 
or film the base of glass or celluloid is 
coated with a layer of gelatin in which 
are suspended the silver bromide parti­
cles. The gelatin layer is rather delicate, 
and great care must be taken with the 
films or plates before they are dry. Too 
much heat will melt the coating and 
spoil the picture. With the new films gel­
atin and its disadvantages are eliminat­
ed. Since the cellulose does not dissolve 
even in boiling water, the developing 
chemicals can be used at higher temper­
atures to speed up the process. The films 
can be. developed in three to four min­
utes, fixed in two minutes and washed in 
30 seconds, instead of the 15 to 30 min­
utes that the process now takes. It is an­
ticipated that the new fiims and plates 
will prove especially valuable, both for 
still and motion pictures, in portraying 
news events." 

"The engineers of the Westinghouse 
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THE AUTHORS 
STEPHEN COLE. LEONARD C. 

RUBIN and JONATHAN R. COLE 
("Peer Review and the Support of Sci­
ence") are sociologists with a common 
interest in the sociology of science. Ste­
phen Cole is professor of sociology at 
the State University of New York at 
Stony Brook. He was educated at Co­
lumbia University. where he received 
his Ph.D. in 1967. His recent research 
has focused on "how the various scien­
tific fields differ in the way they are so­
cially organized." Rubin is assistant pro­
fessor at the New York University 
School of Social Work. He did his un­
dergraduate work in industrial and la­
bor relations at Cornell University and 
went on to obtain his Ph.D. in sociology 
at Stony Brook in 1975. His dissertation 
dealt with the acquisition of tenure in 
the fields of chemistry and sociology. a 
subject he plans to pursue. Jonathan 
Cole (Stephen's younger brother) is pro­
fessor of sociology at Columbia and as­
sociate director of the university's Cen­
ter for the Social Sciences. He was edu­
cated at Columbia. where he received 
his Ph.D. in 1969. His research has fo­
cused on the reward structure of science 
and the patterns of intellectual influence 
within the scientific community. 

GEORGE W. CLARK ("X-ray Stars 
iii. Globular Clusters") is professor of 
physics at the Massachusetts Institute of 
Technology. He attended Harvard Col­
lege and M.LT .. where he received his 
Ph.D. in physics in 1952 and has re­
mained ever since. Clark's involvement 
with X-ray astronomy dates from 1959. 
when he worked as a consultant with 
Riccardo Giacconi at American Science 
and Engineering. Inc .. in exploring the 
prospects for detecting celestial X-ray 
sources other than the sun. These stud­
ies were followed by rocket experi­
ments. culminating in the discovery in 
1962 of the first X-ray star. Sco X-I. by 
Giacconi and his associates. After work­
ing for several years on the origin of 
high-energy cosmic rays. Clark began 
his own research in X-ray astronomy in 
1964. first utilizing balloon-borne detec­
tors and later satellite-borne ones. At 
present he is in charge of the X-ray labo­
ratory on the Third Small Astronomical 
Satellite (SAS-3). which is operated 
around the clock from a control center 
at M.LT. 

ROY F. SCHWITTERS ("Fundamen­
tal Particles with Charm") is associate 
professor of physics at Stanford Univer­
sity. working at the Stanford Linear Ac­
celerator Center (SLAC). A native of 
Seattle. Wash .. he attended the Massa­
chusetts Institute of Technology. where 
he spent nine "very enjoyable" years 
pursuing undergraduate and graduate 

work in physics. After obtaining his 
Ph.D. in 1971. he moved to California 
to become a research associate at 
SLAC. where he helped design and 
build the magnetic detector for the 
SPEAR project. When not absorbed in 
the physics of electron-positron collid­
ing beams. Schwitters is fond of moun­
tain climbing. having spent his summers 
as an undergraduate working as a guide 
in Mount Rainier National Park. 

HOMER JENSEN. L. C. GRA­
HAM. LEONARD J. PORCELLO and 
EMMETT N. LEITH ("Side-Looking 
Airborne Radar") share a long-standing 
interest in imaging radar systems. Jen­
sen is vice-president in charge of radar 
surveys at Aero Service. a division of 
Litton Industries. He has a long history 
of involvement with airborne remote 
sensing. having helped conduct the first 
successful airborne-magnetometer ex­
periments. Graham is manager of re­
search and development engineering at 
the Arizona Division of the Goodyear 
Aerospace Corporation. He attended 
the University of Colorado at Boulder. 
where he received a bachelor's degree in 
engineering in 1950. He then joined the 
staff of Bell Laboratories and obtained a 
master's degree from the Stevens Insti­
tute of Technology; he moved to Good­
year in 1956. Porcello is manager of the 
Tucson. Ariz .. division of Science Ap­
plications. Inc. He received his Ph.D. in 
electrical engineering from Michigan in 
1963. From 1967 to 1972 he was direc­
tor of the Radar and Electronics Labo­
ratory there; he took up his present job 
in 1976. Leith is chief scientist of the 
Willow Run Laboratories at Michigan. 
He is best known for his work on the 
development of holography. 

BRUCE A. CUNNINGHAM ("The 
Structure and Function of Histocompat­
ibility Antigens") is associate professor 
of biochemistry at Rockefeller Univer­
sity in New York. He received his bach­
elor's degree in chemistry from the Uni­
versity of Dubuque and his Ph.D. in bio­
chemistry from Yale University in 
1966. He then served for two years as a 
postdoctoral fellow in Gerald M. Edel­
man's laboratory at Rockefeller. joining 
the faculty as an assistant professor in 
1968. Cunningham's main interest has 
always been protein chemistry. which 
he has applied to determining the struc­
ture of antibody molecules and other 
molecules that are structurally. func­
tionally or evolutionarily related to anti­
bodies. 

KENNETH APPEL and WOLF­
GANG HAKEN ("The Solution of the 
Four-Color-Map Problem") are profes­
sors of mathematics at the University of 

Illinois. Appel attended Queens College 
and the University of Michigan. where 
he obtained his Ph.D. in 1959. After two 
years on the technical staff of the Insti­
tute for Defense Analyses in Princeton. 
he joined the Illinois faculty in 1961. 
Although most of his work has been 
concerned with combinatorial problems 
in logic and group theory. he has made 
use of computers in solving combinato­
rial problems for more than 20 years. 
Haken. a native of Berlin. received his 
doctoral degree from the University of 
Kiel in 1953 and then went to work for 
the Siemens Corporation as a develop­
ment engineer. In 1961 he published a 
solution of the "knot problem." and the 
following year he was offered a visiting 
professorship in mathematics at Illinois. 
From 1963 to 1965 he was a temporary 
member of the Institute for Advanced 
Study in Princeton. N.J. The article in 
this issue is based on one that will ap­
pear in a collection that is being pre­
pared under the auspices of the Confer­
ence Board of Mathematical Sciences. 
and that will be published next year by 
Springer-Verlag. 

ROBERT MADDIN. JAMES D. 
MUHL Y and TAMARA S. WHEE­
LER ("How the Iron Age Began") are an 
interdisciplinary group of archaeolo­
gists and metallurgists at the University 
of Pennsylvania. Maddin is professor of 
metallurgy and a staff member of the 
Applied Science Center for Archaeolo­
gy. He received his bachelor's degree 
from Purdue University in 1942 and 
then entered the Air Force. where he 
served in Africa and the Far East. After 
the war he did graduate work in engi­
neering at Yale University, receiving his 
doctorate in 1948. The following year 
he joined the faculty of Johns Hopkins 
University. and he moved to Pennsylva­
nia in 1955. Muhly is associate profes­
sor of ancient history and the editor of 
Expedition. a magazine published by the 
University Museum. He was educated 
at the University of Minnesota and at 
Yale. where he received his Ph.D. in 
1969. Wheeler is assistant professor of 
metallurgy and materials science. She 
attended Bryn Mawr College. where she 
obtained her Ph.D. in archaeology in 
1973. After teaching a course on the city 
of Athens at Swarthmore College. she 
came to Pennsylvania in 1974. 

RONALD K. SIEGEL ("Hallucina­
tions") is associate research psycholo­
gist in the Department of Psychiatry and 
Biobehavioral Sciences and also adjunct 
associate professor of psychology at the 
University of California at Los Angeles. 
He did his undergraduate work at Bran­
deis University and received his Ph.D. 
from Dalhousie University in 1970. Be­
fore joining the UCLA faculty he spent 
two years as a postdoctoral fellow in 
pharmacology at the Albert Einstein 
College of Medicine in New York. 
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New graphic plotter 

performs in four colors and 

SIZE 

cuts data communications costs 

dramatically. 

The first thing you're likely to notice as the HP 
7221 plotter zips into action is the very high qual­
ity and clarity of the plot it is producing. But what 
you don't see is perhaps even more impressive: 
the microprocessor control and built-in buffer 
memory by which the HP 7221 reduces time­
share and data transmission costs. 

Over the past few years, Hewlett-Packard designers 
have succeeded in introducing microprocessor con­
trol into a variety of instruments-a small investment 
that leads to big performance advances. With the HP 
7221 remote terminal plotter, advances are obvious 
in two broad areas: 

First, the new plotter operates with such speed and 
efficiency that the computer system need spend little 
of its precious time waiting while the plotter exe­
cutes instructions. The reduction thus realized in 
on-line charges and transmission tolls often exceeds 
50 percent. How does the HP 7221 do it? 

• It receives computer instructions at any of eight 
speeds from 75 to 2400 baud, half or full duplex. 

• It stores data and commands in a built-in buffer 
memory of 1156 characters, expandable to 3086 
-and plots the data off-line. 
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• It has 41 built-in instructions that simplify pro­
gramming and increase its communications 
efficiency: e.g., for point digitizing and single­
command arc and circle plotting. 

• It allows the operator to define a sequence of in­
structions as a macroinstruction, to store as many 
as 64 macroinstructions at one time, and to recall 
any one of them at any time by a single command. 

• It plots at any pen speed from 1 to 36 cm per 
second and typically at 3 characters per second. 

Microprocessor control also makes possible a new 
level of plotting quality, and incorporates features 
that are especially useful in distinguishing the mul­
tiple traces of complex plots: 

• programmable selection of four color pens. 

• unlimited range of dash-line styles. 

• internal character generation from six fonts with 
programmable control of size, slant, and direction. 

• addressable pen moves as small as 0.025 mm for 
exceptional line quality and precision, even on 
mylar or acetate . 

• programmable graph limits with error-free off-
scale data handling . 

At a base price of $4600*, the HP 7221 costs little 
more than remote terminal plotters that do not offer 
such signal advantages. 

© 1977 SCIENTIFIC AMERICAN, INC



The first hand-held programmable 
calculator with a built-in printer 
and a memory that doesn't forget. 

The new HP-1 9C combines HP's efficient logic 
system with advanced keystroke programming, a 
powerful range of functions, continuous memory 
that saves programs for reuse, and a thermal 
printer to record long calculations and to help you 
edit programs. 

For its size--a convenient 165 by 88 by 40 mm-the 
HP-19C has a powerful array of capabilities: 

• You can build and run programs up to 98 steps 
long, incorporating as many as four keystrokes per 
step (all multiple keystroke operations are fully 
merged into single program steps). 

• Your programs can incorporate such advanced 
programming features as conditional branching, 
three levels of subroutines, and indirect and relative 

HEWLETT '" PACKARD 

1505 Page Mill Road, Palo Alto, California 94304 

Fo. assistance call: Washington (301) 948·6370, Chicago (312) 255·9800, 

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

addressing. Editing keys let you correct or change 
your program with minimal effort. 

• Preprogrammed functions include log, trig, mean 
and standard deviation, statistical summation, and 
rectangular/polar and angle conversions. 

• Continuous memory saves programs and data even 
when you turn the calculator off-and so saves you 
the time and bother of reentering. 

• The built-in thermal printer lets you see each cal­
culation step clearly and conveniently, on paper 
tape, as it operates in one of its three modes: 

MANUAL. Push the appropriate key and the 
printer will list the contents of program memory­

eJ STCl 
64 2 
85 STD2 

07 STOff 

52 

or 30 storage registers, or 
6 statistical registers, or 
the X register ar stack 
registers. It will list any 
program in memory, for 
example, fully identify­
ing it by step number, 
mnemonic code, and 
key code. 

NORMAL. In this switch position, the printer will 

ENT";' 

. r::-' L'.,i:.: 

SIr.: 

automatically produce 
a record of all keyed-in 
numbers and their func-
tions. 

TRACE. The printer will also automatically' re­
card each step of an executing program by step 
number and result-as shown on the tape gener­

ENT'�' 

3.887781412 *** 
SIN 

o.eS386SSC9 *** 

ated by the HP-19C in 
the photograph. 

And, during manual 
calculations, it will au­
tomatically print out 
the keyed-in numbers, 
functions, and results as 
shown at left. 

The HP-19C costs $345* including battery pack 
and recharger/AC adapter, two rolls of thermal 
paper, soft carrying case, comprehensive owners 
handbook/programming guide, and applications 
book. It's available at quality department stores, 
campus bookstores, or from HP. Call 800-948-4711 
in the U.S ,A. (in Nevada, call 323-2 704 collect) for 
the name of the nearest retailer. 

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

) HP-19C advanced printing programmable 

1 I-IP 7221 remote terminal plotter 

Name ______________ _ 

Company ______________ _ 

Address ______________ _ 

City _______ State __ Zip ___ _ 

·Oomestic U.S. prices only. 00749 
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MATHEMATICAL 
GAMES 

On playing New Eleusis, the game 

that simulates the search for truth 

by Martin Gardner 

I shall always consider the best guess­
er the best Prophet. 

Cicero. De Divinarione 

Don't never prophesy-onless ye 
know, 

James Russell Lowell. 
The Biglow Papers 

In June. 1959, I had the privilege of 
introducing in this department a re­
markable simulation game called 

Eleusis. The game. which is played with 
an ordinary deck of cards. is named for 
the ancient Eleusinian mysteries. reli­
gious rites in which initiates learned a 
cult's secret rules. Hundreds of inge­
nious simulation games have been de­
veloped for modeling various aspects of 
life. but Eleusis is of special interest to 
mathematicians and scientists because it 
provides a model of induction. the proc­
ess at the very heart of the scientific 

ST ARTER CARD 

method. My first column on Eleusis was 
reprinted in The 2nd Scientific American 
Book 0/ Mathematical Puzzles & Diver­
sions (Simon and Schuster. 1961). Since 
then Eleusis has evolved into a game so 
much more exciting to play than the 
original version that I feel lowe it to 
readers to bring them up to date. I will 
begin. however. with some history. 

Eleusis was invented in 1956 by Rob­
ert Abbott of New York. who at the 
time was an undergraduate at the Uni­
versity of Colorado. He had been study­
ing that sudden insight into the solution 
of a problem that psychologists some­
times call the "Aha" reaction, Great 
turning points in science often hinge on 
these mysterious intuitive leaps. Eleusis 
turned out to be a fascinating simulation 
of this facet of science. even tho.ugh Ab­
bott did not invent it with this in mind. 
In 1963 Abbott's complete rules for the 
game appeared in his book. Abbott's New 

Card Games (hardcover. Stein & Day; 
paperback. Funk & Wagnalls). 

Martin D. Kruskal. a distinguished 
mathematical physicist at Princeton 
University. became interested in the 
game and made several important im­
provements, In 1962 he published his 
rules in a monograph titled Delphi: A 
Game 0/ Inductive Reasoning. Many col­
lege professors around the country used 
Eleusis to explain scientific method to 
students and to model the Aha process. 
Artificial intelligence scientists wrote 
computer programs for the game. At the 
System Development Corporation in 
Santa Monica research was done on 
Eleusis under the direction of J. Robert 
Newman. Litton Industries based a full­
page advertisement on Eleusis. Descrip­
tions of the game appeared in European 
books and periodicals. Abbott began re­
ceiving letters from all over the world 
with suggestions on how to make Eleu­
sis a more playable game. 

In 1973 Abbott discussed the game 
with John Jaworski, a young British 
mathematician who had been working 
on a computer version of Eleusis for 
teaching induction. Then Abbott em­
barked on a three-year program to re­
shape Eleusis. incorporating all the good 
suggestions he could. The new game is 
not only more exciting. its metaphorical 
level has been broadened as well. With 
the introduction of the roles of Prophet 
and False Prophet the game now simu­
lates the search for any kind of truth. 
Here. then. based on a communication 
from Abbott. are the rules of New Eleu­
sis as it is now played by aficionados. 

At least four players are required. As 
many as eight can play but beyond that 
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A typical rOl/lld of Elel/sis at all early s/age 

STRING PLAYED 
INCORRECTLY 
(THE 2+ IS WRONG) 
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If you like Scotch, you'll love light 
Jameson Irish. 

Try a glass of Jameson Irish the way 
you would your favorite Scotch. 

You'll notice how much it tastes like 
fine Scotch-only lighter and more 

delicate. Not smoky tasting like Scotch. 
The dedicated Scotch drinker will in� 

stantly appreciate this flavor difference. 
Though it may take a little time 

getting used to saying, "Jameson Irish on 
the rocks, please:' 

Jameson. World's largest .. selling Irish Whiskey. 

80 & 86 PROOF· CALVERT DIST. CO., NYC 
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In North Clarendon, 
Vermont, there are 
450 people,and 
one Honda Dealer. 
And because there's a Honda Dealer in 
North Clarendon, Vermont, there are a 
lot of Hondas in North Clarendon. 

In fact, that's why you'll find a good 
many Hondas in towns like Ellicott City, 
Maryland with a population of 2,000. 
In McCook;N ebraska with a population 
of 8,300. Hurley, Wisconsin where 
2,400 people live. There's a Honda 
Dealer in Dunbar, Pennsylvania with a 
population of 1,500. 

The point is, there are Honda Dealers 
in small towns, big towns, medium .. sized 
towns. All kinds of towns throughout 
the country. 

And, as we continue to grow, we'll have 
even more dealers in even more towns. 

And all of our dealers are stocked with 
genuine Honda parts and accessories. 

But even the best parts department 
can't always have every part you might 
want. So we have a computer that keeps 
track of every single Honda part that 
we have in the United States. And it 
can find a part with the speed of light. 

So what it all boils down to is simply 
this: There are Honda Dealers all across 
the country. And they're there for 
one simple reason. To take care of 
your Honda. 

That's why they're Honda Dealers. 
© 1977 American Honda Motor Co., Inc. 

H:ON"D.A. 
What the world is coming to. 
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WILD 
TURKEY 
L1�UEUR 
BOURBON tiQUEUR 

I:JllUll Oct.lN'lt'l.f.� .9I11II Il!CllOlS-sI-'W"I " 
�_ "'''tJOO' 
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This Christmas give America's First Great Liqueur. 
This Holiday season, give Wild Turkey is the "sippin' 

the first great liqueur made sweet cream" of liqueurs, made 
in America: Wild Turkey to be savored slowly after dinner. 
Liqueur, created in You've tasted the great liqueurs 
Kentucky by the originators of Europe . Now give America's 
of America's first native great one-Wild Turkey Liqueur. 
whiskey, Wild Turkey . Handsomely gift-boxed. 
NOTICE: SUPPLY WILL BE UMITED. IF NOT IN YOUR STORE. PLEASE CONTACT AUSTIN, NICHOLS & co,, LAWRENCEBURG, KY. 80 PROOF© 1977 

the game becomes too long and chaotic. 
Two standard decks. shuffled togeth­

er, are used. (Occasionally a round will 
continue long enough to require a third 
deck.) A full game consists of one or 
more rounds (hands of play) with a dif­
ferent player dealing each round. The 
dealer may be called by such titles as 
God, Nature, Tao, Brahma, the Oracle 
(as in Delphi) or just Dealer. 

The dealer's' first task is to make up a 
"secret rule." This is simply a rule that 
defines what cards can be legally played 
during a player's turn. In order to do 
well players must figure out what the 
rule is. The faster a player discovers the 
rule, the higher his score will be. 

One of the cleverest features of Eleu­
sis is the scoring (described below) 
which makes it advantageous to the 
dealer to invent a rule that is neither too 
easy to guess nor too hard. Without this 
feature dealers would be tempted to for­
mulate such complex rules that no one 
would guess them, and the game would 
become dull and frustrating. 

An example of a rule that is too sim­
ple is: "Play a card of a color different 
from the color of the last card played." 
The alternation of colors would be im­
mediately obvious. A better rule is: 
"Play so that primes and nonprimes al­
ternate." For mathematicians, however, 
this might be too simple. For anyone 
else it might be too difficult. An exam­
ple of a rule that is too complicated is: 
"Multiply the values of the last three 
cards played and divide by 4. If the re­
mainder is 0, play a red card or a card 
with a value higher than 6. If the remain­
der is 1, play a black card or a picture 
card. If the remainder is 2, play an even 
card or a card with a value lower than 6. 
If the remainder is 3, play an odd card or 
a 10." No one will guess such a rule, and 
the dealer's score will be low. 

Here are three examples of good rules 
for games with inexperienced players: 

1. If the last legally played card was 
odd, play a black card. Otherwise play a 
red one. 

2. If the last legally played card was 
black, play a card of equal or higher 
value. If the last card played was red, 
play a card of equal or lower value. (The 
values of the jack, queen, king and ace 
are respectively 11, 12, 13 and 1.) 

3. The card played must be either of 
the same suit or the same val ue as the 
last card legally played. 

The secret rules must deal only with 
the sequence of legally played cards. Of 
course, advanced players may use rules 
that refer to the entire pattern of legal 
and illegal cards on the table, but such 
rules are much harder to guess and are 
not allowed in standard play. Under no 
circumstances should the secret rule de­
pend on circumstances external to the 
cards. Examples of such improper rules 
are those that depend on the sex of the 
last player, the time of day, whether 
God scratches his (or her) ear and so on. 
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The secret rule must be written down 
in unambiguous language, on a sheet of 
paper that is put aside for future confir­
mation. As Kruskal proposed, the deal­
er may give a truthful hint before the 
play begins. For example, he may say 
"Suits are irrelevant to the rule," or 
"The rule depends on the two previously 
played cards." 

After the secret rule has been record­
ed, the dealer shuffles the double deck 
and deals 14 cards to each player and 
none to himself. He places a single card 
called the "starter" at the extreme left of 
the playing surface, as is indicated in the 
illustration on page 18. To determine 
who plays first the dealer counts clock­
wise around the circle of players, start­
ing with the player on his left and ex­
cluding himself. He counts until he 
reaches the number on the starter card. 
The player indicated at that number be­
gins the play that then continues clock­
wise around the circle. 

A play consists of placing one or more 
cards on the table. To play a single card 
the player takes a card from his hand 
and shows it to everyone. If according to 
the rule the card is playable, the dealer 
says "Right." The card is then placed to 
the right of the starter card, on the 
"main line" of correctly played cards ex­
tending horizontally to the right. 

If the card fails to meet the rule, the 
dealer says "Wrong." In this case the 
card is placed directly below the last 
card played. Vertical columns of incor­
rect cards are called "sidelines." (Krus­
kal introduced both the layout and the 
terminology of the main line and side­
lines.) Thus consecutive incorrect plays 
extend the same sideline downward. If a 
player displays a wrong card, the dealer 
gives him two more cards as a penalty, 
thereby increasing his hand. 

If a player thinks he has discovered 
the secret rule, he may play a "string" of 
2, 3 or 4 cards at once. To play a string 
he overlaps the cards slightly to preserve 
their order and shows them to everyone. 
If all the cards in the string conform to 
the rule, the dealer says "Right." Then 
all the cards are placed on the main line 
with no overlapping, as if they were cor­
rectly played single cards. 

If one or more cards in a string are 
wrong, the dealer declares the entire 
string wrong. He does not indicate 
which cards do not conform to the rule. 
The wrong cards are left overlapping to 
keep their identity as a string and the 
entire string, goes below the last card 
played. The player is then dealt twice as 
many cards as there are in the string. 

The layout shown in the illustration 
on page 18 demonstrates all the rules of 
Eleusis mentioned so far. The dealer's 
secret rule for this layout is the first of 
the three given above. 

Players improve their score by getting 
rid of as many cards as possible, and of 
course they can do this best if they guess 
the secret rule. At the start of a round 

there is little information to go on, and 
plays are necessarily random. As the 
round continues and more and more in­
formation is added to the layout the rule 
becomes steadily easier to guess. 

It may happen that a player thinks he 
knows the secret rule but finds he has no 
card that can be legally played. He then 
has the option of declaring "No play." 
In this case he shows his hand to every­
one. If the dealer declares him right and 
his hand contains four cards or less, the 
cards are returned to the deck and the 
round ends. If he is right and has five or 
more cards, then his cards are put back 
into the deck, and he is dealt a fresh 
hand with four fewer cards than he pre­
viously held. 

If the player is wrong in declaring no 
play, the dealer takes one of his correct 
cards and puts it on the main line. The 
player keeps the rest of his hand and, 
as a penalty, is dealt five more cards. A 
player who thinks he has no correct play 
but has not figured out the secret rule 
should realize that the odds are against 
his using the no play option successful­
ly. He would do better to play a card at 
random. 

When a player thinks he knows the 
secret rule, he has the opportunity to 
prove it and increase his score. He does 
so by declaring himself a Prophet. The 
Prophet immediately takes over the 
dealer's duties, calling plays right or 
wrong and dealing penalty cards when 
the others play. He can declare himself a 
Prophet only if all the following condi­
tions prevail: 

1. He has just played (correctly or in­
correctly), and the next player has not 
played. 

2. There is not already a Prophet. 
3. At least two other players beside 

himself and the dealer are still in the 
round. 

4. He has not been a Prophet before in 
this round. 

When a player declares himself a 
Prophet, he puts a marker on the last 
card he played. A chess king or queen 
may be used. The Prophet keeps his 
hand but plays no more cards unless he 
is overthrown. The play continues to 
pass clockwise around the players' cir­
cle, skipping the Prophet. 

Each time a player plays a card or 
string the Prophet calls the play right or 
wrong. The dealer then either validates 
or invalidates the Prophet's statement 
by saying "Correct" or "Incorrect." If 
the Prophet is correct, the card or string 
is placed on the layout-on the main line 
if right, on a sideline if wrong-and the 
Prophet gives the player whatever pen­
alty cards are required. 

If the dealer says "Incorrect." the 
Prophet is instantly overthrown. He is 
declared a False Prophet. The dealer re­
moves the False Prophet's marker and 
gives him five cards to add to his hand. 
He is not allowed to become a Prophet 
again during the same round, although 

any other player may do so. The reli­
gious symbolism is obvious, but as Ab­
bott points out there is also an amusing 
analogy here with science: "The Proph­
et is the scientist who publishes. The 
False Prophet is the scientist who pub­
lishes too early." It is the fun of becom­
ing a Prophet and of overthrowing a 
False Prophet that is the most exciting 
feature of New Eleusis. 

After a Prophet's downfall the dealer 
takes over his former duties. He com­
pletes the play that overthrew the 
Prophet, placing the card or string in its 
proper place on the layout. If the play is 
wrong, however, no penalty cards are 
given. The purpose of this exemption is 
to encourage players to make unusual 
plays-even deliberately wrong ones-in 
the hope of overthrowing the Prophet. 
In Karl Popper's language, it encour­
ages scientists to think of ways of "falsi­
fying" a colleague's doubtful theory. 

If there is a Prophet and a player be­
lieves he has no card to play, things get a 
bit complicated. This seldom happens, 
and so you can skip this part of the rules 
now and refer to it only when the need 
arises. There are four possibilities once 
the player declares no play: 

1. Prophet says "Right," dealer says 
"Correct." The Prophet simply follows 
the procedure described earlier. 

2. Prophet says "Right," dealer says 
"Incorrect." The Prophet is immediate­
ly overthrown. The dealer takes over 
and handles everything as usual. except 
that the player is not given any penalty 
cards. 

3. Prophet says "Wrong," dealer says 
"Incorrect." In other words, the player is 
right. The Prophet is overthrown, and 
the dealer handles the play as usual. 

4. Prophet says "Wrong," dealer says 
"Correct." In this case the Prophet now 
must pick one correct card from the 
player's hand and put it on the main line. 
If he does this correctly, he deals the 
player the five penalty cards and the 
game goes on. It is possible, however, 
for the Prophet to make a mistake at this 
point and pick an incorrect card. If that 
happens, the Prophet is overthrown. 
The wrong card goes back into the play­
er's hand and the dealer takes over with 
the usual procedure, except that the 
player is not given penalty cards. 

After 30 cards have been played, and 
there is no Prophet in the game, players 
are expelled from the round when they 
make a wrong play, that is, if they play a 
wrong card or make a wrong declara­
tion of no play. An expelled player is 
given the usual penalty cards for his fi­
nal play and then drops out of the 
round, retaining his hand for scoring. 

If there is a Prophet, expulsions are 
delayed until at least 20 cards have been 
laid down after the Prophet's marker. 
Chess pawns are used as markers so that 
it is obvious when expUlsion is possible. 
As long as there is no Prophet a white 
pawn goes on every 10th card placed on 
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the layout. If there is a Prophet, a black 
pawn goes on every 10th card laid down 
after the Prophet's marker. When a 
Prophet is overthrown, the black pawns 
and the Prophet's marker are removed. 

A round can therefore go in and out of 
the phase when expulsions are possible. 
For example, if there are 35 cards on the 
layout and no Prophet, Smith is expelled 
when he plays incorrectly. Next Jones 
plays correctly and declares herself a 
Prophet. If Brown then plays incorrect­
ly, she is not expelled because 20 cards 
have not yet been laid down after the 
Prophet's marker. 

A round can end in two ways: (1) 
when a player runs out of cards or (2) 
when all players (excluding a Prophet, if 
there is one) have been expelled. 

The scoring in Eleusis is as follows: 
1. The greatest number of cards held 

by anyone (including the Prophet) is 
called the "high count." Each player (in­
cluding the Prophet) subtracts the num­
ber of cards in his hand from the high 
count. The difference is his score. If he 
has no cards. he gets a bonus of four 
points. 

2. The Prophet, if there is one, also 
gets a bonus. It is the number of main­
line cards that follow his marker plus 
twice the number of sideline cards that 
follow his marker, that is, a point for 
each correct card since he became a 
Prophet and two points for each wrong 
card. 

3. The dealer's score equals the high­
est score of any player. There is one ex­
ception: If there is a Prophet, count the 
number of cards (right and wrong) that 
precede the Prophet's marker and dou­
ble this number; if the result is smaller 
than the highest score, the dealer's score 
is that smaller number. 

If there is time for another round, a 
new dealer is chosen. In principle the 
game ends after every player has been 
dealer, but this could take most of a day. 
To end the game before everyone has 
dealt, each player adds his scores for all 
the rounds played plus 10 more points if 
he has not been a dealer. This compen­
sates for the fact that dealers tend to 
have higher than average scores. 

The layout in the illustration on these 
two pages shows the end of a round 

with five players. Smith was the dealer. 
The round ended when Jones got rid of 
her cards. Brown was the Prophet and 
ended with nine cards. Robinson was 
expelled when he incorrectly played the 
10 of spades; he had 14 cards. Adams 
had 17 cards at the end of the game. 

The high count is 17. Therefore Ad­
ams' score is 17 minus 17, or zero. Rob­
inson's score is 17 minus 14, or three. 
Jones receives 17 minus zero, or 17, plus 
a four-point bonus for having no cards, 
so that her score is 21. Brown gets 17 
minus nine, or eight, plus the Prophet's 
bonus of 34 (12 main-line and 11 side­
line cards following his marker), making 
a total score of 42. This is the highest 
score for the round. Twice the number 
of cards preceding the Prophet's marker 
is 50. Smith, the dealer, receives 42 be­
cause it is the smaller of the two num­
bers 42 and 50. 

Readers are invited to look over this 
layout and see if they can guess the se­
cret rule. The play has been standard, so 
that the rule is confined strictly to the 
main-line sequence. I shall give the se­
cret rule next month. 
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Some miscellaneous advice from Ab­
bott should help inexperienced Eleusis 
players. Since layouts tend to be large, 
the best way to play the game is on the 
floor. Of course a large table can be used 
as well as miniature cards on a smaller 
table. If necessary, the main line can be 
broken on the right and continued below 
on the left. 

Remember that in Eleusis the dealer 
maximizes his score by choosing a rule 
that is neither too easy nor too difficult. 
Naturally this depends both on how 
shrewdly the dealer estimates the ability 
of the players and how accurately he 
evaluates the complexity of his rule. 
Both estimates require considerable ex­
perience. Beginning players tend to un­
derestimate the complexity of their rules. 

For example, the rule used in the first 
layout is simple. Compare it with: "Play 
a red card, then a black card, then an 
odd card, then an even card and repeat 
cyclically." This rule seems to be sim­
pler. but in practice the shift from the 
red-black variable to the even-odd vari­
able makes it difficult to discover. Ab­
bott points out that in general restrictive 

rules that allow only about a fourth of 
the cards to be acceptable on any given 
play are easier to guess than less restric­
tive rules that allow half or more of the 
cards to be acceptable. 

I shall not belabor the ways in which 
the game models a search for truth (sci­
entific, mathematical or metaphysical) 
since I discussed them in my first col­
umn on the game. I shall add only the 
fantasy that God or Nature may be 
playing thousands, perhaps a countless 
number, of simultaneous Eleusis games 
with intelligences on planets in the uni­
verse, always maximizing his or her 
pleasure by a choice of rules that the 
lesser minds will find not too easy and 
not too hard to discover if given enough 
time. The supply of cards is infinite, and 
when a player is expelled, there are al­
ways others to take his place. 

Prophets and False Prophets come 
and go, and who knows when one round 
will end and another begin? Searching 
for any kind of truth is an exhilarat­
ing game. It is worth remembering that 
there would be no game at all unless the 
rules were hidden. 

Readers can send $1 to Robert Abbott 
and receive postpaid a more detailed set 
of instructions for playing Eleusis; they 
will also be placed on his mailing list 
and receive any future developments of 
the game. Abbott's address is Box 1175, 
General Post Office, New York, N.Y. 
10001. 

Tast month I asked whether or not the 
L straight-line shadow on the photo­
graph of the McDonnell Planetarium in 
St. Louis corresponds to one of the 
straight lines that rule the surface of the 
structure's hyperboloid of revolution of 
one sheet. The answer is yes. At those 
times when the line containing the edge 
of the shadow intersects the sun, the 
edge of the shadow on the side of the 
planetarium coincides with a generating 
line of the surface. That line is a projec­
tion of a single point on the circumfer­
ence of the circular top of the planetari­
um, not a projection of the entire cir­
cumference. When the sun is at any oth­
er elevation, the edge of the shadow will 
be a curved line and not a generating 
line of the surface. 

are placed 011 every 10th card played ill the roulld alld black pawlls 011 nery 10th card played after a Prophet's marker 
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BOOKS 
Computer crime, music of the ancient Near 
East, marine mammals and other matters 

by Philip Morrison 

CRIME BY COMPUTER. by Donn B. 
Parker. Charles Scribner's Sons 
($10.95). COMPUTER SECURITY 

AND PROTECTION STRUCTURES. by Bruce 
J. Walker and Ian F. Blake. Dowden. 
Hutchinson & Ross. Inc. ($14.95 ). Every 
user of a computer teletype terminal ex­
pects to "sign on" as he begins his task. 
Often a mere tap of the carriage return 
key starts the process. The terminal 
prints the time and a stock greeting. and 
a few familiar requests for information. 
which you answer as usual with your 
coded credit identification and the pass­
word that allows access to a particular 
private file. Without much warning the 
system "crashes"; there is some defect. 
maybe a momentary power failure. You 
must sign on again. by a well-known 
procedure. It is a minor annoyance. not 
notable in any way. Sometimes. how­
ever. there is a sting! The first time you 
wrote out the password and identifica­
tion data might have been a pseudo­
sign-on; you merely entered those pri­
vate matters into the waiting store of a 
clever programmer who had set a trap. 
without omitting the mock crash so that 
you would unsuspectingly sign on again. 
this time with the real computer for a 
working session. He has your passwords 
r-ow; one day he may be able to exploit 
them. Away back in 1970 a couple of 
clever high school students accumulat­
ed a hundred passwords in just such an 
inconspicuous pitfall. 

A world of personal histories. of fi­
nancial assets and actual transactions. 
of corporate and private secrets. lies 
within reach of every terminal. There 
are 15 0,000 computers in service in this 
country; the number is tripling each five 
years. Parker, senior information-proc­
essing analyst at the Stanford Research 
Institute, has made himself since 1970 a 
full-time student of the problem of com­
puter abuse. His book is a popular sum­
mary of what he has learned, the statis­
tics of losses, the attitudes of the com­
puting community, a study of the perpe­
trators as a class, and mostly a dozen 
cheerful case histories of remarkable 
criminal variety, nearly all in the U.S. 
Walker and Blake offer the other face of 
the coin. Theirs is a sober, compact 
monograph, full of jargon but not high­
ly technical in argument, that analyzes 
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and surveys the literature on threats and 
countermeasures for the programmer 
and manager; it will be attractive to 
both sides. These authors, both from the 
University of Waterloo in Ontario, in­
clude brief accounts of the security mea­
sures actually implemented within a 
dozen well-known individual computer 
systems. 

At present a flood of back-up paper 
continues. Pulses sent by tape or by ca­
ble maintain the bank balances of the 
nation, but the checks and securities still 
flow as proof and for individual settle­
ments. It looks as though negotiable pa­
per will dwindle, and with it the payroll 
and bank-messenger heist; subtler crime 
will spread, crime that manipUlates the 
invisible and the transient. Inside jobs 
will be the most frequent, as they are in 
the paper-and-ink world. The comput­
ers handle larger tasks; their attackers 
are more frequently teams in collusion. 
So far they have been mainly young am­
ateurs, people knowing in the computer 
techniques, generally fortified by the ra­
tionalization of borrowing for a while, 
or of harming only some impersonal 
corporate entity. 

Naturally we know only of the failed 
schemes. The estimate runs to a loss of 
$300 million per year, plausibly but not 
very firmly extrapolated from fewer 
than 300 cases. The incidence is taken as 
one theft per year per 2.000 computers 
in service and nearly $500,000 per case. 
But who can say? For years auditors of 
paper ledgers have known of the round­
down fraud, a scheme to handle frac­
tional pennies from many accounts, the 
totals showing no defects because every­
thing balances. It is just that chance 
round-up and round-down are replaced 
by determinism. Many accounts that 
round down are honestly kept, but the 
others are preferentially accumulated to 
the account of the perpetrator. "How 
many programmers have retired to a life 
of leisure as their programs, long trusted 
and forgotten, continue to pump the 
pennies into their accounts at nearly 
the speed of light?" Avoiding indecent 
greed. this patient tapeworm of digital 
currency can remain all but invisible. 

Whatever lies in the depths, the visible 
tip of the iceberg is crowded with witty 
rascals. whose activities owe less to 

counterfeit software or subversive hard­
ware than to personal talent as confi­
dence men. (A few women enter the cast 
too. ) Take the youthful boss of Creative 
Systems Enterprises. His little company 
sold a few hundred thousand dollars 
worth of Western Electric's best gear. 
He obtained the supplies for resale free 
(aU stamped "Released for Resale" in 
his own shop) by a long study of tele­
phone-company procedures; he filed his 
orders by Touchtone in good company 
form and took delivery each morning in 
the company equipment yard in his 
company van, bought at company auc­
tion. It called for much thought but little 
computer expertise. After he had served 
his term, this wiseacre of course became 
a consultant on computer security. True 
to his style, he could "get into any time­
sharing system in the country. " But he 
did it for Parker's edification by conning 
his way in by means of a plausible line of 
persuasion addressed to the night opera­
tor at the computing service. 

Here in word and picture is the Silicon 
Valley engineer who designed and wired 
a specialized computer into a money 
belt, able to help him count the cards 
during blackjack deals (1.000 words of 
read-only memory). The input switches 
were four snapping disks worked by his 
big toes; the display was tiny light-emit­
ting diodes built into the inside of his 
eyeglass frame. These were too close to 
his eye to form any image, but the colors 
of the out-of-focus "balloons of light" 
were legible. Undercapitalized and un­
lucky, he lost his stake. underwent reli­
gious conversion and gave up gambling. 
He ended up reformed and a winner in 
print and on television. 

The biggest fraud recounted was a 
wide conspiracy of high-living Los An­
geles executives to generate false input. 
They took their insurance company out 
of the red by loading its disk files with 
64,000 bogus policies. When their com­
pliant auditors, a bit naive in a data­
processing age, would ask for sample 
documentation, a special office went to 
work to create the paper for the next 
morning's inspection. Real money 
flowed in from stock sales. The big bust, 
tipped off by a fired employee, ended 
with 22 convictions and a rash of law­
suits, the stockholders and creditors 
holding a $2-billion bag. 

The subtlest and most dangerous of 
computer abuses has not surfaced in il­
licit gainful use. Rather. it was a work of 
sheer bravado within a university time­
sharing service. Tracking down a bug in 
central software, an alert programmer 
found by chance an odd sequence of in­
structions embedded in a 400-page pro­
gram printout. The strange listing al­
lowed "a terminal at one of the colleg­
es ... to be the ultimate and unques­
tioned ruler of the system." The logical 
virus was hidden within a program for 
editing tapes, offered generously for 
public use. Within half a year the editing 
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WHAT'S BETTER 
THAN SPEED READING? 

SPEED LEARNING 
(SPEED PLUS COMPREHENSION) 

Speed Learning is replacing.speed reading because it's easy to learn ... lasts a lifetime • . .  applies to 
everything you read ... and is the only fully accredited course with the option of 3 college credits. 

Do you have too much to read and too 
little time to read it? Do you mentally 
pronounce each word as you read? Do 
you frequently have to go back and re­
read words or whole paragraphs you just 
finished reading? Do you have trouble 
concentrating? Do you quickly forget 
most of what you read? 

If you answer "yes" to any of these 
questions - then here at last is the prac­
tical help you've been waiting for. 
Whether you read for business or plea­
sure, school or college, you will build excep­
tional skills from this major breakthrough 
in effective reading, created by Dr. Russell 
Stauffer at the University of Delaware. 

Not just "speed reading" - but speed 
reading-thinking-understanding­

remembering-and-Iearning 
The new Speed Learning Program 

shows you step-by-proven-step how to 
increase your reading skill and speed, so 
you understand more, remember more 
and use more of everything you read. 
The typical remark made by the 75,000 
slow readers who completed the Speed 
Learning Program was: "Why didn't 
someone teach me this a long time ago?" 
They were no longer held back by the 
lack of skills and poor reading habits. 
They could read almost as fast as they 
could think. 

What makes Speed Learning so successful? 
The new Speed Learning Program does 

not offer you a rehash of the usual eye­
exercises, timing devices, costly gadgets 
you've probably heard about in connec­
tion with speed reading courses or even 
tried and found ineffective. 

In just a few spare minutes a day of 
easy reading and exciting listening, you 
discover an entirely new way to read and 
think - a radical departure from any-

EARN PROFESSIONAL & COLLEGE CREOITS 
Speed Learning is approved for credit by the fol· 
lowing professional and educational institutions: 

• AMERICAN MEDICAL ASSOCIATION 
15 Credit Hours - Category I 
Louisiana State University Medical Center 

• FOUNOATION FOR 
ACCOUNTING EDUCATION 

20 Continuing Professional Education Credit Hours 

• COllEGE CREDIT 
3 credits from the National College of Business 

Details and registration forms included with each 
program. Note: Many firms and government agen· 
cies have tuition assistance plans for employees 
providing full or partial payment for college credit 
programs. 

ENDORSED BY 
• American M�nagement Associations 
• Institute of Electrical & Electronics Engineers 
• 1000s of executives, physicians and educators 

thing you have ever seen or heard about. 
Research ,shows that reading is 95% 
thinking and only 5% eye movement. Yet 
most of today's speed reading programs 
spend their time teaching you rapid eye 
movement (5% of the problem) and ig­
nore the most important part (95%) think­
ing . In brief, Speed Learning gives you 
what speed reading can't. 

Imagine the new freedom you'll have 
when you learn how to dash through all 
types of reading material at least twice as 
fast as you do now, and with greater 
comprehension. Think of being able to 
get on top of the avalanche of newspa­
pers, magazines and correspondence you 
have to read ... finishing a stimulating 
book and retaining facts and details more 
clearly and with greater accuracy than 
ever before. 

Listen-and-Iearn at your own pace 
This is a practical, easy-to-learn pro­

gram that will work for you - no matter 
how slow a reader you think you are 
now. The Speed Learning Program is sci­
entifically planned to get you started 
quickly ... to help you in spare minutes 
a day . It brings you a "teacher-on­
cassettes" who guides you, instructs, en­
courages you, explain­
ing material as 

read. Interesting items taken from Time 
Magazine, Business Week, Wall Street 
Journal, Family Circle, N. Y. Times and 
many others, make the program 
stimulating, easy and fun . .. and so 
much more effective. 

Executives, students, professional 
people, men and women in all walks of 
life from 15 to 70 have benefited from this 
program. Speed Learning is a fully accred­
ited course ... costing only 1/5 the price 
of less effective speed reading classroom 
courses. Now you can examine the same, 
easy, practical and proven methods at 
home . . . in spare time .. . without 
risking a penny. 

Examine Speed Learning 
FREE for 10 days 

You will be thrilled at how quickly this 
program will begin to develop new 
thinking and reading skills. After listen­
ing to just one cassette and reading the 
preface you will quickly see how you can 
achieve increases in both the speed at 
which you read and in the amount you 
understand and remember. 

You must be delighted with what you 
see or you pay nothing. Examine this 
remarkable program for 10 days . If, at the 
end of that time you are not convinced 
that you would like to master Speed 

Learning, simply return the 
p rogram and owe noth­
ing. See the coupon 
for low price and con-

venient credit terms. 

r------

learn 113 Gaither· Drive, Mount laurel, N.J. 08054 
INCORPORATED 
Please send me the Speed Learning Program at $79.95 plus $3.DD for handling and insured delivery. 
Please check the method of payment below: 

o Check or money order enclosed for items ordered. 

o Please charge my credit card under their regular payment terms: 0 Bank Americard 

o Master Charge Interbank No. 0 American Express 0 Diners Club 

Card No. _________________ _ Exp. Date ______ _ 

I understand that if after 10 days I am not delighted in every way, I may return the materials 
and obtain a full refund with no questions asked. 

Name ________________________________ __ 

Address ________________ _ 

If you don't already own 
a cassette player, you 
may order this Oeluxe 
Cassette Recorder for 
only $49.95. (I neludes 

City _______ State ___ Zip___ handling and delivery.) 

Check here to order 0 
x Signature _______________ L ___________ --''-'-'_ 

L _______ New Jersey Residents add 5% sales tax ________ .J 
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" Remember your first 
birthday party? Let's look at it 
again, right now. It's easy, with my 
automatic Bolex Sound-8 
projector. It brings back those 
unforgettable times, in beautiful 
full-color movies with sound. It 
even lets me add new voices, 
music, or sound effects anytime 
want. 

Why don't we take a look at 
your second birthday now, and 
then your third and then .... 

See the newest Bolex Super-8 
projectors and cameras at better 
camera counters everywhere. For 
more information and a free copy 
of our new book, "Sound Movies Made Easy;' write for LitiPak P76 to 
Ehrenreich Photo-Optical Industries , Inc., Woodbury, N. Y 11797 m[f;lo 
In Canada: W. Carsen Co., Ltd., Ontario. " 

BOLEX 
TIME-TRAVELER 

LAST' CHANCE! 
TO GET SLIDES & MOVIES OF 

APOLLO MOON FLIGHTS 
35mm Slides & 8mm Movies taken by 
astronauts on Apollo moon flights will 
only be available for a LIMITED TIME. 

MOVIES & SLIDES MADE FROM NASA NEGATIVES. 

A. Apollo 17. set of 24 Color Slides . . . . . . • . . .  $10 
B. Apollo 16. set of 24 Color Slides . . . . . . . . . .  $10 
C. Apollo 15. set of 48 Color Slides . . . . . • . . . .  $18 
D. Apollo 14. set of 48 Color Slides . . • • • . . . . • $18 
E. Apollo 11. set of 24 Color Slides . . . . . . . • . .  $10 
F. Apollo 17. 400 Ft Color Movie . . . . . . . . . . . .  $40 
G. Apollo 16. 200 Ft. Color Movie . . • . . . . • . . • .  $20 
H. Apo 110 15. 400 Ft. Color Movie . . . . . . . . . . . .  $40 
I. Glenn's Flight. 200 Ft. Color Movie . . . . . . • •  $20 
J. Apollo 11. 450 Ft. Color Movie . . . . . • . . • . . •  $50 
K. Skyl:b 4. set of 60 Color Slides . . . . . . .. . . . .  $25 
L. Skylab 4. 400 Ft. Color Movie . . . . . . . . .. . . . .  $40 
M. Apollo·Soyuz. 400 Ft. Color Movie . . . . . • . . .  $40 
N. Apollo·Soyuz. 48 Color Slides . . . . . . . . . . . • .  $20 • When Ordering 8mm MOYies Please Specify • o Reg. a or 0 Super a. 

Foreign Order. add 10% For AIRMAIL Po".g •• 
---------

MOVIE NEWSREELS, 6269 Selma Avenue 
Box 2589, Hollywood, Calif. 90028 

o Enclosed find $ _____ send following 

Name� _____________ _ 

Address, ____________ _ 

"FOOTPRINTS ON 
THE MOON" 

Spectacular Hard Cover Book By The Associated 
Press. 215 Pages. Includes 142 Full Color Photo· 
graphs Of U.S. Astronauts. Russian Cosmonauts. 
Rockets. Space Hardware. etc. Many Photos Taken 
In Space And On The Moon. Complete Accounts By 
AP Of Major Space Flights. 

OUT OF PRINT! 
COLLECTOR"S ITEM! 

Originally $10 - While They Last! 
$5.95 POSTPAID 

MOVIE NEWSREELS 6269 Selma. Box 2589 
City. State, Zip Hollywood. California 90028 
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MASTER CHARGE or DINERS CLUB MEMBERS: Order By 
MAIL OR TELEPHONE (213) 467-2448 24 Hr. Service 

program was called up by a user at the 
highest level of privilege within the sys­
tem. The insert. which had bided its time 
for that opportunity. then took control, 
placed itself within the system center. 
erased its tracks and returned control to 
the innocuous tape editor. The payoff 
would be complete only long afterward. 
at a preassigned moment of gleeful tri­
umph, when the system would devote 
all its terminals to printing out the mag­
nificent insert 100 times. then its gradll­
ate-student inventor's name. with "the 
worst failure in the system's history" to 
follow. 

Perhaps the tale is folklore: not much 
evidence is given. The system designers 
nonetheless fear it. Elaborate architec­
ture of certain new systems include a 
hierarchical ordering of capabilities. No 
user can employ a program at a higher 
control level than it is intended to reach. 
even if he is fully privileged. Only cer­
tain gates allow a change of level even 
when it is allowed. Passwords are dou­
ble and frequently changed: each user is 
greeted with a message saying when and 
where he last signed on. Flexible and 
changing special routines-challenges 
and responses. for example-can be 
added. Military systems even sound an 
audible alarm at the console if an access 
attempt fails. 

Wiretapping is of course a constant 
problem. and a very ingenious ciphering 
system. based on the work of Claude 
E. Shannon a generation ago. has been 
made the basis of a National Bureau of 
Standards design standard. It diffuses 
the message widely through a string of 
symbols. Nowadays it can be realized 
by a few chips-quite secretly. unless 
someone has surreptitiously exchanged 
the chips. Both of these books discuss 
physical damage to computers as well. 
Forget the traditional little magnets for 
tape sabotage: that is hard to manage. If 
you want to do in a computer. you can­
not much improve on arson. More satis­
fyingly. you might emulate the Mel· 
bourne protesters who "shot a computer 
with a shotgun that did terrible things to 
it. It was a total loss .

.. A tax-processing 
computer in Johannesburg was shot 
four times by a person firing through a 
window. Although it was dented, it gal­
lantly continued to extract revenues for 
the state. 

Somehow the system seems to be 
ahead. with the biggest battalions on its 
side. What remains is an aftertaste of 
Bertolt Brecht's bitter doubt: "Which 
is the biggest crime. to rob a bank or to 
found one?" 

SOUNDS FROM SILENCE: RECENT DIS­
COVERIES IN ANCIENT NEAR EAST· 

ERN MUSIC, by Anne Draffkorn Kilmer, 
Richard L. Crocker and Robert R. 
Brown. Bit Enki Publications. Post 0[· 
fice Box 9068, Berkeley. Calif. 94709 
(paperbound book and one long-playing 
record, $ 16). ARCHAEOLOGY BY EXPERI· 

© 1977 SCIENTIFIC AMERICAN, INC



As a dramatic introduction to membership in the 
BOOK-OF-THE-MONTH CLUB� 

The long-awaited new edition 
of the foremost reference work in its field 

-completely revised and updated after a lapse of nearly a decade 

Yours for only $125�;'::i�::'�:::::" ( PUBLISHER'S LIST PRICE: $6750) within a year at substantial savings 

FOR almost 40 years Van Nostrand's 
Scientific Encyclopedia has been 

acknowledged to be the single indis­
pensable one-volume repository of 
20th-century scientific, engineering and 
technological information. Written 
with extraordinary clarity, each suc­
cessive edition of this monumental 
work has found a wider and wider 
audience of both professionals and 
non-professionals who rely on it to an­
swer the myriad scientific questions 
that arise almost daily in reading,.con­
versation and study. 

The fifth and latest edition has just 
been published, and it is a worthy suc­
cessor to its predecessors. Extensively 
revised (80% of the text and 90% of 
the illustrations are new), the new Van 
Nostrand's Scientific Encyclopedia in­
corporates all the important advances 
and discoveries of the past decade in 
every branch of science, including such 
diverse areas as computer technology, 
planetary exploration, systems analy­
sis and oceanography. The section on 
Energy alone includes, among other 
entries: 26 pages on Coal; 13 on N atu­
ral Gas; 31 on Nuclear Reactors; 20 on 
Petroleum; 19 on Solar Energy, 

The extraordinary opportunity to 
own this great reference work at a sav­
ing of more than 80% demonstrates 
the continuing benefits of membership 
in the Book-of-the-Month Club. If you 
remain a member after the trial, you'll 
keep up with all the important new 
books and enjoy immediate participa­
tion in the Club's l.mique Book­
Dividend® plan-a sensible way to build 
a superb home library and save at least 
70% of the publishers' list prices. 

AMONG THE HUNDREDS OF 
BROAD TOPICS COVERED 

• Architecture 
• Astronomy 
• Biology and 

Biochemistry 
• Chemical 

Engineering 
• Civil 

Engineering 
• Communications 
• Computer 

Technology 
• Environmental 

Science 

• Geology and 
Hydrology 
• Graphic Arts 
• Guided Missiles 
• Instrumentation 
• Mathematics 
• Mechanical 

Engineering 
• Medicine 
• Metallurgy 
• Meteorology 
• Navigation 

• Nuclear Science 
and Engineering 
• Oceanography 
• Photography 
• Physics 
• Planetary 

Exploration 
• Psychiatry 
• Rocketry 
• Statistics 
• Transporation 
• Zoology 

Prices shown are publishers' U.S. prices. Outside 
the U.S . . prices are generally somewhat higher. 

on most books you choose. 

ACTUAL SIZE: 9W' x 12" 
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FEATURES of the new Fifth Edition 
• 2382 pages 
• Over 2500 black·and­
white and color photo­
graphs, drawings, 
diagrams and charts 
• More than 2.2 
million words 
• 7200 articles 

• 550 tables 
• 190 contributing 
editors 
• Clear, easy-to-read type 
• 8000 cross-references 
in boldface 
• Sturdy reinforced 
binding 

, 
_. __ ; __ ;;;;; ___ • _ _ 0 .. _____ _ 

FACTS ABOUT MEMBERSHIP 
• You will receive the Book·o/-the-Month Club News," a literary magazine published by the 

Club fifteen ti mes a year. The News describes 
the coming Selection and scores of Alternates. 
and will be sent to you approximately every 
three and a half weeks. 
• If you wish to purchaSe the Selection. do noth· 

ing and it will be shipped to you automatically. 

• If you do not want the Selection-or you would 
like one of the Alternates or no book at all­
simply indicate your decision on the reply form 
always enclosed with the News and mail it so we 
receive it by the date s pecified. 
• If. because of late mail delivery of the News, 

you should receive a Selection without having 
had at least ten days to decide whether you 
want it. that Selection may be returned at Club 

BOOK·OF·THE·MONTH CLUB, INC. 
Camp Hill, Pennsylvania 17012 7 .. 170·10 
Please enroll me as a member of the Book­
o f-t h e-M o n t h  Cl u b  a n d  s e n d  me Va n 
Nostrand's Scientific Encyclopedia billing me 
$12.50. I agree to buy at least four Selections 
or Alternates during the first year I am a 
member, paying in most cases special mem­
bers' prices. My membership is cancelable 
any time after I buy these four books. A 
shIpping charge is added to all shipments. 

12 
MR. I MRS. 
MISS 

. ........... ['piease' print 'pi9:iniy j" 
Address .... .. ..... Apt ... 

expense. City . 
• All books distributed by the Book-of·th .. 

Month Club are identical to Ihe publishe",' 
editions in content. fo rmat. size and Quality. State ... .. ............................... Zip ... 
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" 

like 
We bu i Id them better. 
Take safety. Underneath the hood you'll 

find a safety feature you wouldn't dream of 
finding in most cars: 

Holes. 
They're specially designed using a 

computer, so the front end will help 
absorb energy in the event of a 
collision. 

We also developed such things as 
an "independent stabilizer rear axle," 
which increases the stability of the car 
on rough roads . 

And for our deluxe Rabbit, we devel­
oped special seat belts that actually 
put themselves on when you close 
the door. 

. 

Hardly a detail escaped our atten­
tion. Even the ignition key is padded 
for safety. 

What about room? It 's probably not the 
first thing you think about when you say 
\' VW." 

Yet today, Volks­
wagens actually 
have more com­
bi ned interior 

©VOlKSWAO[N Of AMERICA, INC, 
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room and trunk space than most other cars 
in their dass. 

Rabbits are so roomy they're being used 

as taxi cabs in Lexi ngton, Kentucky. 
In fact, Rabbits have more interior room 

than 25 other cars you could buy. 
And more trunk space than 

a Cadillac Seville. 
They're also surpris­

ingly quick, with acceler­
ation from 0 to 50 mph 

faster than a Triumph 
Spitfire. 

Which brings us to 
another subject: per­
formance. 

Our Sci rocco can take 
you from 0 to 50 in an 

amazing 7.5 seconds. And last 
year it was the Trans Am Cham­

pion in the under-2-liter class. 
What's more, our newest Volkswagens 

are among the few cars in the world that 

© 1977 SCIENTIFIC AMERICAN, INC



• 

I 
combine front-wheel drive (for improved 
tracking), fuel injection (for smooth acceler­
ation), an overhead cam engine (for sportier 
performance), front disc brakes (for con­
trolled stopping), and rack- and-
pinion steering (for incredible ����� 
response). 

Do we still sound like 
the VW you remember? 

Well then, take a 
look at our station 
wagon. 

We never made 
a n y t h i ng l i k e  o u r  
Dasher wagon before. 
With more cargo room 
than any other wagon in 
its class. With a plush interior and carpeting 
all around. 

And in our beautifully appointed 2-door 
or 4-door sedans, Dasher has more room 
than most American cars in its class. 

Yet, with all the changes we've made, 
some things always remain the same. 

We still employ 13, 500 inspectors to in­
sure the quality of every car we make. 

And much of our work is still done by 
hand. 

Like the paint. It's hand sprayed, over 
and over. It's hand sanded and hand 
cleaned. It's even checked by people wear­
ing special mit­
tens. And be­
fore it's 

fi nished it's put through 29 individual 
steps of preparation. 

There's also that familiar "jingle" you 
get putti ng money 

in the bank. Be-

cause all three Volkswagens get 24 MPG in 
the city. Rabbit and Scirocco get 37 MPG on 
the highway, Dasher gets 36.(EPA estimates 
with standard transmission. Actual mileage 
depends on how and where you drive, op­
tional equipment and the car's condition .) 

Volkswagens aren' t  sounding like 
Volkswagens of the past. 

They're sounding more like cars of the 
future. � ....... 
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Quasars, pulsars, black holes ... the principles of 
cosmology ... the galaxies ... the conapsing 

universe ... how we can build colonies in space ... 
sooner or later everything you want to know in the natural 

world reveals its secrets to members of the 

Natural ience 
Book Club 
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Nimrud musicians of the eighth century B.C, from Sounds from Silence 

MENT, by John Coles. Charles Scribner's 
Sons ($3 . 50). When 50 years back Sir 
Leonard Woolley was digging out the 
"Great Death Pit" in the Royal Ceme­
tery of Ur of the Chaldees. he noticed 
one day only a couple of small holes in 
the ground near where the pick-man was 
working. "Something unusual about 
their shape" spoke to him-his intuition 
for where to work carefully was fa­
mous-and he stopped the digging. They 
poured plaster of Paris through one hole 
into the void below it. The form that was 
revealed was the plaster cast of a royal 
harp. its wood long since perished. so 
that only a copper-and-shell ornament 
remained sticking to the plaster. Nearby 
there was a lyre. called the Silver Lyre 
because it had once been ornamented 
with the metal. We have the precise 
form of those instruments; the lyre is 
shown here delicately reconstructed out 
of the ornamenting fragments as it 
stands in the British Museum. 

Robert R. Brown. a physicist at 
Berkeley. has made a careful replica of 
the lyre. after the prototype buried some 
4.500 years ago. He used birch and 
spruce. and he strung the instrument 
with gut. fastened over a bridge to the 
sound box. At the top the strings are 
wrapped around a crossbar with oak 
pegs twisted in like little belaying pins. 
These allow controlled variation of the 
string tension. so that the lyre can be 
tuned rather sensitively. There is plenty 
of pictorial evidence on ivory. stone. 
clay and gold to support the method of 
tuning and of playing this ritual instru­
ment. both hands plucking the strings. 
There. however. spade and trowel stop. 
No dig can recover the vanished melo­
dy. long since lost in the noise of time. 

Yet the melody is not past plausible 
reconstruction. Documents of clay re­
main that suggest what music was like 

1.000 years before Pythagoras himself. 
The physicist-Iyremaker has been joined 
by two Berkeley faculty colleagues. as­
syriologist Kilmer and musicologist 
Crocker. to bring back those sounds 
from silence. The three have made a 
well-illustrated brochure and a careful 
long-playing record to allow us to un­
derstand and to share their work. The 
record includes a slow-paced demon­
stration of the tuning of the lyre and its 
scale (which turns out to be a very nor­
mal-sounding diatonic C major) and a 
livelier account of the proposed music 
and lyric of an ancient song. 

The song is presented in two versions. 
one for the Ur lyre and a tenor voice and 
the other for a smaller and somewhat 
later lyre from Megiddo. in a register 
suited to a soprano voice. The voice and 
its string accompaniment sound com­
fortable and not at all outlandish; the 
music recalls a quiet fireside hymn. The 
words are in the non-Semitic Hurrian 
tongue; we cannot translate them well. 
but they are a cult hymn concerning the 
goddess Nikkal. wife of the moon god. 
One phrase is construed "Thou lovest 
them in [thy] heart." and the closing 
phrase is "something close to 'Born of 
thee· .

.. 

The text and musical notation for the 
song come from a clay tablet pictured 
on the cover of the brochure (and also 
drawn by Professor Kilmer to bring out 
the cuneiform notations). That tablet 
was among hundreds excavated in an­
cient Ugarit on the Syrian coast; it was 
published in 1968. It bears four long 
lines of the song's words written in Hur­
rian, and beneath them six lines (and a 
descriptive colophon) in Akkadian, a 
dead Semitic language much used in the 
ancient cities of Ur. Assur and Nippur. 
In 1970 it was recognized that the ob­
scure language and numbers of the Ak-

kadian text were in fact a musical nota­
tion, and there followed several at­
tempts to decipher the score. Kilmer's is 
the latest. and it is described in this work 
in a semipopular form. 

Four other tablets supply the basis for 
the inferences of these real tune-sleuths. 
The first known is a catalogue of hymn 
titles in Middle Assyrian. Its text was 
well known. but only in the present stu­
dy were the technical musical terms in it 
recognized. A late text from Ur itself 
supplied a list of strings. relating names 
to positions. Then in a "mathematical 
text" a cyclical list of strings and inter­
vals appears. A dozen scholars of music 
and cuneiform prepared the ground. 
The 19 preserved lines of the "tuning 
text" repeat clearly sequential directions 
for the tuning of a lyre. It is pretty plain 
that the octave is spanned in seven inter­
vals. whole and half steps as our own. 

The only consistent reading allows 
recognition of the various modes and 
identification of the mode in which the 
song itself is written. The actual pitch is 
of course uncertain, but a match to the 
lyres and voice is plausible. The key 
turns out to be without sharps or flats: 
say Cmajor. The crucial step is taken by 
the count..of text syllables and the musi­
cal notation; that notation lists with the 
name of each tone-pair a small number. 
The burden of the work is that the mat­
ter is neatly resolved by the startling 
conclusion that the tablet records an up­
per melodic line for the voice and a low­
er line for the string accompaniment. 
The root of harmony taps quite deep 
into the past. 

Of course the story is not pat. The 
texts span almost 1 .500 years. The deep 
lyre from Ur sounds rather unlike the 
higher strings of Megiddo; the hymn of 
the Hurrian cult was not in fact known 
in Ur. Allowing such a long span. it is 
the oldest music we now know. This is a 
rare excursion; it is not suited for back­
ground music. but for anyone who will 
attentively read and listen. who can 
bring to the work the bare elements of 
theory-what is meant by a minor third 
or a diminished fifth-it sings a tune full 
of wonder. Perhaps old Sir Thomas 
Browne was right when he said: "What 
song the Sirens sang. or what name 
Achilles assumed when he hid himself 
among women. though puzzling ques­
tions. are not beyond all conjecture." 

The resuscitation of vanished music is 
an example of experimental archaeolo­
gy up to date, to be sure with the indis­
pensable use of the word writ plain on 
clay. Dr. Coles's rich assembly of work 
in a similar spirit is not new; it appeared 
four or five years ago. but it is too ger­
mane to be overlooked. Archaeology to­
day rightly enjoys high public favor, but 
it suffers as well a spate of meretricious 
works, by authors who make a pretty 
story-and a pretty penny-by some 
outlandish invocation of mysteries to 
explain away the brilliant heritage of 
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past cultures. This volume is a powerful 
antidote to the von Daniken toxins, even 
though once in a while the entirely unex­
pected will be found under the spade. 

The theme that unites the 200 re­
searches cited in this excellent broad 
survey over all periods and continents is 
the idea that one can learn how they did 
it then by trying the scheme out now. 
Could the Mayans build a masonry city, 
the Britons raise Stonehenge, the Easter 
Islanders erect their top-hatted images? 
One needs orily plan a bit, recruit a few 
energetic modern M ayans or Wiltshire 
youths or sturdy islanders and try out a 
sample task of hauling, quarrying or 
high rigging. Of course there are pitfalls. 
It is dangerous to extrapolate an obelisk 
and an entire pillared temple along the 
N ile from two hours of pounding with a 
stone on some granite ledge in the quar­
ry. You need a larger sample than that. 
Sometimes the pace of work is hard to 
gauge; the Indians who were set to work 
near Uxmal in 1965 were promised 
piecework rates, "but the speed of their 
work so exceeded my expectations that I 
had to halt the experiment after thirty 
minutes. " Great Uxmal was not built in 
a day, we can reckon, but-summing all 
the types of work involved, the quarry­
ing, transporting and building-after 
seven and a half million man-days. The 
labor was "readily within the capabili­
ties" of the estimated local population, 
whether within a decade in a burst of 
effort for the biggest single monument 
or extended to the entire complex within 
the 250 years of activity at the site. 

Smaller tasks too can be studied. The 
text distinguishes three classes: food 
production, heavy industry and light in­
dustry. There is tree clearance, plowing, 
the storage and consumption of food, 
architecture and boat building, and 
work "at the bench" in stone, wood, 
bone, metal, hide, clay and even music. 
Naturally one uses old tools and plausi­
ble methods and materials. Ingenuity 
and skill must be gained, and probably a 
single shot at a task is a premature basis 
for strong conclusions. Still, if we can do 
it, so might they have done it, as the 
inference must run. 

Brave experimenters have eaten a 
cave mineral. mirabilite; it was salty and 
laxative, the basis for an advertising 
claim, it may be, but not the establish­
ment of ancient needs. The rock paints 
of the African bushman? The mediums 
tried were varied; wax resin will not 
make fine lines. Hyrax droppings are no 
good. Plant juices seem to hold too little 
pigment. Bile is impermanent. Honey 
had many problems; it is attacked by 
ants and by rain. The most successful of 
all mediums (and still the standard one) 
was egg-yolk tempera; it yielded long, 
thin lines with any pigment tried. Of all 
the local supplies the ostrich egg seems 
the real basis for those fine paintings, "as 
near to the truth as prehistoric investiga­
tions are likely to get. " 
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The Danish pioneer prehistorian 
Christian J. Thomsen, founder of the 
system of Stone, Bronze and Iron ages, 
was one of the first to try experimental 
musical archaeology. He tested six 
bronze lurer in the 1 830's. What a sound 
they make, these great twisted horns in 
pairs! Like the trumpet of Tutankha­
mun blown in 193 9 in radio broadcasts 
by bandsman James Tappern of the 
11 th Hussars to sound a trumpet volun­
tary (but using a modern mouthpiece 
conceded to be essential to the perfor­
mance), the sounds out of the past serve 
both as real evidence and as valuable, if 
not always authentic, rallying points for 
scholars and the public alike. M ore ex­
periments, entire series of them, lasting 
centers for systematic trials an4 public 
demonstrations, growth in incisiveness 
and scale-these are the recommenda­
tions of this University of Cambridge 
archaeologist, and the fascinated reader 
gives easy assent. · 

To BE AN INVALID: THE ILLNESS OF 
CHARLES DARWIN, by Ralph Colp, 

Jr . ,  M . D. The University of Chicago 
Press ($ 17 .50). "I would sooner be the 
wretched contemptible invalid, which I 
am, than live the life of an idle squire," 
Darwin wrote. N o  idle squire, he 
worked in his own quarters on his pri­
vate income from the time he returned 
from around the world in the Beagle at 
27 until the year he died, from anginal 
attacks and heart failure, at 7 3 .  His 
work is no invalid's meager harvest but 
makes an inspired solid, sustained and 
seminal catalogue. And his personal 
life, by now mythic in the delight and 
the richness with which our century has 
recounted it, is not any ill, unhappy sto­
ry. We know it from the days of a bad 
student but a good naturalist, to the Bea­
gle adventure, to the big comfortable 
house at Down and the long domestic 
evenings of song, piano and backgam­
mon. "You all know well your M oth­
er . . . .  She has been my greatest blessing. 
[She] never failed in the kindest sympa­
thy towards me. [She has been] wise ad­
viser and cheerful comforter . . . .  From 
your earliest days to now that you are 
grown up, you have all, sons and daugh­
ters, ever been most pleasant, sympa­
thetic, and affectionate. "  He ended fa­
mous, well-to-do, happy among the sev­
en of his 1 0  children who survived child­
hood, a little coy in his pleasure that "his 
name ought to last a few years" and that 
he "should have influenced . . .  the be­
liefs of scientific men on some impor­
tant points. " 

Still, he was chronically ill, with half a 
dozen long trips for Victorian hydropa­
thy (baths, douches, sitz baths and the 
like), a series of well-known and expen­
sive physicians (some with views that 
induce astonishment in the modern 
reader) and a number of year-long peri­
ods in life during which he was hardly 
able to eat, sleep or work well. It was not 

all loss; he almost never spent time on 
the demanding ceremonies of London 
middle-class society. A perceptive ob­
server wrote of Darwin at 60: "Upstairs 
Mrs. Darwin, M iss D. and Mr.  Charles 
Darwin himself-yellow, sickly, very 
quiet. He has his meals at his own times, 
sees people or not as he chooses, has 
invalid's privileges in full, a great help to 
a studious man. " The nature of his ill­
ness comes clear in this physician's me­
ticulous study as never before. Blurred 
by the reticence of various editors and 
biographers, it is here made plain in doc­
torly style, the sources as far as possible 
manuscript letters and notebooks them­
selves. 

Darwin writes to Joseph Hooker: "I  
should suppose few human beings had 
vomited so often during the last five 
months. . . .  I seldom throw up food, 
only acid and morbid secretion . . . .  Dur­
ing more than a month I vomited after 
every meal and several times most 
nights. " Palpitation of the heart, eczema 
of the hands and perhaps lips were fre­
quent in addition to stomach disorder. 
The puzzle is of course diagnosis. What 
was Darwin'S illness? His physicians did 
not know, nor did he, in spite of much 
self-study, even to a daily journal he 
carefully kept for more than five years, 
his "diary of health. " In Dr . Colp's book 
Darwin's illness is followed in detail 
over his lifetime, displaying a wealth of 
Victorian medical practice and social 
custom, a most readable addition to all 
we now have of this man's life. 

The last part becomes a 40-page med­
ical analysis. There is by now a very full 
set of discordant theories. Consider only 
"suppressed gout, " popular among his 
own doctors, whatever it could mean to­
day; the result of his dreadful seasick­
ness aboard the Beagle; porphyria, a 
congenital metabolic disease, hypothe­
sized from the symptoms recorded in 
his grandmother; chronic arsenic poi­
soning, from self-medication or the 
pharmacological enthusiasms of a cou­
ple of his physicians ("Fowler's solu ­
tion"); mere hypochondria, half-con­
scious play-acting for his tender wife; 
Chagas' disease, a trypanosomal infesta­
tion, assumed to be contracted in Chile 
from the repeated bites Darwin de­
scribes he received there from the horrid 
blood-sucking beetle now known to be 
its common vector ; brucellosis; even 
allergy to pigeons! 

It will be not much of a surprise to 
hear that the author, a practicing Co­
lumbia psychiatrist, opts for the much­
favored recent diagnosis of psychoso­
matic illness. Dr. Colp is a most reason­
able man and a realist. He recognizes 
that without electrocardiograms and 
tests for protozoa, liver function, uric 
acid, porphyrin levels, even an autopsy, 
we cannot really exclude an organic 
cause. He nonetheless shows that no 
present diagnosis fits everything we 
know, and he comes down for psycho-
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logical stress, mainly brought on by 
Darwin's growing recognition of the 
struggle he would perforce enter into 
once his evolutionary views became 
known, Colp avoids excesses of minute 
interpretation, such as Darwin' s vari­
able use of capital letters on the word 
"father" in a few places, which others 
have tried to make significant. Rather, 
he depends on study of Darwin's own 
complaints and on the time sequence of 
the bouts of illness, 

This does not all work so well either. 
Maybe there was more than one illness 
over the years. We have yet to learn 
enough about the mind-body interac­
tion to diagnose even patients who are 
still alive. The entire story is sympathet­
ic, and we take from it something at 
depth about those times and indeed our 
own. The Latinity of psychiatrists is left 
open to doubt; there is evidence in the 
footnotes that they know German bet­
ter! That is a mere cavil about one odd 
remark; this is altogether a first-rate 
small authoritative volume for the 
many who enjoy any facet of the Dar­
win epic or merely the strong scent of 
Victoria' s reign. 

ANATURAL HISTORY OF MARINE 
MAMMALS, by Victor B. Scheffer. 

Illustrations by Peter ParnalL Charles 
Scribner' s Sons ($7 .95). Nearly 50 deli­
cate stippled drawings by a well-known 
illustrator embellish and document this 
deft little text by a biologist-writer. 
Scheffer has written a couple of much 
denser books in which he took the read­
er through an imagined year in the life 
of a typical individual animal. Now he 
turns his pen to a synoptic style; he seeks 
to introduce the reader easily to the di­
versity of living species of marine mam­
mals. His devices are workable and 
skillfully utilized. He builds an evolu­
tionary framework, chapter by chapter 
telling the adaptations of these cousins 
of ours, their feeding, senses, intelli­
gence measures, reproduction and 
growth, diseases and other hazards 
(mainly us). He ends with an account of 
where to see the animals ranging free 
and a technical listing of the species. 

The freshest material here is an ac­
count of the six groups of marine mam­
mals. They are all, of course, represen­
tatives of footed mammals who long ago 
gave up hoof and claw for web foot, 
flipper or fluke. Should you doubt it, 
consider the whales and porpoises occa­
sionally born (perhaps once in 100,000 
births) with useless, partly formed ves­
tigial legs. Baleen whales in utero have 
tiny teeth, doomed never to harden and 
break through the gum. It is easy to or­
der the groups by the shapes of their 
feet, correlated with the recency with 
which they set to sea. Last to enter were 
the sea otters, which have normal front 
paws; there is only one species of them, 
and they came from crab-eating land ot­
ters only five million years ago. The 
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walking or eared seals, which can still 
use their hind flippers in support, are 
next; they derive from a bear like carni­
vore of some 30 million years ago. The 
crawling seals, which drag their hind 
flippers, arose from an otter like ances­
try about at the same time. Then come 
the sirenlike manatees and dugongs, 
whose hind legs are entirely gone after 
5 5  million years, and the quite legless 
cetaceans, toothed or baleen-jawed, 60 
million years down the evolutionary 
stream from some ancient hoofed fore­
bear. Are those present powerful "dab­
blers in the sea," the polar bears, getting 
ready to leave the land? 

Brain weight is tabulated and dis­
cussed, along with neocortical struc­
tures and orientation toward play. "But 
perhaps, after all. the question of intelli­
gence ... should not be raised. Instead of 
wondering whether porpoises can rea­
son, or worry, or plan ahead, .. . perhaps 
we should simply admire their complex 
brains-those mysterious organs which 
allow them to cope with a dim, cold, 
watery world in which we ourselves 
could not long survive." We may have 
something to learn from fellow crea­
tures that lack the ability "to drive har­
poons through living flesh." 

HAILSTORMS AND HAILSTONE 
GROWTH, by Narayan R. Gokhale. 

State University of New York Press 

($30). The intricacy of the snowflake 
faces the physicist with a challenge; to 
this day it is not at all clear how those 
symmetrical crystals grow. But the hail­
stone looks like a frozen raindrop, and 
the theorist might regard his work as 
done. This volume by an expert is about 
the only book to collect what we know 
and do not know about hailstorms and 
what they drop on the fields below. The 
theorist is not found wanting; he can 
pretty well explain the hailstone. It is by 
no means a single frozen droplet. Here 
one is in a splendid color shot: a thin 
section through a hailstone illuminated 
by white light through crossed polaroids 
displays a patchwork of hues as com­
plex as an abstract painting. 

The key to the structure is the nature 
of hailstone growth. Take a cold em­
bryo hailstone a few millimeters across, 
in fact a frozen drop. It grows by accret­
ing cloud droplets as it falls through an 
updraft. There are two main kinds of 
growth. One is dry growth, the droplets 
individually freezing on the cold stone 
as they appear. This tends to make bub­
bly opaque ice-small crystals in ran­
dom orientation. Wet growth occurs at 
higher temperatures, when the latent 
heat of fusion is enough to melt the out­
ermost layers. The ice is formed in a wet 
skin of liquid water, and tends to freeze 
clear in larger well-oriented grains. 
Since these processes depend on temper-

The extinct marine mammal Desmostylus, from A Natural History of Marine Mammals 
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ature and hailstone radius, it turns out 
that a layered grainy structure like the 
one usually seen (first described by that 
same Allessandro Volta we know from 
the voltaic pile) can develop even under 
smooth variation of updraft conditions. 
More complex layering, even stones 
with icicle-like protrusions, are ob­
served; the real turbulent cloud is no 
simple environment. This work reflects 
much experience with artificial growth 
of hail in a hail tunnel. first built by 
Swiss researchers and now found in sev­
eral laboratories worldwide. 

Hail is damaging to aircraft and par­
ticularly to crops. Much effort is spent 
on the detection and measurement of 
hail by radar; these issues are taken up 
in detail. Still more effort is spent on 
trying to forecast and to suppress hail. 
The forecasting is getting better; severe 
hail is the companion of fierce thunder­
storm updraft conditions. Suppression 
by exploding rockets has long been 
claimed; nowadays Russian workers use 
accurate artillery and rockets to inject 
silver iodide dust into the hail-forming 
volume. Commercial hail suppression 
by ground-based silver iodide genera­
tors is the popular American counter­
part. The profession at large has still to 
be convinced of the success of either ap­
proach. 

Severe turbulence and cold, wet 
clouds go together under continental 
conditions. There is not much hail in the 
polar regions; the thermal energy is too 
small for big storms. Nor is there much 
in the Tropics; melting below the clouds 
makes rain. Prime hailstone weather oc­
curs in continental mid-latitudes, late of 
a summery afternoon. The worst places 
are perhaps the Great Plains of the U. S. , 
the Po Valley of Italy, with its tender 
crops of grape and fruit, and one tropi­
cal exception: a high-altitude region of 
inland Kenya with possibly "the highest 
incidence of hail in the world. " The 
commonest severe storms seem to grow 
stones one to two centimeters in diame­
ter in all these places. Such a stone falls 
with a terminal speed (calculated from 
various drag measurements in wind tun­
nels and from scaled-up model hail­
stones falling in the open air) of 20 to 30 
meters per second, a mile a minute and 
more. One experimenter timed oblong 
and knobby objects made of polyethyl­
ene as they fell down a mine shaft with a 
vertical drop of 1 . 5  kilometers! In 1970 
a whopper of a hailstone was picked up 
in Coffeyville, Kan. , prime hailstone 
country, that weighed in at just under a 
pound and three-quarters. The cost of 
hailstorm damage in the U.S. runs to 
about $300 million a year; at the cali­
ber of the Coffeyville stone matters 
could be a lot worse. 

This is a remarkably complete and ex­
pert reference, but it is high-priced for a 
book set by typewriter and not justified 
on the right-hand margin. We welcome 
the one fine color plate. 
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and the Support of Science 
A statistical analysis of the evaluative procedures on which 
the National Science Foundation bases its funding decisions 
provides no evidence to substantiate recent public criticisms 

by Stephen Cole, Leonard Rubin and Jonathan R. Cole 

F
or more than 25 years the National 
Science Foundation has played a 
major role in the expenditure of 

public money for the support of science 
in the U.S. Currently the NSF accounts 
for about 40 percent of the funds distrib­
uted by the Federal Government for ba­
sic scientific research and more than 30 
percent of the Federal funds allocated 
for such research at universities. The 
NSF awards its grants on the basis of 
a decision-making process commonly 
known as peer review. The term is de­
rived from the fact that the Government 
officials responsible for deciding which 
investigators receive grants rely on the 
evaluations of other investigators in the 
same discipline. 

In recent years the peer-review system 
has been attacked for a variety of rea­
sons by certain members of both the sci­
entific community and the Congress. 
Hearings on the alleged inequities of the 
peer-review system were held two years 
ago by a subcommittee of the House 
Committee on Science and Technology. 

In an effort to assess the validity of the 
public criticisms of the peer-review sys­
tem raised in the Congressional hearings 
and elsewhere we have been engaged for 
more than a year in a sociological study 
of the operation of the peer-review sys­
tem at the NSF. This study. which is 
being conducted for the National Acad­
emy of Sciences. is supported by grants 

. from the NSF; we have nonetheless had 
complete autonomy from the NSF in 
conducting our research. Our results to 
date have yielded little evidence in sup­
port of the main criticisms that have 
been made of the peer-review system. 
On the contrary. we have tentatively 

34 

concluded that the NSF peer-review sys­
tem is in general an equitable arrange­
ment that distributes the limited funds 
available for basic research primarily 
on the basis of the perceived quality of 
the applicant's proposal. In particular. 
we find that the NSF does not discrimi­
nate systematically against noneminent 
scientists in the ways that some critics 
have charged. This is not to say. of 
course. that there are not errors in indi­
vidual cases. 

How does the NSF peer-review sys­
tem work? To begin with. a scien­

tist who wants to obtain NSF funds pre­
pares a written proposal describing his 
past research. his qualifications and the 
new research he intends to do if he re­
ceives funds from the NSF. This pro­
posal is usually submitted to the NSF 
through the scientist's institution. in 
most cases a university. 

The staff of the NSF is divided into 
approximately 80 program areas corre­
sponding to the various scientific disci­
plines and subdisciplines. (The chemis­
try section. for example. is divided into 
eight different programs.) When a re­
search proposal comes to the NSF. it is 
assigned to the appropriate program 
and is thereafter handled by an employ­
ee of the NSF called the program direc­
tor. On receiving a proposal the pro­
gram director generally looks it over to 
determine its specific subject area. He 
then selects a number of reviewers who 
are sent the proposal by mail. The re­
viewers are asked to rate the proposal as 
being excellent. very good. good. fair 
or poor and in support of their rating 
to present written comments evaluating 

the proposal. In some programs an inde­
pendent evaluation of the proposal is 
also made by a panel of scientists who 
meet with the program director three 
times a year in Washington. 

The NSF explicitly states to its re­
viewers the criteria that should be ap­
plied in evaluating the proposals. The 
main criteria are (1) the significance of 
the scientific investigation described in 
the proposal. (2) the ability of the appli­
cant to carry out the proposed research 
and (3) the capacity of the applicant's 
institution to support the type of re­
search in question. Where all these fac­
tors are roughly equal. another set of 
criteria. including the geographic loca­
tion of the applicant's institution. may 
be considered. Heavy emphasis is 
placed on the quality of the work de­
scribed in the proposal and on the past 
research performance of the applicant. 

The most fundamental criticism 
made of the NSF peer-review system is 
that it leads to inequitable decisions. 
Critics charge that scientists who are 
most capable of advancing science are 
sometimes denied grants and that scien­
tists who are doing less significant work 
are given grants. Former Representative 
John B. Conlan of Arizona. for exam­
ple. asserted at the Congressional hear­
ings that peer review is essentially an 
elitist system run primarily for the bene­
fit of a clique of eminent "old boys. " He 
said: "I know from studying material 
provided to me by the NSF that this is an 
'old boy's system' where program man­
agers rely on trusted friends in the aca­
demic community to review their pro­
posals. These friends recommend their 
friends as reviewers. . . .  It is an inces-
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tuous 'buddy system' that frequently 
stifies new ideas and scientific break­
throughs. while carving up the multimil­
lion-dollar Federal research-and-educa­
tion pie in a monopoly game of grants­
manship." 

Critics in and out of Congress main­
tain that the main organizational condi­
tion that gives rise to this unfair distribu­
tion of support is the extraordinary 

power in the hands of the program di­
rectors to decide who should get funds. 
The program director is alleged to be at 
the center of the old-boy network in 
which reviewers favorably evaluate the 
proposals of their friends, eminent sci­
entists favorably review the proposals 
of other eminent scientists and funds 
are denied to scientists who are not part 
of the exclusive old-boy system. 

Further abuse is said to be possible 
because the reviews received by the pro­
gram director are only advisory, leaving 
him free to ignore them, and because the 
program director can predetermine the 
outcome by selecting a biased group of 
reviewers. The critics argue that knowl­
edgeable program directors deliberately 
select reviewers who will be either hard 
or easy on a particular proposal. Even if 
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STATISTICAL ANALYSIS of 3,769 peer-review ratings given by 
various mail reviewers to 1,200 applicants for basic-research grants 
from the National Science Foundation in the fiscal year 1975 was 
aimed at testing the "old boy" hypothesis, which holds that the pro­
posals of eminent scientists are apt to be rated more favorably by em­
inent reviewers than by other reviewers. The ratings in the 10 differ­
ent program areas studied were first converted into standard scores 
in the following manner: Within each field the mean rating was set at 
zero, and the rating received by an applicant was then expressed in 
terms of the corresponding number of standard deviations above or 
below the mean rating. A high number means a comparatively favor­
able rating, and vice versa. Both the applicants and the reviewers were 
separately classified according to the prestige of their current aca-

demic department, as determined in an independent snrvey. Thns the 
entry in the npper left-hand corner of the table signifies that there 
were 83 reviews by reviewers in high-ranked departments of propos­
als submitted by applicants from high-ranked departments; on the 
average these reviews yielded ratings that were .05 of a standard devi­
ation above the mean. Since it appears that proposals from appli­
cants in high-ranked departments are actnally rated lower by review­
ers from high-ranked departments than by reviewers from lower­
ranked departments, in this sample at least the data offer no support 
for the old-boy hypothesis. The analysis does show that applicants 
from high-ranked departments are slightly more likely to receive fa­
vorable ratings than are those from unranked departments, but there 
is no evidence that this outcome is the result of inequitable treatment. 
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NSF PROGRAM DIRECTORS appear to rely beavily on tbe evaluations of tbe peer review­
ers in deciding wbetber or not a researcb proposal is to be funded. As tbe cbart at left sbows, 
among tbe 382 applicants wbo received comparatively bigb ratings from tbe mail reveiwers 92 
percent were awarded grants, wbereas among tbe 390 receiving low mean ratings only 10 per­
cent received grants. Similarly, as tbe cbart at rigbt sbows, among tbose proposals tbat received 
comparatively bigb ratings from an independent panel of peer reviewers 84 percent were fund­
ed, wbereas among tbose tbat received low panel ratings only 12 percent were funded. Evident­
ly peer-review ratings are tbe most important determinant of tbe program director's decision. 

the program director feels compelled 
by the reviews to support a proposal he 
dislikes. he can effectively stifle the re­
search by reducing the size of the bud­
get. The program director can sup­
posedly do so because there are no effec­
tive checks on his power either inside or 
outside the NSF. In short. there is no 
appeals system to challenge the deci­
sions made by the program director. 

Critics assert further that the NSF 
cloaks its activities in secrecy in order to 
protect the old-boy system. refusing to 
allow Congressmen or others to see ver­
batim reviews or to learn the names of 
the reviewers of particular proposals. 
This protective shield of confidentiality 
enables the old-boy system to function 
unchecked and prevents effective over­
sight of the NSF by C@ngress. The ulti­
mate consequence is that the peer-re­
view system actually stifles innovative 
research. since the eminent scientists 
who serve as reviewers are likely to re­
ject ideas that differ from their own. 

In our study of the peer-review system 
we decided to limit ourselves at first to 
an examination of how peer review 
works in just those NSF programs re­
sponsible for the funding of basic re­
search. We have not studied peer review 
in the NSF's applied-research programs 
or in its educational programs. Fur­
thermore. we chose a sample of only 10 
basic-research programs for detailed 
study: algebra. anthropology. biochem­
istry. chemical dynamics. ecology. eco­
nomics. fluid dynamics. geophysics. 
meteorology and solid-state physics. Be­
cause our intensive analysis included 
only about an eighth of the NSF's basic­
research programs our results may not 
be generalizable for the entire organiza­
tion. We are currently conducting fol­
low-up studies of other programs. 

Our investigation has combined both 
qualitative and quantitative sociological 
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techniques. We began by conducting 70 
in-depth interviews with scientists in­
volved at all levels of the peer-review 
system. including program directors. 
former program directors. mail review­
ers. review-panel members and supervi­
sory-level NSF officials. We also scruti­
nized more than 250 specific research 
proposals. read all of the peer-review 
comments on those proposals and ex­
amined all of the correspondence be­
tween the applicant and the program di­
rector. In some cases in which our analy­
sis of the applications raised specific 
questions about how the peer-review 
system worked in that particular situa­
tion we went back and reinterviewed pro­
gram directors with the files in hand. 

In addition. we conducted a quantita­
tive analysis of 1.200 applicants to the 
NSF in the fiscal year 1975. (Roughly 
half of the applicants were ultimately 
awarded grants.) The purpose of the 
quantitative study was to identify those 
characteristics that were correlated with 
the receipt of a grant from the NSF. 
Were Representative Conlan and the 
other critics of peer review correct in 
their assertion that eminent scientists 
have a great advantage in the competi­
tion for funds and that less eminent sci­
entists. particularly younger ones. are at 
a serious disadvantage? We shall try to 
answer this question by summarizing 
below some of the results obtained so 
far in our study. -". 

One of the main charges of the critics 
is that the NSF program director 

can predetermine the outcome of the 
peer-review process by sending a pro­
posal to scientists who he knows in ad­
vance are biased either in favor of the 
proposal or against it. We shall call this 
view the old-boy hypothesis. Presum­
ably the proposals of eminent scientists 
who are members of the old-boy net-

work are sent to other eminent scientists 
who give their eminent colleague a fa­
vorable evaluation. In return. of course. 
the reviewers expect reciprocity when 
their proposals are sent to other mem­
bers of the old-boy club. Equally impor­
tant. the proposals of less eminent scien­
tists. who are not part of the network. 
are sent to scientists who will give them 
lower evaluations than they deserve. Al­
though we have no direct evidence that 
the program directors either do or do 
not select reviewers with a certain out­
come in mind. we can see if the out­
comes are consistent with tl1e old-boy 
hypothesis. Are the proposals of emi­
nent scientists actually rated more fa­
vorably by eminent reviewers than by 
other reviewers? 

To test this hypothesis we classified 
both the applicants and the reviewers 
according to the prestige of their current 
academic department. as determined by 
a survey conducted in 1969 by the 
American Council on Education. The 
ratings given to tl1e applicants by the 
reviewers in the 10 programs we studied 
were standardized separately before be­
ing combined into one large table [see 
illustration on preceding page]. For exam­
ple. there were a total of 83 cases in 
which an applicant from a high-ranked 
department had his proposal reviewed 
by someone who was also from a high­
ranked department. The number associ­
ated with this particular applicant-re­
viewer pair (+ .05) indicates the average 
rating (in standardized units) given by 
high-ranked reviewers to proposals 
from high-ranked applicants. The high­
er the number. the higher the rating. 

In general we found that applicants 
from high-ranked departments received 
slightly better reviews of their proposals 
than applicants from medium-ranked 
and low-ranked departments. Further­
more. it appeared that high-ranked re­
viewers tend to be slightly more lenient 
with proposals than low-ranked review­
ers are. These results. in and of them­
selves. cannot be interpreted as offering 
support for the old-boy hypothesis. For 
example. the fact that eminent scientists 
tend to get higher ratings could simply 
be a result of the higher quality of their 
proposals or of the belief on the part of 
the reviewers that the eminent scientists 
are in fact better able to carry out the 
proposed research. 

In order to explore the matter more 
deeply we next conducted a statistical 
analysis of variance that compared the 
observed mean rating for each appli­
cant-reviewer pair with the expected 
mean rating. assuming no bias. The re­
sults of this analysis indicated that in 
general reviewers from high-ranked de­
partments were not disproportionately 
favoring proposals from applicants in 
similarly high-ranked departments. We 
conducted this analysis separately for 
each of the 10 programs. In only one 

© 1977 SCIENTIFIC AMERICAN, INC



program were reviewers at high-ranked 
departments detectably more lenient 
toward the proposals of their colleagues 
at similarly high-ranked departments. 

Another statistical analysis of vari­
ance tested the reviewers' bias in terms 
of geographic location and of the rela­
tive eminence of the reviewer and the 
applicant. It showed no significant ten­
dency for scientists in one part of the 
country to favor proposals from col­
leagues in their own region or for emi­
nent scientists to favor the proposals of 
eminent scientists over the proposals of 
less eminent scientists. Thus even if it 
were true that the program directors at 
the NSF were attempting to manipulate 
the outcome of the peer-review process 
by their selection of reviewers (and our 
qualitative findings indicate that it is un­
likely), the quantitative data suggest 
that they have not been successful. 

One reason it is difficult to test the 
validity of the old-boy hypothesis is the 
absence of conceptual clarity in the 
charge. What is referred to by the old­
boy label? There are at least three possi­
bilities. The term could refer to investi­
gators with a common view of their field 
who will only appraise favorably work 
that is done by people with similar 
views. It could refer to networks of 
friendships: scientists who know one an­
other, who "grew up" together or at­
tended the same schools and who tend to 
fraternize and also to favor one anoth­
er's proposals. It could refer to social 
position: scientists at a given level of 
eminenc� might tend to favor the pro­
posals of others who are similarly situat­
ed in the hierarchy of science, even if 
they have no personal contact with 
them. Critics of the peer-review system 
never specify clearly which form of old­
boy ism is undermining the peer-review 
system. The data reported here allow us 
to examine the assertion that persons of 
similar rank, similar intellectual back­
ground and similar repute favor one an­
other's proposals, but we do not have in 
hand data for examining forms of old­
boyism that may be connected with 
friendship patterns. 

How do the characteristics of the ap­
plicants affect the peer-review rat­

ings they receive? Critics of the peer-re­
view system say that regardless of the 
quality of proposals eminent scientists 
enjoy an advantage over those who are 

CHARACTERISTICS of successful appli­
cants for NSF grants in 1975 are summarized 
in these bar charts. Among the characteristics 
represented here are rank of Ph.D.-granting 
department (top), rank of current department 
(second from top), number of scientific pa­
pers published between 1965 and 1974 (mid­
dle), number of citations to work published 
between 1965 and 1974 (second from bottom) 
and to work published before 1965 (bottom). 
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OTHER CHARACTERISTICS of successful applicants for grants in 1975 are represented in 
these charts. Characteristics include past five years' funding record (top left), type of aca­
demic department (top right), academic rank (bottom left) and professional age (bottom right). 

not eminent. In the final analysis. these 
critics contend. the peer-review system 
results primarily in eminent scientists at 
high-ranked departments having an un­
fair advantage in grant approval over 
less eminent scientists at lower-ranked 
departments. To test this "rich get rich­
er" hypothesis we combined the appli­
cants from all 10 programs into one 
large standardized sample. The 1.200 
applicants in the sample were character­
ized by nine variables that established 
their status in the social system of sci­
ence. Each of these characteristics was 
then tested separately to see if it provid­
ed evidence in support of the rich-get­
richer hypothesis. 

For example. we characterized the ap­
plicants according to the graduate de­
partments from which they obtained 
their doctoral degree to see if scientists 
that come from prestigious Ph.D.-grant­
ing departments tend to get higher rat­
ings than those who come from less 
prestigious departments. The applicants 
were also classified according to their 
current academic departments in order 
to test the assertion that applicants in 
high-ranked departments have an unde­
served advantage over applicants in 
low-ranked departments. We classified 
the applicants according to their current 
academic rank in order to see if assistant 
professors are any less likely to receive 
grants than associate professors or full 
professors. In addition we classified all 
the applicants according to their pro-
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fessional age. their published scientific 
works. the number of citations of their 
published works and whether or not 
they had received NSF funds in the past. 

The rich-get-richer hypothesis would 
suggest the existence of strong correla­
tions between all of these variables and 
the ratings the applicants received on 
their proposals. There are. indeed. rea­
sons other than old-boyism for this ex­
pectation. For one thing scientists who 
in the past had done research that other 
scientists had valued highly could rea­
sonably be expected to write proposals 
that would be more likely to be rated 
highly. Moreover. since the NSF explic­
itly instructs reviewers to regard past 
performance as one of the major criteria 
in determining a rating. reviewers could 
be expected to give higher ratings to sci­
entists with a superior "track record." 

The data. however. provide little sup­
port for the rich-get-richer hypothesis. 
Our results show only weak or moderate 
correlations between each of the nine 
"social stratification" variables and the 
ratings received on proposals. The most 
highly correlated variable was the num­
ber of citations in the 1975 Science Cita­
tion Index oJ work published between 
1965 and 1974. Even this rough mea­
sure of the significance of recently pub­
lished work is not correlated very 
strongly with the ratings. explaining 
only 6 percent of the variance in the rat­
ings. The correlations between the other 
variables and the ratings are all surpris-

ingly low. explaining only an additional 
5 percent of the variance in the ratings. 
In the end 89 percent of the observed 
variance in the ratings is left unex­
plained by the nine variables. 

These results ran so counter to our 
expectations that at first we suspected 
they might have been caused by some 
methodological error. A thorough re­
view of our correlation and regression 
procedures. however. left the results in­
tact. In fact. the validity of our findings 
has been corroborated by a recent study 
conducted by members of the NSF's 
own chemistry section. Their indepen­
dent analysis yielded results that were 
virtually identical with our own. It is 
difficult to avoid the conclusion that 
there is no substantial correlation be­
tween peer-review ratings received by 
applicants for NSF grants and statistical 
indicators of their professional status or 
past scientific performance. Scientists 
whose published work is frequently cit­
ed were only slightly more likely to re­
ceive favorable ratings than scientists 
with only a few citations or none. 

I t still appeared possible. however. 
that the weak correlations we ob­

served could have resulted from a lack 
of agreement among the reviewers. For 
example. if an applicant with a large 
number of citations of his work received 
very favorable ratings from some review­
ers and very unfavorable ones from oth­
ers. that could account for a weak or 
nonexistent correlation between cita­
tions and ratings. How much agreement 
was there among the various reviewers 
of a given research proposal? 

To answer this question we first deter­
mined the mean standard deviation of 
the reviewers' ratings. a quantity that 
can be taken as an approximation of the 
degree of agreement in a given field. 
This number varied from a low level of 
.31 in algebra to a high level of .69 in 
ecology and meteorology. (A low mean 
standard deviation corresponds to a 
high degree of consensus. and vice ver­
sa.) This approach could itself be 
flawed. however. if one were to fail to 
take into account the mean rating of the 
reviewers in each field. Clearly if there is 
a general tendency in a field to restrict 
the range of evaluations to either high or 
low scores. there would be less chance 
for variations in the ratings. We there­
fore relied on a statistic called the coeffi­
cient of variation. which is simply the 
mean peer-review rating divided by the 
mean standard deviation. In general we 
found that there was a good deal of 
agreement among the mail reviewers in 
all 10 fields and little systematic varia­
tion among the fields. The coefficient of 
variation ranged from a low of .13 in 
economics to a high of .30 in ecology. 

To test further the notion that the 
weak correlations we observed resulted 
from a lack of agreement among the re-
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viewers. we examined the correlations 
between the mean rating received by a 
proposal and several characteristics of 
the applicant. If the weak correlations 
had resulted from a lack of agreement 
among the reviewers. the associations 
between mean ratings and individual 
characteristics would be substantially 
higher. since mean scores are almost in­
variably more strongly correlated with 
any given variable than are individual 
scores. When the mean rating was used 
as the dependent variable in a statistical 
regression analysis. we obtained results 
similar to those obtained in our original 
analysis. The highest correlation was 
found between citations of recent work 
and the mean rating. followed by the 
correlation between past funding histo­
ry and the mean rating. Although this 
method of analysis had the effect of in­
creasing the amount of variance ex­
plained by the characteristics of the ap­
plicants from 11 percent to 16 percent. 
the great bulk of the observed variance 
in the ratings remained unexplained. 
The new analysis supported the conclu­
sion that the weak correlations observed 
were not a result of a lack of agreement 
among reviewers. 

In short. these data suggest that the 
mail reviewers are not strongly influ­
enced by the professional status of an 
applicant in evaluating a proposal. On 
the contrary. they appear to be much 
more likely to be influenced by their per­
ception of the quality of the research 
proposed. One crucial question re-

mained: How is the program director's 
funding decision related to the review­
ers' ratings on the one hand and to the 
characteristics of the applicants on the 
other? 

Critics of the peer-review system con­
tend in effect that the decisions of the 
NSF program directors depend more on 
who you are than on what you propose 
to do. So far our data have tended to 
refute this version of the old-boy hy­
pothesis. Before this refutation can be 
established conclusively. however. we 
must establish that the peer-review rat­
ings are the single most important deter­
minant of the program director's fund­
ing decision and that the characteristics 
of the applicants have little independent 
effect on the outcome. 

The NSF states clearly that the re­
views by either the mail reviewers 

or the panel members are advisory and 
the program director has the final re­
sponsibility for deciding whether or not 
a proposal is to be funded. Our data 
show that the program directors in fact 
rely very heavily on the evaluations of 
the peer reviewers. For example. among 
those applicants who received compara­
tively high mean ratings from the mail 
reviewers 92 percent were awarded 
grants. whereas among those receiving 
low mean ratings only 10 percent got 
grants. Among the group who received 
mean ratings in the middle ranges about 
half were awarded grants. Similarly. 
among those applicants who received 

comparatively high panel ratings 84 
percent were funded. and among those 
who received low panel ratings only 12 
percent were funded [see illustration on 
page 36]. 

What types of scientists were success­
ful in receiving grants from the NSF in 
1975? Of those applicants who obtained 
their degrees from the highest-ranked 
graduate departments 62 percent were 
awarded grants. compared to 38 per­
cent of those who were graduated from 
the lowest-ranked departments. Simi­
larly. 74 percent of the applicants cur­
rently employed in the highest-ranked 
departments were funded. compared 
with 38 percent currently in either un­
ranked departments or nonacademic in­
stitutions. 

Recent NSF funding history and fre­
quency of citations of recent work both 
had a moderate influence on the proba­
bility of receiving a grant. Among appli­
cants receiving the most citations to re­
cently published work roughly three­
quarters were awarded NSF grants; 
among those receiving the least citations 
of recent work less than a third received 
grants. The number of papers published 
and the number of citations of work 
published before 1965 were less strong­
ly associated with the receipt of a grant. 
Other attributes of the applicants. such 
as their professional age or their aca­
demic rank. had a minor effect on the 
probability of receiving a grant. 

The effect of professional age on the 
probability of receiving an NSF grant is 

HIGH RATINGS MEDIUM RATINGS LOW RATINGS 

r�------------�A�---- --------�\r�-- ---- ------�A------------�\r�----------�A ____________ �\ 
100 nr==9r-------------------------r------------------------------,------------------------------, 

HIGH MEDIUM MEDIUM MEDIUM 
(90) HIGH (40) LOW 

(59) (24) 

LOW 
(26) 

HIGH 
(34) 

MEDIUM MEDIUM MEDIUM LOW 
HIGH (62) LOW (56) 
(56) (51) 

HIGH 
(19) 

MEDIUM MEDIUM MEDIUM 
HIGH (48) LOW 
(40) (50) 

NUMBER OF CITATIONS IN 1974 TO WORK PUBLISHED BETWEEN 1965 AND 1974 

LOW 
(64) 

INDEPENDENT EFFECTS of a scientist's past achievements on 
the probability of receiving an NSF grant are represented in this chart 
and the one on the next page. The applicants were divided into three 
groups: those who received comparatively high mean ratings from 
mail reviewers, those who received medium mean ratings and those 

who received low mean ratings. Within each category the probability 
that particular scientists-in this case those with different numbers 
of citations of their recent work-would receive grants was then cal­
culated. The results show that scientists whose work is frequently cit­
ed have a slight competitive advantage in the competition for funds. 
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SIMILAR ACCUMULATIVE ADVANTAGE is indicated, among those scientists whose 
proposals received medium or low peer-review ratings, for applicants who had been funded by 
the NSF in the past five years. Again, a good record appears to produce a slight advantage. 

particularly noteworthy. When we be­
gan our study many scientists indicated 
that they believed it was more difficult 
for younger scientists to obtain NSF 
funds. Our interviews with program di­
rectors. on the other hand. revealed that 
they perceived just the opposite. Be­
cause there is a commitment on the part 
of the NSF to help young. talented sci­
entists get started. several program di­
rectors said that in the case of roughly 
equal peer reviews they would prefer to 
fund younger applicants. As it happens. 
the perceptions of both the applicants 
and the program directors are mistaken. 
The data we have gathered indicate that 
professional age has almost no effect on 
either the peer-review ratings or the final 
funding decision. 

The overall pattern of our data 
suggests that scientists with an es­

tablished track record. many scientific 
publications. a high frequency of cita­
tions. a record of having received grants 
from the NSF and ties to prestigious aca­
demic departments have a higher prob­
ability of receiving NSF grants than 
other applicants do. Nevertheless. the 
granting process is actually quite open. 
and there is nothing" approximating a 
scientific caste system. Even among the 
most frequently cited scientists who ap­
ply for support an appreciable number 
do not receive grants. and among the 
group with the fewest citations to their 
work a significant number do receive 
grants. There is no evidence that scien­
tists who have received grants in the 
past are guaranteed continued support. 
or that those without a past funding rec­
ord have no chance of obtaining current 
NSF funding. Indeed. given the heavy 
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emphasis the NSF places on past per­
formance as one of the two most impor­
tant criteria in evaluating research pro­
posals. it is somewhat surprising that 
measures of past scientific performance 
do not show a stronger influence on the 
probability of receiving a grant. 

It should incidentally be noted that 
the data presented here allow us to an­
sw€r two distinct questions. The first is: 
How well do the social characteristics of 
scientists and their previous record pre­
dict peer-review ratings and the proba­
bility of funding in general. that is. when 
we examine the entire sample of appli­
cants? The second is: Are there substan­
tially different probabilities of receiving 
high ratings or a favorable decision for 
the most eminent applicants compared 
with the least eminent applicants. that is. 
when we compare relatively small sub­
sets of the sample? The answers can be 
different depending on which of these 
two questions we ask. 

For the sample as a whole status dif­
ferences are not good predictors of rat­
ings. Consider a concrete example of 
what we mean by focusing again on the 
relation between the rank of an appli­
cant's current department and the final 
funding decision. First recall that 55 
percent of all 1.200 applicants received 
NSF grants; if one had to predict wheth­
er an individual applicant had received a 
grant. to predict in every case that he 
had received one would make one right 
on 55 percent of the applicants and 
wrong on 45 percent. The question is: 
How does knowledge of the rank of 
an applicant's department increase the 
ability to predict whether he received a 
grant? To estimate this we examine each 
of the five classifications of departmen-

tal rank. In the two bottom categories. 
where a majority did not obtain support. 
we would guess that all applicants did 
not receive grants: in the other three cat­
egories. where a majority received sup­
port. we would do better to guess that all 
received support. That would result in 
correct predictions in 63 percent of the 
cases. When we subtract from this total 
the proportion (55 percent) that we 
would have guessed correctly without 
any information about the individual's 
departmental affiliation. we get an esti­
mate of the increase in predictability 
that results from knowledge of rank of 
department: in this case an increase of 8 
percent. which is not an extraordinary 
increase in predictability. 

Suppose. on the other hand. we want 
to know whether scientists in the high­
est-ranked departments have a better 
chance of receiving NSF support than 
those in unranked departments or in a 
nonacademic setting. If we compare the 
percentage difference between these ex­
treme subgroups. we find a substan­
tial 36-point difference. In other words. 
some percentage differences do appear 
large in the extremes. but that does not 
mean the characteristic is a good predic­
tor of a decision for the entire sample. 
Of the variance that can be accounted 
for in funding decisions. the peer-review 
rating is by far the best predictor. 

The well-documented social process 
referred to by sociologists of science 

as "accumulative advantage" would 
lead one to expect that eminent scien­
tists have a better-than-average chance 
in the competition for NSF funds. Accu­
mulative advantage in this context 
means that a scientist who has been re­
warded at one stage in his career has an 
enhanced probability of being rewarded 
at a later stage. regardless of the quality 
of his scientific work in the interim. The 
concept explains in part the increasing 
inequality in rewards that is observed 
as an age cohort of scientists moves 
through time. 

According to the concept of accumu­
lative advantage. the initial social status 
of a scientist influences the probability 
of his obtaining a variety of forms of 
recognition. including the esteem of his 
colleagues. an association with centers 
of excellence in the academic wotld and 
the resources and facilities necessary for 
productive scientific work. For exam­
ple. young scientists who are trained in 
the best university science departments. 
and particularly those who have been 
apprenticed to leading scientists. have a 
better chance than less well-placed stu­
dents of equal ability to secure first jobs 
at prestigious institutions. Once estab­
lished in these positions they have a bet­
ter chance than their peers to obtain sup­
port for their research. With greater 
support they have an enhanced opportu­
nity for making significant scientific dis­
coveries and publishing the results. And 
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once the results are published they have 
still greater chances for future success. 
To the extent that this process works to 
the advantage of scientists who are ini­
tially well placed in the social system of 
science it also works to the disadvantage 
of their peers who are not so fortunate. 

By taking the mean peer-review rating 
received by an NSF research proposal 
as a rough measure of the quality of the 
proposal we attempted to determine the 
independent effect of a scientist's past 
achievements on his receiving a grant. 
We first divided the applicants into three 
groups: those who received compara­
tively high mean ratings. those who re­
ceived medium mean ratings and those 
who received low mean ratings. Within 
each category we calculated the proba­
bility that scientists who had had differ­
ent numbers of citations of their recent 
work would receive grants. We then 
considered only the group of proposals 
that received the highest peer-review 
ratings. Of this group 100 percent of the 
quintile with the highest number of cita­
tions were awarded NSF grants. In 
the lowest quintile 77 percent received 
grants. This finding leads to two conclu­
sions: (1) the mean peer-review rating is 
a far more important determinant of 
whether a scientist receives a grant than 
is the number of citations of his recent 
work. and (2) within each category of 
mean ratings the number of citations of 
recent work has only a slight influence 
on the probability of approval. 

We next considered the cases of those 
scientists whose proposals received low 
ratings. A substantial majority of all 
the proposals in this category were de­
clined. but the number of citations made 

HIGH RATINGS 

little difference. Within the group of 
proposals that received low ratings 16 
percent of the scientists with the most 
citations received grants. compared with 
3 percent of those who received the few­
est citations. 

The foregoing data offer some limited 
support for the concept of accumulative 
advantage. Scientists whose recent work 
has been frequently cited have a mea­
surable advantage in the competition 
for current funds; this advantage is. 
however. very slight. The process of 
accumulative advantage is somewhat 
more evident among those scientists 
whose research proposals received me­
dium peer-review ratings but who had 
been funded frequently by the NSF in 
the past five years. Among scientists 
whose proposals received medium rat­
ings. for example. 61 percent of those 
who had been funded within the past 
five years were awarded a current grant. 
whereas only 41 percent of those who 
had not received funds from the NSF 
in the past five years were awarded a 
current grant. Clearly a good funding 
record gives rise to a slight competitive 
advantage. 

We also examined the independent ef­
fect of an applicant's current academic 
department on the probability of his be­
ing awarded an NSF grant. Here the sto­
ry was somewhat different. The rank of 
a scientist's current department appar­
ently has almost no effect on the proba­
bility of his receiving a grant indepen­
dent of the peer-review ratings received 
by the applicant's proposal. Of the sci­
entists in the highest-ranked depart­
ments whose proposals rec�ived com­
paratively low ratings 6 percent were 

MEDIUM RATINGS 

awarded grants. a figure no different 
from that found among applicants in 
lower-ranked departments. In the com­
petition for current funds. therefore. a 
scientist's past performance as mea­
sured by citations of his work and his 
recent NSF funding record does lead to 
a very slight accumulative advantage. 
but his academic affiliation does not ap­
pear to give him any advantage. 

The results of our study of the opera­
tion of the peer-review system in the 

basic-research programs of the NSF are 
consistent thus far with other recent 
findings in the sociology of science. 
which suggest that the scientific enter­
prise is an exceedingly equitable. al­
though highly stratified. social institu­
tion in which the individuals who pro­
duce the work that is most favorably 
evaluated by their colleagues receive the 
lion's share of the rewards. Further stu­
dy of the equity of research-fund distri­
bution will address two basic problems 
not yet considered. In the first phase of 
our study we relied on the peer-review 
ratings elicited by the NSF program di­
rectors as an indicator of quality and 
found those ratings were strongly relat­
ed to the actual funding decision; now 
we are submitting proposals to indepen­
dent review panels in order to obtain 
independent appraisals of their quality. 
Finally. having learned that peer-review 
ratings are strong predictors of funding 
decisions. we are interested in whether 
or not they also are good predictors of 
future scientific performance. and so we 
are studying how the ratings and recent 
research performance compare as pre­
dictors of future research performance. 
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NO INDEPENDENT EFFECT was detectable in this similar statis­
tical analysis, which measured the influence of an applicant's cur­
rent academic department on the probability of being awarded an 

NSF basic-research grant. Apparently current academic aftiliation 
does not give an applicant any competitive advantage independent of 
the peer-review ratings that were received by his research proposal. 
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X-Ray Stars in Globular Clusters 
The dense central cores of some such clusters favor the formation 

of X-ray-emitting double stars in which a neutron star or black 
hole accretes matter from a star still consuming its nuclear fuel 

Over the past 15 years X-ray tele­
scopes carried aloft by balloons. 
by rockets and most recently 

by satellite observatories have located 
some 100 highly luminous and variable 
X-ray stars among the 100 billion stars 
that form the disk of our galaxy. A typi­
cal X-ray star radiates thousands of 
times as much power in the X-ray region 
of the spectrum as the sun radiates at all 
wavelengths. With a frequency of oc­
currence of roughly one per billion 
stars. such objects are among the rarest 
and most fascinating of all celestial phe­
nomena. As a result of the relatively 
precise observations provided by X-ray 
telescopes aboard satellites it has now 
been established that at least six variable 
but nonetheless persistent X-ray stars 
are located within globular star clusters 
in the galaxy. . 

Globular clusters are self-gravitating 
systems consisting on the average of 
about 100.000 stars. Some 130 of them 
are known at present and perhaps 70 
more may be hidden from us by inter­
vening dust clouds. They populate the 
galactic "halo": the spherical region that 
is bisected by the disk of the galaxy. All 
told the globular clusters consist of 
some 10 million stars. Thus the presence 
in them of six X-ray stars represents a 
frequency of occurrence of roughly one 
in two million. a ratio 500 times larger 
than that of the X-ray stars in the disk of 
the galaxy. The higher frequency must 
indicate either a much higher rate of for­
mation of X-ray stars in globular clus­
ters or a greater longevity of such ob­
jects. or both. 

More recently the X-ray telescopes 
aboard satellites have discovered more 
than 30 X-ray "bursters": a special kind 
of X-ray star that emits brief but bril­
liant bursts of X rays lasting up to sever­
al seconds. In some cases the bursts 
repeat at fairly regular intervals mea­
sured in hours or days. One unique rap­
id burster emits its bursts in rapid-fire 
sequence at rates as high as several thou­
sand per day. In a typical 10-second 
burst the X-ray flux can exceed a week 
of the sun's total energy flux at all 
wavelengths. Persistent but highly vari-
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able X-ray emissions have been detected 
from several of the slow bursters. thus 
making it quite evident that the bursts 
represent an extreme form of variation 
characteristic of a particular kind of X­
ray star. 

Most of the bursters are located with­
in the galactic disk and are concentrated 
toward the galactic center. Three slow 
bursters have been found. however. to 
lie in globular clusters that were previ­
ously known to contain persistent X­
ray stars. The single rapid burster lies 
in the direction of a previously unknown 
globular cluster that is nearly hidden by 
interstellar dust. Hence the rapid burst­
er brings to seven the number of X-ray 
stars in globular clusters. In the case of 
at least one of the slow bursters located 
within globular clusters the bursts are 
observed only when the more persistent 
X-ray emission is fairly weak. indicating 
that the burster and the persistent source 
are one and the same object. 

The observations made so far of the 
X-ray stars in globular clusters are not 
yet extensive enough to establish wheth­
er or not all of them on occasion emit 
bursts. On the other hand, several of the 
X-ray sources in the galactic disk have 
been observed for many weeks of accu­
mulated time by one or more of the sat­
ellite observatories without evidence of 
bursts. Thus it appears certain that 
some, and perhaps most, of the persis­
tent X-ray stars not located within clus­
ters are also not bursters. It is therefore 
evident that the special circumstances 
that give rise to X-ray stars in globular 
clusters also favor the production of the 
kind that produce bursts. 

What kind of object can generate X 
rays at the prodigious power lev­

els of X-ray stars? One can say with con­
siderable certainty that X-ray stars are 
dense remnants of stars that have ex­
hausted their supply of nuclear energy 
and have collapsed under the attractive 
force of their own gravity. Their X-ray 
emission arises from a process of accre­
tion in which the gravitational potential 
energy of matter falling toward the col­
lapsed star is converted into heat at tem-

peratures of many millions of degrees 
and radiated as X-ray photons, which 
have energies lying mostly between 
1,000 and 50,000 elecltron volts (be­
tween one and 50 KeY). Hence in order 
to make an X-ray star nature must com­
bine a dense stellar remnant and a sup­
ply of matter that feeds the accretion 
process at an appropriate rate. 

Both constituents are provided by a 
binary system consisting of a star still 
burning its nuclear fuel in close proxim­
ity to a burnt-out collapsed star. Under 
certain conditions matter will flow from 
the nuclear-fuel-burning star over to the 
compact star to sustain the accretion 
process. X-ray bursts may be caused by 
periodic interruptions in the flow of 
matter, which could pile up and then 
suddenly be dumped onto the surface of 
the collapsed partner. The dense mem­
bers of these partnerships are either neu­
tron stars, objects about as massive as 
the sun but only about 10 kilometers 
in radius, or black holes, objects that are 
entirely contained within a critical radi­
us at which the gravitational field is so 
intense that not even light can escape 
from it. The critical radius for a body of 
one solar mass is about three kilometers, 
and it is proportionately larger for more 
massive objects. 

Although the existence of black holes 
remains a matter of controversy, there 
seems to be no other way for a body of 
sufficient mass and sufficiently low an­
gular momentum to escape an ultimate 
collapse into a black hole. As we shall 
see, the evidence is clear that some X­
ray stars are rotating neutron stars with 
powerful magnetic fields that control 
the flow of accreting material. thereby 
causing extremely regular and reveal­
ing pulsations in their X-ray emission. 
Some X-ray stars show no regular pulsa­
tions whatever and may be neutron stars 
with weak or negligible magnetic fields 
or may be black holes. Such is the case 
with the X-ray stars in globular clusters. 
Thus the study of such objects yields 
information both about the nature of 
nonpulsating X-ray sources and about 
the evolution of the clusters where they 
are most abundantly created. 
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Globular star clusters are .the oldest 
and among the most beautiful objects in 
the galaxy. They have also played a cru­
cial role in the effort to define the size 
and shape of the galaxy as a whole. They 
were first recognized to be gravitational­
ly bound systems of stars by William 
Herschel in the 1780·s. A century later 
Solon I. Bailey discovered many stars in 
the outer regions of several nearby glob­
ular clusters that vary periodically in 

brightness. Variables with regular peri­
ods on the order of a day constitute the 
well-known class called RR Lyrae varia­
bles. Since they all have nearly the same 
average luminosity they are useful as 
standard candles for distance measure­
ments. Using the RR Lyrae variables in 
globular clusters as an index of distance. 
Harlow Shapley concluded in 1917 that 
the clusters are distributed more or less 
spherically around a point in the Milky 

Way lying in the direction of the con­
stellation Sagittarius. Shapley proposed 
that the center of the halo of globular 
clusters is also the center of the entire 
galactic system. 

Shapley's work laid the foundation for 
the present view that the globular 

clusters were formed 10 to 13 billion 
years ago during the gravitational col­
lapse of the protogalaxy. a vast cloud of 

BRIGHTEST OF SEVEN X-RAY STARS discovered in seven dif­
ferent globular clusters lies within the error circle, 20 arc seconds in 
radius, inscribed on this negative print of a photograph made with the 
48-inch Schmidt telescope on Palomar Mountain. The cluster is NGC 

6624; the X-ray star within it is 3U 1820-30. Such clusters each con­
sist of some 100,000 stars. The position of 3U 1820-30 was deter­
mined by the Third Small Astronomy Satellite (SAS-3). Center of 
the cluster is packed with stars, as is shown in the illustration below. 

CENTRAL CORE of the globular cluster NGC 6624 appears in this 
high-resolution short-exposure photograph that was made by William 
Liller of the Harvard College Observatory with the four-meter re­
flector of the Cerro Tololo Inter-American Observatory in Chile. A 
dozen red-supergiant stars are crowded into a region that is only 10 
arc seconds in diameter. At the cluster's estimated distance of 20,000 

light-years that angular diameter corresponds to one light-year. For 
every red supergiant there are probably some 200 stars that are too 
faint to register in the photograph. Thus the estimated density of the 
stars at the core of the cluster is such that their mass per cubic Iight­
year would be 3,000 times the mass of the sun. Such a density of stars 
would be a million times the density of stars in the vicinity of the sun. 
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GALACTIC NUCLEUS 

SCHEMATIC VIEW OF OUR GALAXY shows how globular star clusters (color) populate a 
spherical "halo" around the ceutral disk of the galaxy (seen here from the edge). A typical glob­
ular cluster completes oue orbit around the center of the galaxy in about 300 million years. On 
each passage through the disk the cluster is swept free of accumulated gas .and dust. The diam­
eter of the disk is some 100,000 light-years. The sun is 27,000 light-years from center of disk. 

12,000 10,000 8,000 6,000 
SURFACE TEM PERATURE (DEGREES KELVIN) 

4,000 

TEMPERATURE-LUMINOSITY DISTRIBUTION of the stars in a typical globular clus­
ter is plotted on a Hertzsprung-Russell (H-R) diagram. A star begins its life on the "main se­
quence" of the diagram, "burning" by thermonuclear reactions the hydrogen in its core. It re­
mains on the main sequence as long as the supply of hydrogen in its core lasts. When the hy­
drogen is gone, having been converted by the thermonuclear reactions into helium, the star 
moves off the main sequence and travels rapidly up the red-giant branch of the diagram, burn­
ing the hydrogen that remains in its outer shell. At the tip of the red-giant branch the helium 
in the core of the star becomes hot enough to burn, generating a violent "helium flash," after 
which the star shows up on the horizontal branch. Later it will enter the asymptotic branch, 
burning hydrogen and helium in separate shells. Many stars blow off outer layers and end up 
as white dwarfs or neutron stars (off chart at lower left). A few may become black holes. 
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gas consisting of hydrogen and helium. 
As the proto galactic cloud contracted 
local regions of higher density became 
self-gravitating and condensed within a 
relatively short time into globular star 
clusters. each consisting of millions of 
stars. Once the clusters were formed 
they moved through the protogalactic 
cloud as coherent bodies in orbits deter­
mined by the general gravitational field 
of the galaxy and with orbital periods of 
several hundred million years. As they 
picked up speed in their orbital motion 
they were stripped of all matter that had 
not already condensed into stars. Thus 
no new stars appeared after the initial 
burst of star formation; the range of 
ages of the stars in a given globular clus­
ter may be no more than a few tens of 
millions of years, or less than I percent 
of their total age. The remaining gas of 
the proto galactic cloud continued to 
contract, and within a time comparable 
to the orbital period of a cluster it col­
lapsed into a thin rotating disk within 
which formed the stars of the Milky 
Way. The clusters continued to move in 
large orbits that fill the region where 
they were born. the spherical halo of 
the galaxy. 

Much of the initial mass of the globu­
lar clusters has been lost. Even within 
the first galactic orbital period every star 
with a mass of more than several solar 
masses completed its life cycle and ex­
ploded as a supernova that spewed out 
the heavy elements that had been syn­
thesized by thermonuclear reactions in 
its core. This material contaminated the 
primordial hydrogen and helium of the 
contracting protogalactic cloud with ap 
increasing concentration of the heavier 
elements, with the result that the clus­
ters formed later and now lying closer to 
the center of the galaxy are enriched in 
those elements. 

The less massive stars that initially 
populated the original clusters, stars 
with a mass down to about the mass of 
the sun, completed their life cycle with­
out exploding. ultimately evolving into 
white-dwarf stars. The stars of very low 
mass and bodies the size of the planet 
Jupiter and smaller were swept out of 
the clusters by tidal forces as they 
passed repeatedly through the galactic 
disk or were ejected by a process akin to 
evaporation in which stars acquire es­
cape velocity through random gravita­
tional interactions with other stars in the 
cluster. There is reason to believe that a 
substantial fraction of the entire mass 
of the galaxy is in the form of such low­
mass stars, either faint or nonluminous, 
that were once in globular clusters. 
What is left in a typical cluster is a total 
mass equal to the mass of about 100.000 
suns. mostly in the form of stars of .4 
to . 8  solar mass that are still burning 
their nuclear fuel. The rest of the clus­
ter consists of faint or optically non­
luminous remnants of the more mas­
sive stars that consumed their nuclear 
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fuel and collapsed. X-ray observations 
have now begun to provide direct in­
formation about some of these dense 
and optically dark members of globu­
lar clusters. 

Let us now examine in more detail the 
processes of star formation and evolu-

tion in order to see how X-ray stars can 
arise both within the galactic disk and 
within globular clusters. Star formation 
begins with the contraction of a proto­
stellar cloud of gas and dust. In the ga­
lactic disk about half of the stars are 
born single. The rest are born as double 

or multiple systems. In most cases the 
members of such systems are far enough 
apart for them to evolve as single stars, 
unaffected by their companions. Some 
binary stars are so close together, how­
ever, that the evolution of both is drasti­
cally altered by the transfer of matter, 

DISTRIBUTION OF GLOBULAR CLUSTERS is shown in an all� 
sky map plotted in galactic coordinates. Some 130. globular clusters 
are known. Presumably another 70 or so are hidden from view by the 

CYG N U S  X·1 

CASSIOPEIA A 
CYG NUS X·2 

NG C 7078 
X-RAY MAP OF SKY was made by computer with data obtained 
with the Massachusetts Institute of Technology's X-ray detector 
aboard the Seventh Solar Orbiting Observatory (OSO-7). The detec­
tor has a three-degree field of view, so that the images of pointIike 
sources appear as blurred circles with three-degree radii. Many of the 
X-ray sources are binary systems in the galaxy proper, in which one 
member is either a neutron star or possibly a black hole, for example 
Hercules X-I, Scorpius X-I, Cygnus X-I, Cygnus X-2, Centaurus 

dust in the galactic disk. The seven clusters containing X-ray s tars  
are circled in color. The four clusters from which bursts of X rays 
have now been detected are marked additionally with a colored cross. 

CRAB NEBULA 

CLOUD OF MAGELLAN 

X-3 and 3U 0900-40. The Crab Nebula and Cassiopeia A are nebu­
lous supernova remnants that emit X rays; they are also within our 
galaxy. X-ray sources have also been detected in two neighboring gal­
axies: the Small and Large Clouds of Magellan. In the constellations 
Virgo, Perseus and Coma are clusters of galaxies 30 million to 200 
million light-years away that contain detectable X-ray-emitting gal­
axies and intergalactic matter. The six sources that are labeled with 
NGC numbers are in globular clusters in our galaxy, as is Liller 1. 
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STAR A STAR B 

I. AG E: Z ERO 

2. AG E: 6.2 M ILLION YEARS 

3. AG E: 6.8 M ILLION YEARS 

EVOLUTION OF A CLOSE BINARY SYSTEM' is believed to follow the scheme depicted 
here. At the outset star A and star B, botb still on tbe main sequence, are massive members of 
a typical binary system. Because star A is mucb more massive (20 solar masses) tban star B 
(eigbt solar masses) it rapidly consumes tbe bydrogen in its core, starts burning helium, turns 
off the main sequence and expands into a red giant. After 6.2 million years mass from star A 
begins to overflow its Rocbe lobe (tbe limit at wbicb its matter is gravitationally bound) and is 
accreted by star B. After 6.8 million years star A explodes as a supernova, leaving bebind a 
neutron star. After 10.4 million years star B bas become a supergiant and begins emitting mass 
in tbe form of a strong stellar "wind," part of wbicb is accreted by tbe neutron star. Tbe in­
falling mass gives up energy in tbe form of X rays. Tbis scbeme is based on computations 
tbat were made by Camiel de Loore and Jean-Pierre de Greve of the University of Brnssels. 
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and under certain conditions such a bi­
nary system can become a powerful x­
ray source. First, however, let us trace 
the evolution of single stars. 

Aprotostellar cloud contracts at a rate 
that is regulated initially by the 

transformation of gravitational en!!rgy 
. into heat. Eventually, however, the tem­

perature and pressure at the core of the 
contracting cloud become high enough 
to initiate the fusion reactions that con­
vert hydrogen nuclei into helium nuclei. 
The resulting release of nuclear energy 
effectively halts the contraction of the 
star and causes its temperature and den­
sity to settle into a nearly steady state 
characterized by a particular combina­
tion of surface temperature and total lu­
minosity determined primarily by the 
total mass of the star. 

A chart plotting surface temperature 
against luminosity for many stars of dif­
ferent masses that are burning hydrogen 
in their core shows them clustered along 
the line known as the main sequence of 
the Hertzsprung-Russell, or H-R, dia­
gram .. The more massive a star, the fast­
er it evolves and the greater are its lumi­
nosity and surface temperature. 

During the core-burning phase the po­
sition of a star in the H-R diagram 
moves only a small distance upward 
along the main sequence, so that the cor­
respondence between initial mass and 
position along the main sequence de­
pends only slightly on age. When all the 
hydrogen in the core of the star is con­
sumed, the star enters a period of com­
plex adjustments in its temperature and 
density and begins to burn the hydrogen 
in a shell around the core. During this 
phase helium continues to accumulate 
in the core, the rate of energy produc­
tion increases, the outer envelope ex­
pands, the surface temperature decreas­
es and the star becomes a red giant. 
When such a star is plotted on the H-R 
diagram, it turns off the main sequence 
and moves rapidly up and to the right 
along the red-giant branch. 

Having spent perhaps 90 percent of 
its total nuclear-fuel-burning life sitting 
quietly on the main sequence, the star 
now undergoes drastic changes in the 
processes by which it generates nuclear 
energy, climaxed by violent disruptions 
of its structure. Finally all that is left is 
an expanding nebula of ejected gas and 
a dense remnant of fusion products that 
has exhausted its available nuclear ener­
gy. Without an internal source of energy 
the remnant loses the pressure of ther­
mal agitation and radiation and shrinks 
to a state of extremely high density. 

The first example of a dense remnant 
star was discovered in 1862 by Alvan 
Clark, the leading telescope maker of 
his time. During a factory test of a new 
18'12-inch lens, the largest yet made, he 
caught a glimpse of a faint star lying 
close to Sirius, the brightest star in the 
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sky. while Sirius itself was hidden by the 
edge of a distant building. The faint ob­
ject. only a ten-thousandth as bright as 
Sirius. turned out to be a binary com­
panion of Sirius whose existence had 
been inferred by Friedrich Bessel in 
1844 from measurements of perturba­
tions in the bright star's motion. Analy­
sis of the orbits showed that the com­
panion. Sirius B, is almost as massive as 
the sun. even though it is only .2 percent 
as bright. When Walter S. Adams 
showed in 1914 that the spectrum of Sir­
ius B is that of a white-hot star. it be­
came clear that the star is faint because 
it is small. roughly the size of the earth. 
Thus the density of Sirius B is more than 
100 kilograms per cubic centimeter. 

R. H. Fowler explained the structure 
of Sirius B and other white dwarfs in 
1926 on the basis of the newly invented 
quantum mechanics. His theory in­
voked the Pauli exclusion principle. 
which limits the density at which elec­
trons with a momentum less than some 
specified value can be packed into a giv­
en volume of space. At this limiting den­
sity the electrons are said to be in a state 
of degeneracy. Fowler suggested that 
white dwarfs are compressed by gravity 
to the limiting density for electrons and 
that such stars are in effect supported 
against further contraction by the pres­
sure of their degenerate electrons. The 
detailed theory. published by Subrah­
manyan Chandrasekhar in 193 1. 
showed that this source of support is sta­
ble up to a critical mass of 1.4 solar 
masses for a degenerate dwarf com­
posed of helium or carbon. Because of 
its small surface area such a star can 
continue to shine as a faint but visible 
white dwarf for billions of years on the 
strength of its stored heat. 

I f a degenerate core should exceed the 
Chandrasekhar limit. it will collapse. 

What happens next was suggested in 
193 3 by Walter Baade and Fritz Zwicky. 
who were searching for an explanation 
of supernovas. which for a brief period 
shine as brightly as entire galaxies. They 
proposed that such' an explosion is 
caused by the collapse of an overmas­
sive stellar core in the last stage of its 
evolution and that the collapse causes 
the electrons and hydrogen nuclei (pro­
tons) to combine into neutrons. thus cre­
ating a neutron star. Since neutrons also 
obey the Pauli principle. they too can 
assume a degenerate state. and hence 
they can prevent the star from collaps­
ing further. A neutron star of one solar 
mass becomes stable at a radius of about 
10 kilometers and a density of some 1014 
grams per cubic centimeter. 

The gravitational potential energy re­
leased by the contraction of matter dur­
ing the formation of a neutron star is 
converted partly into rotational kinetic 
energy as the collapsing star spins faster 
and faster to conserve its angular mo-
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MASS-RADIUS RELATION for a ball of cold iron (upper diagram) follows a straight line up 
to a mass of about 1030 grams. The region between 1031 and 3 X 1033 grams, shown en­
larged in the lower diagram, is occupied by white-dwarf stars, which are supported against col­
lapse primarily by the pressure of electrons in the "degenerate" state, a quantum-mechanical 
concept that explains why electrons densely packed together with a certain limited amount of 
energy resist further compression. The addition of mass beyond 3 X 1033 grams (1.4 solar 
masses) causes the electrons to combine with protons to form neutrons, giving rise to a neutron 
star. It too is supported against collapse by degeneracy of its constituent particles. Theory indi­
cates that no stable state exists for objects beyond three solar masses and that addition of mass 
beyond a critical value will cause a neutron star to collapse into a black hole. Lower diagram is 
based on a discussion of dense states of matter by Steven Weinberg of Harvard University. 
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mentum. A comparable amount of en­
ergy escapes in a blast of neutrinos and 
in the catastrophic expansion of the 
star's outer envelope, which forms the 
typical expanding cloud of a supernova 
remnant. The energy stored in the rota­
tion of the neutron star escapes gradual­
ly in streams of high-energy particles. 

In some way not yet understood the 
streaming particles generate beams of 
electromagnetic radiation, which as the 
neutron star rotates are observed as the 
characteristic periodic signal of a pul­
sar. Some 150 pulsars have been discov­
ered in the past 10 years. The fastest one 
rotates 30  times per second and is the 
stellar remnant of the supernova that 
gave rise to the Crab Nebula. Any ob­
ject that is held together exclusively by 
its own gravity will fly apart at such a 
rotation rate unless its density exceeds 
1012 grams per cubic centimeter. (Ter­
restrial objects such as tops and fly 
wheels that rotate more rapidly are held 
together by much stronger electromag­
netic forces.)  Since 1012 grams per cubic 
centimeter is more than a million times 
the density of a typical white dwarf. 
there is no doubt that the Crab pulsar is 
a neutron star. Considering the rate at 
which such events occur in our galaxy 
one must conclude that several hun­
dreds of millions of neutron stars have 
formed and are now drifting about in 
the galactic disk, invisible except for the 

few that are close enough and young 
enough to be detected as pulsars. 

The behavior of matter in aggrega­
tions from which all available nuclear 
energy has been extracted can be sum­
marized by plotting the radius of a 
spherical body against its mass [see illus­
tration on preceding page]. For the sake of 
simplicity one can consider aggrega­
tions of iron, which lies at the bottom of 
the curve of nuclear binding energy, in­
dicating that no more nuclear energy 
can be extracted at any temperature or 
pressure. From iron "BB" pellets to iron 
planets there is little deviation from the 
curve for constant density. When the 
mass exceeds .01 solar mass, however, 
there is substantial compression, and the 
radius actually decreases from about 
20,000 kilometers to about 10,000. This 
is the mass range of the white dwarfs. At 
the Chandrasekhar limit, which for iron 
is at 1.2 solar masses, the curve is flat 
and there is no stable radius in its vicini­
ty above or to the left. A degenerate 
stellar core that grows beyond this mass 
must collapse to the regime of neutron 
stars described by a curve ranging 
downward from a radius of a few hun­
dred kilometers to one of less than 10 
kilometers, corresponding to a mass 
ranging upward from .1 solar mass to a 
few solar masses. 

Above two solar masses there are 
only unconfirmed extensions of theory. 

NUCLEAR-FUEL-BURNING NEUTRON STAR 
STAR 
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POTENTIAL-ENERGY PLOT OF X-RAY BINARY depicts two potential wells: a broad, 
shallow one containing the mass of the star still in the nUclear-fuel-burning stage, and a nar­
row, deep on4; containing the mass of the companion neutron star. Any matter that falls from 
the surface of the large star into the potential well of the neutron star acquires 100 million elec­
tron volts of kinetic energy per proton, which can be released as heat and radiated as X-ray 
photons with energies of 1,000 to 100,000 electron volts. The protons spiral inward as they fall. 
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Calculations by J. Robert Oppenheimer 
and G. M. Volkoff, based on the general 
theory of relativity, placed an upper 
limit of .7 solar mass on the mass of a 
degenerate star composed of noninter­
acting neutrons. More recent calcula­
tions that take into account the interac­
tions of neutrons raise the upper limit to 
about three solar masses. The most per­
suasive theory predicts that a degener­
ate star with a mass in excess of this limit 
that is entirely depleted in nuclear ener­
gy will collapse to a black hole with a 
radius in kilometers that is approxi­
mately equal to three times the ratio of 
its mass to one solar mass. 

This, then, is the general scheme of 
stellar evol ution that can lead to the 

formation of isolated white dwarfs, neu­
tron stars and possibly black holes. Be­
fore considering how such objects are 
implicated in the formation of X-ray 
stars, we must consider two important 
questions. How old are the stars in clus­
ters? What is the range of masses for 
main-sequence stars that evolve into 
neutron stars? 

Answers to the first question began to 
emerge in the 1950's, when advances in 
electronic computers made feasible the 
numerical modeling of stellar structure. 
Since one cannot directly observe the 
interior of a star (except perhaps the 
sun, whose internal processes are being 
studied through attempts to measure the 
flux of solar neutrinos), one must extract 
from such a model a prediction of exter­
nal appearances that can be checked 
against the observable properties of 
stars: mass, luminosity, surface temper­
ature, surface composition and age. The 
ideal places to check such predictions 
are in star clusters, both the ancient 
globular clusters found primarily in the 
galactic halo and the younger, smaller 
and rather amorphous clusters found in 
the regions of active star formation in 
the galactic disk. 

The important property of a cluster 
for this purpose is that its stars were all 
formed at nearly the same time from 
material of nearly the same composi­
tion. Thus the differences between the 
observed external properties of the stars 
in the duster are due largely to differ­
ences in their initial masses. Since the 
rate of evolution increases with mass, 
the H-R diagram of a cluster is in effect a 
stop-action display of the evolutionary 
states of many stars of the same age and 
composition but different initial masses. 
The test of a model is whether the H-R 
diagram of stars computed with various 
initial masses can be fitted to the H-R 
diagrams of real clusters by adjusting 
the age and the initial composition. Cal­
culations carried out in the 1960's by 
Icko Iben, Jr., and Robert T. Rood 
showed that the H-R diagram of model 
stars satisfactorily fits the H-R diagram 
of stars in typical globular clusters if it is 
assumed that the stars have an age of 13 
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billion years and an initial composition 
-----">. O· - ----------',�8 of hydrogen mixed with 29 percent heli- -______ . 7' 

um and .1 percent heavier elements. Ac-
cording to Iben and Rood's model. glob-
ular cluster stars of .8 solar mass reach 
the turnoff point on the main sequence 
at an age of just under 10 billion years. 

Theoretical and computational prob­
lems still leave a large uncertainty in the 
range of the initial masses of stars that 
are the progenitors of neutron stars. A 
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lower limit is obtained from the obser-

0 
vation that there are white dwarfs in the 
Hyades, a nearby galactic cluster whose 
brightest members form the V in the 
constellation Taurus. In this cluster one 
finds main-sequence stars up to four so­
lar masses, which implies that white 
dwarfs are descended from stars with 
initial masses up to some value greater 
than four solar masses. Model computa­
tions show that the nuclear-fuel-burning 
life of a star of four solar masses is less 
than 1 00 million years. 

/ \ / \ I ' /  I 
/ ....... ----....... I I I 

I I 

Tet us turn now to massive "close" bina­
L ry systems, where the transfer of 
matter influences the evolution of the 
two companions. Early in their life the 
companions evolve as isolated stars 
with minor perturbations, if any. Each 
star is contained within its own well of 
gravitational potential. There is a radi­
cal change, however, when star A, the 
more massive member of the close bina· 
ry pair, ends the stage in which it is burn­
ing the hydrogen in its core and begins 
burning the hydrogen in its shell. As we 
have seen, the star then turns off the 
main sequence and expands as it ascends 
the red-giant branch of the H-R dia­
gram. At some point the outer envelope 
of star A overflows the potential barrier 
that separates it from its partner, star B, 
and mass is transferred to star B on a 
grand scale. The result is that star A is 
stripped of its outer envelope, leaving 
only its highly evolved core to continue 
to the later stages of evolution and su­
pernova explosion. 

Meanwhile star B. having inherited 
the envelope of star A. now has suffi­
cient mass to hold the system together 
through the eventual supernova explo­
sion. Thereafter the system is a binary 
consisting of star B and the remnant of 
star A. which is now a neutron star in the 
company of its newly massive compan­
ion. Star B continues to evolve and soon 
begins to feed matter back onto the neu­
tron star by emitting high-speed parti­
cles (the stellar "wind") or by expanding 
until its envelope overflows its gravity 
barrier. On this reverse trip matter is 
drawn into the gravitational potential 
well of star A. which is now so deep that 
a freely falling proton would arrive at 
the surface of the neutron star with a 
kinetic energy of more than 100 million 
electron volts (100 MeV). This energy is 
14 times the energy released per proton 
when hydrogen and helium fuse. In­
deed. the process is so efficient that an 
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ONE MODE OF BINARY-STAR FORMATION in tbe dense cores of globular clusters visu­
alizes tbe capture of a typical nuclear-fuel-burning star (c% r) by a neutron star or a black 
bole. During a close approacb of tbe two stars tbe tides raised dissipate enougb of tbe mecban­
ical energy of tbe pair to leave tbe two objects bound in orbit. Tidal losses at subsequent ap­
proaches cause original eccentric orbit to become more and more circular. Tbis kind of capture 
is proposed by Andrew Fabian, James Pringle and Martin Rees of University of Cambridge. 

accretion rate of only one solar mass per 
billion years is sufficient to provide all 
the power radiated by a typical high-lu­
minosity X-ray star. Moreover. at this 
low rate of accretion the density of the 
in flowing material is small enough to al­
low X rays emitted near the neutron star 
to escape from the system with little loss 
by absorption on their way out. Scenar­
ios such as this one have been intensive­
ly studied by Edward P. J. van den 
Heuvel and his co-workers at the Uni­
versity of Amsterdam and by several 
other groups. Their work provides plau­
sible explanations for a wide variety of 
X-ray stars that are found outside glob· 
ular cl usters. 

Actually the flow of accreting matter 
toward a neutron star is retarded by 
shock waves, magnetic fields. centrifu­
gal forces and radiation pressure. In­
stead of falling radially inward the mat­
ter forms a rotating "accretion disk" of 
hot plasma: a gas of charged particles. 
The material spirals inward through the 
accretion disk and is finally guided to 
the surface at the magnetic poles of the 
neutron star. with each proton losing its 
energy not to a single 100- MeV gamma 
ray but ultimately to many X rays with 
energies mostly in the range below 20 
KeV. The magnetic poles are usually 

not on the axis of rotation. so that the 
regions of intense X-ray emission rotate 
off-axis. As a result the X-ray emission 
seems to pulse periodically when it is 
observed from a distance. The detailed 
study of these pulsations has left no 
doubt that the X-ray sources are rotat­
ing magnetized neutron stars. 

The pressure of radiation flowing out­
ward from an accreting neutron star 
controls the rate of accretion. The force 
of gravity on a uniformly in flowing plas­
ma is balanced by radiation pressure if a 
star of one solar mass is 50.000 times 
more luminous than the sun. At a higher 
luminosity such a star would blow off its 
outermost shell. The limitation that this 
effect places on the luminosity of mas­
sive stars was pointed out by A. S. Ed­
dington in the 1 920's. The relevance of 
the Eddington limit to the accretion rate 
of X-ray stars is complicated by the 
probable channeling of accretion flows 
and by directional variations in the 
emission of X rays. Nevertheless, the 
most luminous X-ray stars tend to 
crowd the Eddington limit for stars of 
one solar mass, indicating that they are 
accreting matter at close to the maxi­
mum allowable rate. If the accretion 
rate exceeds the limit at which the gener­
ated radiation can escape or the excess 
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ALTERNATE CAPTURE MECHANISM proposed by Jack Hills 
of the University of Cambridge resembles the exchange collisions 

observed in nuclear reactions. Incoming neutron star or black hole 
displaces low-mass star in a binary system. Displaced star flies off, 

matter can be blown away, the matter 
must pile up around the neutron star 
and smother its X-ray emission, 

The notion that X-ray stars are neu­
tron stars accreting matter in binary 

systems was first published by I. S, 
Shklovskii in 1967 in an attempt to ex­
plain the phenomena associated with 
Sco X-I, an X-ray star in the constella­
tion Scorpius discovered five years earli­
er in a rocket observation made by Ric­
cardo Giacconi and his associates at 
American Science and Engineering, Inc, 
In 1965 the American Science and Engi­
neering group, working in collaboration 
with the X-ray-astronomy group at the 
Massachusetts Institute of Technology 
and optical astronomers at the Hale Ob­
servatories and in Tokyo, had identified 
the optical counterpart of Sco X-I as a 
faint variable blue star, No clear indica­
tion of a binary system, however, was 
perceived in either the X-ray or optical 
behavior of Sco X-I until quite recently, 
Meanwhile the First Small Astronomy 
Satellite (Uhuru), launched in 1970 and 
carrying an X-ray observatory devel­
oped under the direction of Giacconi, 
discovered four binary X-ray sources. 
They were unmistakable because one 
companion regularly eclipsed the other 
as the two traveled around each other. 
Moreover, two of the binaries pulsed 
with periods that showed Doppler varia­
tions due to binary orbital motion. More 
than a dozen pulsating X-ray binaries 
are now known, with a remarkable vari­
ety of pulsation rates, orbital periods, 
eclipse characteristics and variations in 
luminosity. This variety appears to be 
explainable in terms of the available 
ranges in the initial characteristics of the 
binary systems: the masses of the two 
companions and their orbital elements. 

One characteristic all the eclipsing X­
ray binaries share is youth. None can be 
much older than the sum of the main-se­
quence ages of two stars of which one 
has an initial mass large enough (greater 
than four solar masses) to give rise to a 
neutron star and the other an effective 
initial mass equal to what the secondary 
star has attained at the end of the first 
episode of mass transfer. In general this 
implies an age of less than a few hun­
dred million years, so that such systems 
could not have survived the 13 billion 
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years that have passed since stars began 
to form in the globular clusters. There­
fore the sequence of events in binary 
evolution that provides such a plausible 
explanation for the variety and frequen­
cy of X-ray stars in the galactic disk 
does not hold for the X-ray stars in 
the globular clusters, except perhaps 
for an extremely narrow and improba­
ble range of starting condjtions. 

I became aware of this dilemma in 
1975, when my colleague and then grad­
uate student, Thomas H. Markert, dis­
covered that the X-ray sky survey map 
he was preparing from satellite data 
showed a previously unreported X-ray 
source at a position far from the galactic 
plane and coincident with the globular 
cluster NGC 1851. The data had been 
gathered with an X-ray detector that the 
M.I.T. X-ray-astronomy group had de­
veloped for the Seventh Orbiting So­
lar Observatory (OSO-7), which was 
launched in September, 1971. 

One of our goals was to prepare a 
comprehensive map of the sky at X-ray 
wavelengths. A similar survey had al­
ready been carried out with Uhuru and 
had been published in 1974 in the form 
of an extensive list of X-ray sources: 
the "3 U" catalogue. Among the entries 
were several variable sources identified 
with globular clusters. Our survey with 
OSO-7 confirmed three of them and dis­
covered two more. 

These five objects clearly constituted 
a class of X-ray stars that did not fit the 
evolutionary scheme that explained the 
other X-ray binaries. Jonathan Katz of 
the Institute for Advanced Study had 
previously pointed out that the ratio of 
X-ray luminosity to mass of all globular 
clusters taken together was at least two 
orders of magnitude greater than the 
same ratio for the galaxy as a whole. 
Now we could count five X-ray sources 
among the estimated 107 stars in globu­
lar clusters compared to roughly 100 X­
ray sources among the total of 1011 stars 
in the entire galaxy. Thus the preferen­
tial occurrence of X-ray stars in the 
globular-cluster star population, which 
I noted at the beginning of this article, 
became even more impressive. The 
problem was therefore to find not only 
some new explanation for the origin of 
X-ray stars in globular clusters but also 
one that would account for their much 

greater relative frequency of occur­
rence. 

The concept of an X-ray star as an 
ultradense stellar remnant powered by 
accretion is so compelling that it was 
reasonable to assume that the same ba­
sic mechanism was involved in the glob­
ular-cluster X-ray sources. Many neu­
tron stars and possibly black holes must 
have been left by the more massive and 
shorter-lived stars that were born when 
the clusters first formed. Some of the 
neutron stars may have been hurled out 
of their cluster by the violence of the 
supernova that created them, but many 
undoubtedly remained gravitationally 
bound, although perhaps initially in or­
bits of large amplitude. 

In general the mechanical energy of 
the stars in a globular cluster tends to be 
distributed equally among the stars, as it 
does among molecules of a gas in a 
closed container. Moreover, the larger 
the mass of a star of given energy, the 
smaller is the mean distance between the 
star and the center of the cluster. Hence 
the remnant neutron stars and black 
holes, being more massive than the aver­
age star, must have congregated near the 
center of the cluster as their energies 
reached equilibrium. There they have 
remained for billions of years, dark ob­
jects waiting to be turned on as X-ray 
stars by acquiring a source of material 
for accretion. 

The most likely hypothesis concern­
ing the source of accretion material 

is in a sense the most obvious one: the 
material must be supplied by binary 
companion stars that are still in the nu­
clear-fuel-burning stage. Since, as we 
have seen, such companions cannot 
have survived from the time the stars in 
the cluster were born, they must have 
been acquired by capture, It turns out 
that six of the seven clusters that contain 
X-ray stars or bursters, or both, are 
among the 20 clusters with the highest 
central density, which would appear to 
favor capture processes capable of cre­
ating binaries in their core. 

In principle two stars can capture 
each other through a close encounter 
among three stars in which one carries 
away so much kinetic energy that the 
remaining two are left closely bound. 
Even in the densest globular-cluster 
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core. however. the frequency of close 
encounters between two stars is small. 
and the frequency of encounters among 
three stars is so small that none could be 
expected in the I 3-billion-year life of a 
cluster. 

Two mechanisms requiring only en­
counters between two stars were soon 
proposed for the creation of capture bi­
naries. One. put forward by Andrew Fa­
bian. James Pringle and Martin Rees of 
the University of Cambridge. rests on 
the fact that the stars in a globular clus­
ter. considered as particles in a gravita­
tional trap. are relatively "cool" in their 
kinetic motions. Thus the dissipation of 
even a small fraction of the total kinetic 
energy of two stars that experience a 
close encounter with each other can re­
sult in their mutual capture. If a star 
burning nuclear fuel has a close encoun­
ter with a neutron star or a black hole. a 
tide will be raised on the nuclear-fuel­
burning star that dissipates mechanical 
energy. In a certain range of circum­
stances enough energy will be dissipated 
for the two objects to become gravita­
tionally bound to each other. initially in 
a highly elliptical orbit with a small 
distance of closest approach. Tidal los­
ses of mechanical energy at succeeding 
close approaches will gradually grind 
the orbit down to a nearly perfect circle 
with a radius small enough to favor the 
efficient transfer of mass at a later time. 
The stage is now set for a long wait until 
the nuclear-fuel-burning star evolves off 

the main sequence. expands and begins 
to pour matter into the gravitational 
well of its compact and formerly dark 
companion. 

The other capture mechanism. 
worked out by Jack Hills at the Univer­
sity of Cambridge. is analogous to the 
exchange collisions known in atomic 
physics. Hills analyzed by computer 
simulation many close encounters be­
tween. on the one hand. a primordial 
close binary system consisting of two 
low-mass stars typical of the main-se­
quence population in globular clusters 
and. on the other. a heavy stellar rem­
nant such as a neutron star or a black 
hole. He showed that the result will fre­
quently be an exchange collision in 
which the heavy remnant replaces one 
of the low-mass stars. hurling the re­
placed star out of the system and leaving 
the neutron star or black hole in orbit 
with a supply of matter for accretion. 

With plausible assumptions about the 
number of neutron stars both the tidal­
dissipation and exchange-collision hy­
potheses predict the formation of sever­
al close capture binaries in the most con­
densed globular clusters. where the cen­
tral stellar density exceeds 1.000 stars 
per cubic light-year. When one of these 
binaries is turned on. it could emit X 
rays much longer than the binaries of 
the galactic disk because its supply of 
accretion material is a slowly evolving 
low-mass star whose expansion phase 
after leaving the main sequence lasts for 

hundreds of millions of years. The slow 
expansion allows matter to be trans­
ferred at the modest rate required to 
power the X-ray emission without 
smothering it. On this basis the observed 
long-term variability of globular-cluster 
X-ray stars is explained as the result of a 
variability in the accretion flow due to 
residual orbital eccentricity or to non­
uniform expansion of the kind that oc­
curs late in the life of red giants. The 
apparent absence of pulsations that 
might be expected to result from the ro­
tation of neutron stars may be explained 
by the decay of magnetic fields in very 
old neutron stars. In fact. one rnay spec­
ulate that the occurrence of bursts may 
be related to the absence of strong mag­
netic fields in such ancient stars. 

An entirely different hypothesis was 
I\. put forward by Jeremiah P. Ostri­
ker and John N. Bahcall of Princeton 
University and by Joseph Silk and Jona­
than Arons of the University of Califor­
nia at Berkeley. They proposed that the 
X-ray sources are massive black holes. 
presumably formed by the coalescence 
of stars in the dense core of a cluster that 
has experienced a catastrophic central 
collapse. It is a remarkable fact that the 
mathematical and computational diffi­
culties of solving such many-body prob­
lems are so formidable that even today 
the question of whether such a cata­
strophic coalescence can occur at all 
has not been definitely answered. Some 

STAR CAM ERAS "�����II;;;;� MODULATION-COLLIMATOR 
X-RAY DETECTORS 

PENCI LBEAM DETECTORS 

AUXILIARY STAR SENSOR 

SOLAR PANELS 

THIRD SMALL ASTRONOMY SATELLITE (SAS-3) carries a 
package of X-ray detectors and star cameras designed and built by 
the X-ray-astronomy group at the Massachusetts Institute of Tech­
nology. Images of star fields provided by the cameras make it possi­
ble to determine the orientation of the observatory with an accuracy 
of plus or minus 30 arc seconds. Through computer analysis of the X 
rays recorded by the modulation-collimator detectors as the craft ro­
tates around the Z-axis X-ray sources can be located with an accu­
racy of plus or minus 20 arc seconds. The satellite was launched in 

May, 1975, from a platform on the Equator off the coast of Kenya. 
Operated by the Aerospace Research Center of Italy, the platform 
was used in 1970 to launch the pioneer X-ray-astronomy satellite 
Uhuru. SAS-3 is operated by controllers at Goddard Space Flight 
Center of National Aeronautics and Space Administration under the 
hour-by-hour direction of the M.I.T. X-ray-astronomy group. Tape­
recorded data are beamed from the satellite to the earth and com­
mands sent from the earth to the satellite every 104 minutes when 
SAS-3 passes over a tracking station operated by NASA in Ecuador. 
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workers believe that the first moderately 
massive close binary that forms in the 
core of a cluster will act like an egg beat­
er and whip up the surrounding stars, 
halting any coalescence before it can 
progress. Indeed, the members of a clus­
ter are so lightly bound that a decrease 
in the orbital separation of one close 
binary could supply enough mechanical 
energy to whip up an entire core. 

The proponents of the massive-black­
hole hypothesis nonetheless postulate 
the existence of such objects at the cen­
ter of highly condensed clusters. They 
show that the gravitational well of such 
a cluster is deep enough to hold the gas 
streaming out in stellar winds' and the 
matter being lost in sporadic episodes by 
normal nuclear-fuel-burning stars. The 
ejected material falls to the center of the 
cluster and feeds the black hole through 
the accretion process, thereby generat­
ing X rays. Since the infalling material is 
in the form of a tenuous interstellar gas, 
the black hole must be quite massive (in 
the range of 100 to 1,000 solar masses) 
to draw it in at the rate required to gen­
erate the observed X-ray power. 

There matters stood as observers 
searched for evidence to support one or 
the other of the two hypotheses: the cap­
ture-binary model and the massive­
black-hole "vacuum sweeper" model. 
Periodic pulsations or eclipses in a glob­
ular-cluster X-ray source would clinch 
the model of a capture binary as the X­
ray source. None has been observed. A 
sharp peak in the overall brightness of 
the cluster near the center would favor 
the black-hole hypothesis; so would evi­
dence of luminous gas near the center. 
The data. which are difficult to acquire. 
are not yet decisive. Consistent with 
both hypotheses, however. is the evi­
dence that the cluster X-ray sources are 
found preferentially in clusters with a 
high central density. The existence of a 
high central density was clearly shown 
for one globular cluster. NGC 6624, in 

SERIES OF X-RAY BURSTS was recorded 
by SAS-3 in May, 1975, from 3U 1820-30, 
the X-ray star in globnlar cluster NGC 6624. 
Ten bursts were recorded with a mean inter­
val of 4.4 hours. Presumably there were 11 
bursts in all; the fourth in the series apparent­
ly occurred while the earth was blocking the 
satellite's view. Each of these 11 traces con­
tains a 40-minute portion of the X-ray record 
from 11 orbits of SAS-3 centered on the "ex­
pected" recurrence interval of 4.4 hours. (The 
expected fourth burst is of course missing.) 
The portion of the record tinted in color ex­
tends 10'/3 minutes to the sides of the mean 
interval and represents one standard deviation 
(the "jitter") in the mean frequency of the 10 
recorded bursts. Note that burst No. 8 was 
caught just as source was disappearing from 
view behind the earth. The orientation of the 
satellite was changed after burst No. 6 to re­
duce interference from other X-ray sources. 
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short-exposure plates made with the 
one-meter Wise telescope in Israel by 
Neta A. Bahcall in 1975. At the core of 
the cluster there is an impressive blob of 
unresolved star images about four arc 
seconds in diameter. 

A most exciting and unexpected de­
velopment then occurred. Late in 197 5 
Jonathan E. Grindlay and Herbert Gur­
sky of the Center for Astrophysics of the 
Smithsonian Astrophysical Observato­
ry and the Harvard College Observato­
ry, scanning data from the American x­
ray experiment on the Astronomical 
Netherlands Satellite (ANS), discovered 
evidence of a brief burst of X rays from 
NGC 6624. This globular cluster con­
tains the variable X-ray star 3 U  1820-
30, which had been found earlier in the 
Uhuru survey and is one of the brightest 
variable sources near the center of the 
galactic disk. The position defined by 
Uhuru gave assurance, however, that 3 U  
1820-30 is inside the globular cluster 
NGC 6624 and is not a disk object. 
Claude R. Canizares of the M.I .T. X­
ray-astronomy group, working with 
OSO-7 data in 1974, had found a re­
markable 20-minute outburst in the in­
tensity of 3 U 1820-30. With interest 
now focused on X-ray stars in globular 
clusters, it was natural that 3 U 1820-30 
should be a prime target when new sat­
ellites capable of being pointed at speci­
fied objects for long periods became 
available. The star was put on the observ­
ing schedule of ANS for March and 
September of 1975, and it was one of the 
first targets for a refined position mea­
surement by the M.LT. X-ray observa­
tory on the Third Small Astronomy Sat­
ellite (SAS-3), using special techniques 
developed under the direction of Her­
bert W. Schnopper and Hale V. Bradt. 
SAS-3 was launched in May, 1975. 

The ANS observations in March of 
1975 found 3 U 1820-30 in a state of 
high average luminosity without spec­
tacular variability. The SAS-3 observa­
tions in May quickly yielded a refined 
measurement of the position that nar­
rowed the uncertainty to an error circle 
with a radius of 40 arc seconds; the cir­
cle included the center of the cluster, 
where we expected the X-ray star to lie. 
During the May SAS-3 observation the 
luminosity of 3 U 1820-30 was low com­
pared to the peak value found by Uhuru. 

At that time Garrett Jernigan, then a 
I\. graduate student who was responsi­
ble for developing a major part of the 
analytical techniques in the SAS-3 proj­
ect, was scanning the "quick look" data, 
which are received at M.LT. and dis­
played in computer-drawn charts within 
a few hours of being recorded by the 
detectors in orbit. He noticed two sud­
den increases in the X-ray counting 
rates, each lasting about 10 seconds. 
The particular instrument being used in 

the observation was a modulation-colli­
mator detector mounted on top of the 
satellite with its axis pointing in the di­
rection of the satellite's rotation. The 
detector is sensitive to X rays with ener­
gies from two to 11 KeV. The field of 
view defined by the collimator consists 
of alternate bands of high and low sensi­
tivity over a rectangular area roughly 24 
degrees on a side. 

As the satellite rotates the transmis­
sion bands of the collimator pass over 
the sources in the broad field of view, 
modulating their counting rates in pat­
terns that can be reduced by computer 
analysis to correlation maps that show 
each source as a central peak with con­
centric rings around it. With such brief 
bursts, however, the position of the 
source could not be determined. They 
could have come from anywhere in the 
24-degree-by-24-degree field of view or 
even from an instrumental "glitch" in 
the newly launched satellite, in whose 
flawless functioning we were only begin­
ning to believe. In any case the slides 
Jernigan prepared in order to display 
the data indicating the two sudden in­
creases languished while we dealt with 
a number of more easily recognized 
discoveries that were coming from the 
SAS-3 observations. 

The ANS observation was repeated in 
September, and on inspecting the data a 
few months later Grindlay and Gursky 
made their surprising discovery of the 
X-ray burst in NGC 6624. Following a 
telephone call from Grindlay, 1 . Heise 
of the Space Research Laboratory of the 
Astronomical Institute in Utrecht soon 
found a second burst. Both came from a 
narrow sliver of sky that contained 3 U 
1820-30 and the globular cluster. The 
detectors were sensitive to X rays from 
one to 30 KeV. Assuming that the X 
rays were emitted in all directions by a 
source in the globular cluster, the total 
energy in each burst was more than 1039 
ergs. Noting that the bursts rose to their 
peak intensity in less than a second and 
then decayed gradually over the next 10 
seconds, Grindlay and Gursky suggest­
ed that the X-ray photons of a burst are 
released in a two-second "spike" and 
then reverberate by being scattered in a 
surrounding cloud of hot plasma. The 
gradual decay was interpreted as the re­
sult of the reverberation. 

Grindlay and Gursky's model also 
provided an explanation for the fact 
that the spectrum of the bursts became 
"harder, " that is, richer in X-ray pho­
tons of higher energy, as the bursts de­
cayed. It postulated that the surround­
ing cloud was so hot that on the average 
the scattered X-ray photons gained en­
ergy. According to Grindlay and Gur­
sky's estimate, the temperature of the 
cloud had to be so high that it could be 
held together only by a central body of 
1,000 solar masses, which would have to 

be a massive black hole. Working inde­
pendently along similar lines Canizares 
showed that a much cooler cloud could 
produce both the reverberation and the 
observed spectral hardening and would 
require a central body of only one solar 
mass to hold it together. In any case the 
discovery of this peculiar and totally 
unexpected phenomenon in a globular 
cluster greatly intensified the enthusi­
asm of many for the massive-black-hole 
concept. 

The announcement of the burst dis­
covery caused us to reexamine our 

SAS-3 data. We soon discovered that 
the two sudden increases noted in the 
quick-look sample of data by Jernigan 
in May were actually two in a series of 
10 bursts recorded in the complete "pro­
duction" data that had been received 
from the National Aeronautics and 
Space Administration several months 
after the observation. We discovered to 
our astonishment that the bursts re­
curred almost periodically at a rate of 
one every 4.4 hours, with one burst 
in the series apparently missing when 
NGC 6624 was eclipsed by the earth as 
the satellite moved in its orbit. Particu­
larly provocative and mystifying was 
the fact that the intervals between suc­
cessive bursts were not exactly equal but 
had a spread of about 5 percent. The 
burst phenomenon has four remarkably 
different characteristic times: a rise time 
of about a second, a decay time of about 
10 seconds, a recovery time of roughly 
104 seconds and a "jitter, " or variation, 
in the recovery time of plus or minus 
600 seconds. 

The jitter appeared to be of special 
significance. We wondered whether it is 
caused by the equivalent of a loose 
screw in an otherwise accurate clock 
mechanism or is the result of variability 
in the trigger level or power supply of a 
relaxation oscillator. A mechanism of 
the first kind was immediately proposed 
by John Bahcall and Ostriker, who at­
tributed the bursts to the effects of a neu­
tron star in orbit around a massive black 
hole with an accretion disk. They sug­
gested that the neutron star periodically 
crashes through the accretion disk, gen­
erating pulses with a highly stable aver­
age period but with a jitter caused by a 
random flapping of the disk. 

A mechanism of the second kind was 
also immediately forthcoming from 
Fred Lamb of the University of Illi­
nois, who suggested that plasma flow­
ing toward the surface of a magnetized 
neutron star could be trapped in a mag­
netospheric reservoir, where it would 
pile up until a certain critical density 
is exceeded. Then the reservoir would 
spring a leak, and a blob of plasma 
would suddenly fall to the surface of 
the star and release its gravitational en­
ergy as an X-ray burst. The leak would 
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then "heaL" and the reservoir would fill 
up again. On this model the recurrence 
rate is governed by a variety of factors 
such as the rate at which the reservoir 
refills. 

All this was happening during a meet­
ing of the High Energy Astrophysics 
Division of the American Astronomi­
cal Society at M.LT. in January, 1976. 
Grindlay and Jernigan each reported 
their recent results on the bursts from 
NGC 6624. Richard Belian, Doyle Ev­
ans and Jerry Conner of the Los Alamos 
Scientific Laboratory described their 
observations of X-ray bursts from a 
source in the constellation Norma by 
the Vela satellites, with which mystify­
ing bursts of somewhat higher energy 
had been discovered some years earlier 
[see "Cosmic Gamma-Ray Bursts,"  by 
Ian B. Strong and Ray W. Klebesadel; 
SCIENTIFIC AMERICAN, October, 1976]. 
Unknown to any of the American work-

ers at the time was the fact that high­
energy X-ray detectors on the Russian 
Kosmos 428 satellite had recorded two 
brief increases in counting rate during 
an observation that had lasted for a few 
hours in 1971. In a paper published in 
the January, 1975, issue of Soviet As­
tronomy Letters the increases were at­
tributed to ' "hard X-ray bursts" from 
two different cosmic sources. A transla­
tion of the paper appeared in our read­
ing room in March, 1976. A detailed 
analysis of the properties of these bursts 
and of the circumstances of their obser­
vation indicates, however, that they orig­
inated in the earth's magnetosphere. 

During the American Astronomical 
Society meetings the SAS-3 group was 
conducting another scheduled observa­
tion of the X-ray source 3 U  1820-30 in 
NGC 6624 from the operations room in 
a nearby building, this time using a dif­
ferent set of detectors with pencil-beam 

and fan-beam collimators that define 
the field of view. Keeping the center of 
these fields of view close to the target by 
means of the satellite's gyroscope con­
trol system, which we adjusted accord­
ing to our analysis of the star-camera 
data, we recorded a high X-ray intensity 
and a few bursts. The bursts were puz­
zling because they did not register in all 
the detectors, as one would expect if 
they had all come from a single source 
in the direction (NGC 6624) toward 
which the pencil-beam field of view was 
pointed. Instead they appeared in one 
detector with a fan-beam collimator 
whose narrow field of view happened to 
pass over the center of the galaxy. In the 
next scheduled observation Walter H. 
G. Lewin and Jeffrey Hoffman of our 
group led a team of SAS-3 investigators 
in a study of a nearby pulsating X-ray 
star, G X I  + 4. They too observed bursts 
in a single fan-beam detector from at 
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EACH INTERVAL EQUALS 100 SECONDS 

RAPID-FIRE SEQUENCE OF BURSTS was recorded from MXB 
1730-335, an X-ray source located in a previously unknown globu­
lar cluster lying close to the center of the galactic disk. The interval 
between the bursts is sometimes as short as 10 seconds. The recovery 
time after each burst is roughly proportional to the size of the burst. 

S4 

The peak intensity, however, is nearly the same from one burst to the 
next. This behavior suggests that the source resembles a relaxation os­
cillator with a governor, probably represented by radiation pressure, 
that limits the amplitude. The arrow in sixth trace indicates a burst 
from a nearby slow burster that is not located in a globular cluster. 
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least two sources. of which one could 
be near the galactic center and the other 
could not. Soon afterward the SAS-3 
detectors were pointed directly at the 
galactic center. and Lewin and his col­
leagues discovered three new bursters 
within .2 degree of the center. 

Several weeks later. on the track of 
the fourth new burster. Lewin pointed 
the detectors at a position abQut five de­
grees from the galactic center. where his 
analysis of earlier single-detector burst 
events indicated the presence of another 
burster. Having by now got used to slow 
bursters with repetition intervals rang­
ing from hours to days. we were all 
flabbergasted to see a machine-gun se­
quence of bursts with intervals as short 
as 1 0  seconds. It was soon evident that 
the more energetic bursts were followed 
by longer intervals. and Saul A. Rappa­
port of our group soon demonstrated 
that the correlation is a roughly linear 
one. Over the next two months Lewin 
and his colleagues observed the behav­
ior of this unique object. MXB 1 73 0-
3 3 5 .  and David Hearn measured its po­
sition with five-arc-minute accuracy. 
Soon after the intense work on the rapid 
burster began the other burster. which 
had originally been sought close by. 
was located .7 degree away. 

In spite of the remarkable variability of 
its recurrence patterns. the rapid 

burster quickly demonstrated regulari­
ties revealing much about the nature of 
its mechanism. The approximately lin­
ear relation between the bursters and 
the following interval is like that ex­
pected of a relaxation oscillator such as 
a neon-lamp flasher. which has a con­
stant trigger level but a variable depth of 
discharge. After each flash the oscillator 
must recover for a length of time pro­
portional to the depth of discharge be­
fore it can flash again. Evidently the rap­
id burster has an energy reservoir that is 
filled at a more or less steady rate with 
the gravitational potential energy of in­
falling matter. At some critical value of 
accumulated mass the energy reservoir 
springs a leak and a burst of X-ray ener­
gy is generated. Another clue to the 
mechanism of the rapid burster is that 
all of its bursts. regardless of their total 
energy flux. rise to neafly the same peak 
intensity. Only the duration of the bursts 
changes by a large factor. This indi­
cates that the energy-conversion process 
is self-limiting. perhaps as a result of the 
effect of radiation pressure and heating 
on the motion of the plasma falling 
through the leak in the reservoir. 

After the position of the rapid burster 
was announced William Liller of the 
Harvard College Observatory made a 
long-exposure red-sensitive plate of the 
star field with the new and powerful 
four-meter telescope recently placed in 
operation at the Cerro Tololo Inter­
American Observatory in Chile. The 
plate revealed a faint nebulous object 

within the error circle of the rapid burst­
er. Liller concluded that the object is 
probably a previously unknown and 
highly obscured globular cluster. 

Subsequent infrared observations 
made by Douglas E. Kleinmann of the 
Harvard College Observatory in collab­
oration with Susan G. Kleinmann and 
Edward Wright of M.LT. confirmed 
that the object is indeed a globular cl us­
ter with a heavy concentration of stars 
at its center. The plate made by Liller 
showed no trace of a globular cluster at 
the position of the nearby slow burster. 
Nevertheless. there were now two glob­
ular clusters known to contain X-ray 
burst sources. A bandwagon began to 
roll for the notion that the sources of all 
the bursters were massive black holes in 
the core of globular star clusters. Inci­
dentally. the rapid burster turned off in 
April.. 1 976. and did not turn on again 
un til 13 months later. 

We now undertook another observa­
tion of NGC 6624 with SAS-3 .  This 
time we found 3 U 1820-30 to be emit­
ting bursts but from a state of low 
brightness. Over a period of four days 
we observed 22 bursts with intervals be­
tween bursts that began near 3 .4 hours 
and gradually decreased to 2.2 hours. 
(As before. we missed some bursts when 
the source was eclipsed by the earth.) 
Over the four days the persistent intensi­
ty of 3 U  1 820-30 gradually increased 
until it had reached about a third of its 
normal bright value. At that point the 
bursts stopped. apparently because of 
some change in conditions related to the 
increase in the persistent intensity. 

The new observation demonstrated 
several key facts. First. the correla­

tion between increasing brightness and 
the cessation of bursts removed any re­
maining doubt that 3 U 1 820-30.  lying at 
or near the center of the globular cluster 
NGC 6624. is the source of the bursts. 
Second. the change in the intervals be­
tween bursts demonstrated that the 
burst mechanism is not a good clock. 
such as one controlled by orbital or ro­
tational motion. but is a relaxation oscil­
lator with a variable power supply. As 
for the nature of the mysterious blob in 
the plate of NGC 6624 made by Neta 
Bahcall. an extraordinarily clear short­
exposure photograph of the central re­
gion. made by Liller with the four-meter 
Cerro Tololo telescope. shows that it 
is composed of red-supergiant stars 
crowded together in a region only a 
light-year in diameter [see bottom illus­
tration on page 43] . Allowing for the faint 
stars (perhaps 200 per red supergiant). 
one arrives at an estimate for the central 
density that is about 3 .000 solar masses 
per cubic light-year. 

By June. 1977 .  29 repetitive-burst 
sources had been located. 17 of them 
by SAS-3 . nine by the experiment of 
the NASA Goddard Space Flight Cen­
ter on OSO-8 and three by ANS. Uhuru 

and the Vela satellites. Of these only 
four seem to be located in globular clus­
ters. Several are definitely not in glob­
ular clusters. Thus the conclusion be­
came clear: bursters. like X-ray stars in 
general. occur preferentially but not ex­
clusively in globular clusters. 

Recent results from the British X-ray 
satellite Ariel 5 have thrown a mon­
key wrench into the hypothesis that only 
centrally condensed globular clusters 
contain X-ray stars. Kenneth A. Pounds 
and his associates of the University of 
Leicester discovered an X-ray star ap­
parently associated with the relatively 
open globular cluster NGC 6712. SAS-3 
measurements have confirmed the asso­
ciation with a position determination 
that places the source within one arc 
minute of the cluster center. Thus our 
current concepts of the nature of cluster 
X-ray stars. which assume they arise in 
dense cluster cores. may be in some diffi­
culty. On the other hand. we may be 
witnessing in NGC 6712 the egg-beater 
effect in the process of dispersing the 
cluster that experienced its fatal central 
collapse some hundreds of millions of 
years ago. There is no observational evi­
dence. however. that such a collapse 
gives rise to a massive black hole. Re­
cent work by Stuart Shapiro of Cornell 
University and Alan P. Lightman of 
Harvard University indicates that the 
collapse would be halted and reversed 
after the formation of a small black hole 
(10 to 100 solar masses) or perhaps 
even a few close binaries. 

The prospects are good for rapid ad­
vances in this area of high-energy as­
tronomy. On August 12 of this year the 
first NASA High Energy Astronomy 
Observatory. HEAO-A. was launched. 
Provided with instruments substantially 
more sensitive than those on earlier sat­
ellites. it will quickly extend the survey 
of X-ray emission from globular clus­
ters to sources that are more than 10 
times fainter than the present observa­
tional limits of Uhuru and SAS-3 .  

Next year HEAO-B will be  launched. 
carrying the first image-forming X-ray 
telescope to be put aboard a satellite. 
The instrument will have an angular res­
olution of two arc seconds and will 
achieve a thousandfold increase in sen­
sitivity. One of the prime objectives of 
the mission will be systematic measure­
ments of the positions of the X-ray 
sources within globular clusters. The de­
viation of the positions from the center 
of the clusters will provide a statistical 
measure of the average mass of the X­
ray stars and should settle the question 
of whether or not they are massive black 
holes. Moreover. the sensitivity of 
HEAO-B will even allow a survey to be 
made of the X-ray emission from globu­
lar clusters in other galaxies. The 100 
clusters of the Andromeda galaxy will 
be easy targets. and the 10.000 globular 
clusters of the more distant giant ellipti­
cal galaxy M87 are within reach. 
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Fundamental Particles wi th Charm 

The search for particles with this quantum-mechanical property has 

been a preoccupation of high-energy physics. A few such particles 

have now been seen in the debris of electron-positron annihIlations 

At the level of elementary particles n. the properties of matter are re-
markably few. A particle can 

have mass, or energy, and it can have 
momentum, including the intrinsic an­
gular momentum called spin. It can 
have electric charge. There are more ar­
cane properties, such as the one called 
strangeness, but not very many. In most 
cases a list of half a dozen attributes 
completely describes a particle. Nothing 
more can be said about it. 

Because there are so few fundamental 
properties of matter the discovery of a 
new one is a major event in physics. 
Such a new property has recently been 
found: it has the whimsical name 
charm. The atoms of ordinary matter 
have no charm; the property can be ob­
served only in the debris of high-energy 
collisions between particles. 

The first hint that charm exists came 
in 1974, when particles were discovered 
that have charm in a hidden or latent 
form. More recently particles with overt 
charm have been detected. These new 
particles are unquestionably among the 
most important discoveries of high-en­
ergy physics in the past decade. What is 
more, in unraveling the story of charm 
physicists have learned much about the 
structure of ordinary matter. 

Most of the particles observed in na­
ture fall into one of two classes, 

the leptons and the hadrons. The leptons 
include just four known particles: the 
electron, the muon and two kinds of 
neutrino. The electron and the muon 
both have an electric charge of -1, and 
they are also essentially alike in all other 
properties with the exception of mass. 
(The muon is about 200 times heavier 
than the electron.)  The neutrinos have 
no electric charge and seem to have no 
mass. There are also four antileptons, 
which are identical to the corresponding 
leptons in certain respects, such as mass, 
but have other properties that are exact­
ly opposite those of the leptons. For ex­
ample, the antielectron, or positron, has 
an electric charge of + 1. 
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by Roy F, Schwitters 

Leptons are considered elementary 
because they cannot be broken down 
into smaller entities. They have no mea­
surable size and give no hint of any in­
ternal structure. Hadrons, on the other 
hand, are complex objects, and there is 
strong evidence they do ha:ve an internal 
structure. More than 100 kinds of had­
ron have been identified, the most famil­
iar being the proton and the neutron, the 
constituents of atomic nuclei. Both the 
multiplicity of the hadrons and their 
properties as individual particles set 
them apart from the leptons. 

A theory that is now widely accepted 
seems to explain these differences. It 
does so by stating that hadrons are not 
elementary particles at all but compos­
ite entities consisting of a few simpler 
constituents called quarks. In many of 
their properties the quarks are thought 
to be quite similar to leptons; for exam­
ple, they ought to be simple and point­
like particles. There is no question, how­
ever, that the quarks are in a class apart 
from the leptons. Interactions between 
quarks are dominated by a force that 
does not affect leptons at all. 

Physicists recognize four basic forces 
in nature; in order of increasing strength 
they are the gravitational, the weak, the 
electromagnetic and the strong forces. 
Gravitation influences all particles and 
its range is unlimited, but its effects on 
subatomic particles are negligible. The 
weak force also affects all kinds of mat­
ter. Although the weak force is many 
orders of magnitude stronger than grav­
itation, it is still feeble enough for it to 
be observable only when stronger inter­
actions are inhibited. 

The electromagnetic force acts exclu­
sively on particles that have an electric 
charge; among those particles are the 
electron and the muon and all the 
quarks. Electromagnetic forces bind at­
oms together and are responsible for al­
most all the gross properties of matter, 
including chemical properties. 

It is the strong force that distinguishes 
between leptons and hadrons or, accord­
ing to theory, between leptons and 

quarks. None of the leptons is sensitive 
to the strong force in any way; only 
quarks and hadrons (which are assumed 
to be made up of quarks) feel its influ­
ence. Quarks can interact with leptons 
through the weak and electromagnetic 
forces, but with each other they interact 
almost exclusively through the strong 
force. That force is more than 100 times 
stronger than the electromagnetic force, 
and at energies studied today it is about 
1010 times stronger than the weak force. 

A theory that accounts for all the vari­
eties of matter with just a few quarks 
and leptons has an appealing economy, 
but a significant disclaimer is necessary. 
Although the theory has gained wide­
spread acceptance, there is no evidence 
at all that q uar ks exist in isolation. So 
far no one has been able to extract a 
quark from a hadron. Indeed, some the­
orists suggest that quarks may be so 
tightly entwined within hadrons that 
they may never be separated in the labo­
ratory. The question of the existence of 
quarks will not be pursued here; instead 
the quarks will be considered as a means 
for interpreting relations between parti­
cles observed experimentally. 

The quark hypothesis was proposed 
independentlY in 1963 by Murray 

Gell-Mann and George Zweig, both of 
the California Institute of Technology. 
In the original version of the' concept 
there were three kinds of quark, given 
the labels u, d and s, for "up," "down" 
and "strange," and three corresponding 
antiquarks, designated fl, a and s. Had­
rons are formed by combining the 
quarks and antiquarks according to sim­
ple rules. One possibility is for a quark 
and an antiquark to bind together; the 
resulting particle is a member of the 
class of hadrons called mesons. An ex­
ample is the positively charged pion 
(7T+ ) , which is made up of a u quark and 
a a antiquark. Another allowed combi­
nation consists of three quarks in a 
bound system. Hadrons formed in this 
way are called baryons, and they in­
clude the proton (with the quark compo-
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sition uud) and the neutron (udd). Final­
ly, antibaryons can be formed from 
combinations of three antiquarks. 

These are the only permissible ways 
of combining quarks to form hadrons. It 
is easy enough to imagine other combi­
nations, such as particles made up of 
two quarks or of one quark and two an­
tiquarks, but such hadrons do not exist. 

The observed properties of hadrons 
are explained in a straightforward way 
by the properties assigned to their con­
stituent quarks. With the exception of 
mass, all the properties of matter needed 
to identify a given elementary particle 
appear only in discrete units, or quanta, 
and they can therefore be measured in 
terms of the integers and simple frac-

tions called quantum numbers. Spin an­
gular momentum, for example, is ob­
served only in integer and half-integer 
quantities (when it is measured in natu­
ral units); intermediate values are not 
possible. In all observed particles elec­
tric charge exists only in integer units of 
the electron's charge. 

Most quantum numbers of a hadron 

DECAY OF A CHARMED PARTICLE is reconstructed in a com­
puter-generated display on a cathode-ray tube. The display includes 
a schematic cross section of the particle detector in which the event 
took place. The octagon is the basic form of the detector; the rows of 
four dots give the radial positions of four cylindrical spark chambers; 
the innermost circle at the center of the image represents the beam 
pipe in which electrons and their antiparticles, positrons, collide to 
produce other particles. The trajectories of particles are plotted from 
the triggering of discharges in the spark chambers and from two con­
centric rings of scintillation counters, the inner ones being represent­
ed by small boxes and the outer ones by larger, flat boxes. In this event 
the particle track at the 12 o'clock position has been identified as 
that of a negatively charged K meson (K -) and the track at the seven 

o'clock position is that of a positively charged pion (?T+). These two 
particles are thought to be the decay products of a particle, designated 
DO, that bears the new property of matter called charm. The DO it­
self decays too quickly for it to be detected directly. In electron-posi­
tron collisions charmed particles can be created only in combination 
with charmed antiparticles, and in this case the antimatter companion 
of the DO is thought to be an excited state, the 15'0, whose decay 
products have been identified only tentatively. The scintillation count­
er near the bottom of the display, which has no associated particle 
track, might have been triggered by a gamma ray emitted when the 
jj'o decayed to a DO. This particle might have decayed to yield a 
muon (,..-) at the 10 o'clock position, a K m eson (K+) at the five 
o'clock position and a neutrino that would have escaped detection. 
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LEPTONS AND QUARKS are the only major classes of particles now thought to be elemen­
tary. Both seem to be simple and pointlike entities, with no internal structure and no measur­
able size. There are four known leptons, arranged in pairs. In the initial formulation of the 
quark theory there were only three quarks: those labeled u and d formed a pair but the s quark 
had no companion. The charm hypothesis establishes a symmetry between leptons and quarks 
by adding a fourth quark, designated c. A special relation must exist between the s quark, which 
carries the property of matter called strangeness, and the c quark, which has the similar prop­
erty charm. For each of the leptons and quarks there is an antiparticle with exactly opposite 
properties. Quarks have not been isolated, but they seem to be constituents of other particles. 
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V, STABLE +1 0 0 
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HADRONS are the particles constructed of quarks. Those called mesons are made up of a 
quark and an antiquark, the latter being represented by the symbol for a quark with a bar over 
it. Baryons consist of three quarks bound together; there are also antibaryons that combine 
three antiquarks. The properties of the hadrons (and of other particles) are accounted for in 
terms of the integers and simple fractions called quantum numbers. The first hadron that hint­
ed at the existence of charm was the psi m eson, with the quark constitution ce, but since the charm 
quantum numbers of this quark and antiquark cancel, the net charm of the psi is zero. The low­
est-mass hadrons that exhibit overt charm are the DO, D+ and F+ mesons, and the first two of 
these have been observed. There is also suggestive evidence for a charmed baryon, nam ed Ac. 
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are determined by simply adding up the 
quantum numbers of the constituent 
quarks. In the case of electric charge this 
procedure requires that the quarks be 
assigned some rather bizarre quantum 
numbers: they must have fractional 
electric charge. The u quark has a 
charge of + 213 ; the d and s quarks both 
have a charge of - 1 /3 .  Antiquarks 
have the opposite charges. Thus in the 
positively charged pion. made up of a u 
quark and ad antiquark. the charges of 
+ 213 and + 1 /3 add up to + 1 .  The uud 
quarks of the proton. with charges of 
+ 213 . + 213 and - 1 /3 .  also give a sum 
of + 1 .  In the neutron (udd) the charges 
of + 2/3 . - 1 /3 and - 1 /3 have a sum 
of zero. All these results are in agree­
ment with the known electric charges 
of the hadrons. 

Other quantum numbers can be treat­
ed in a similar way. Strangeness. for ex­
ample. is a quantum number assigned to 
certain hadrons that have anomalously 
long lifetimes. In the quark model these 
particles are distinguished by the pres­
ence of an s quark or an s antiquark. 
which respectively carry strangeness 
quantum numbers of - 1  and + 1 ;  the 
other quarks have zero strangeness. The 
strangeness of a hadron is then deter­
mined by adding up the strangeness 
quantum numbers of all its constituent 
quarks. The positively charged K meson 
(K+).  made up of a u quark and an s 
antiquark. has a strangeness of + 1 .  

The concept of strangeness was intro­
duced as an explanation for the slow de­
cay of certain hadrons discovered in the 
1 950·s. Massive hadrons generally de­
cay through the strong force. which acts 
very quickly; in a sense the force is said 
to be strong precisely because it is so 
fast. A strongly decaying hadron ex­
ists for only 1 0-23 second before it breaks 
up into less massive hadrons. All the 
properties of matter must remain un­
changed by this process; for example. 
the net electric charge of the decay prod­
ucts must be equal to the electric charge 
of the decaying particle. This require­
ment is expressed by saying that all 
quantum numbers must be conserved . 

Strange hadrons can take part in such 
decays provided the strangeness quan­
tum number can be conserved. In terms 
of the quark model the need to conserve 
strangeness implies that the strange s 
quark must be passed along intact to the 
decay products. The more massive 
strange particles do decay to lighter 
strange particles in this way. and their 
lifetimes are not substantially longer 
than those of other strongly decaying 
hadrons. Ultimately. however. there 
must be a set of lightest s.trange parti­
cles. which have no states of lower mass 
to which they can give the s quark. 
These are the K mesons and the lambda 
baryon (A). 

The K and lambda particles cannot 
decay through the strong interaction. In­
deed. they could not decay at all if it 
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FAMILIES OF HADRONS define all allowed combinations of 
quarks, Tbere are separate families for each possible value of intrin­
sic spin angular momentum; those shown here are the mesons with 
one unit of spin and the baryons with 112 unit of spin, Until recently 
only the particles in the plane marked "Charm = 0" had been observed, 
but the discovery of charmed particles implies that all the others must 

also exist, The psi particle completes a group of four particles at the 
center of the array of spin-l mesons, The DO, D+ and F+ are m em­
bers of another family of mesons, those with zero spin, but they are 
represented in the spin-l group by excited states denoted D'o, D'+ 
and F'+, The D'o, the D'+ and their antiparticles have been found, 
As yet, there is little evidence for the observation of charmed baryons, 

were not for a remarkable feature of 
weak interactions: some conservation 
laws that are strictly obeyed in all strong 
and electromagnetic interactions can be 
ignored in weak interactions. Strange­
ness .is among these approximately con­
served quantum numbers; as a result 
weak interactions can convert an s 
quark into a u or a d quark and strange 
particles can decay through weak inter­
actions into lighter nonstrange hadrons 
or into leptons. Particles that can decay 
only through the weak interaction. how­
ever. have much longer lifetimes than 
strongly decaying hadrons; the K and 
lambda particles have lifetimes ranging 
from 1 0-10 second to 1 0-8 second. 

Afew quantum numbers require a 
slightly more elaborate system of 

bookkeeping than electric charge and 
strangeness do. Most notable among 
them is spin angular momentum. All 
quarks and leptons are expected to have 
the same quantity of spin. namely 1 12 
unit; rules of quantum mechanics re­
quire that such particles can have their 
spin axes aligned in only two possible 
directions (with respect to any arbitrary 
frame of reference). Thus the quark and 
antiquark in a meson can have their 
spins pointing in the same direction or in 
opposite directions. In the first case the 
net angular momentum of the meson is 
I; in the second it is O. From these rules 
it follows that mesons always have inte­
ger spin_ In a baryon there are also two 
possible spin configurations: the spins of 
all three quarks can be parallel or the 

spin of one quark can be aligned in the 
opposite direction. The corresponding 
spins of the baryon are 1 12 and 3 12. and 
baryon spins are invariably half-inte­
gers_ Further complicating the situation. 
a bound system of quarks can have or­
bital angular momentum in addition to 
spin: the quarks can revolve around 
each other or around their common cen­
ter of mass as well as spin individually 
on their axes. Orbital angular momen­
tum adds integer increments to the total 
angular momentum of the hadron. Be­
cause there are many possible spin states 
a single combination of quarks can give 
rise to numerous particles with various 
quantities of angular momentum and 
also with different energies. or masses. 
They are distinct states of matter even 
though they are made up of the same 
quarks. 

By observing the rules for combining 
the quarks and for tallying their quan­
tum numbers one can account for all the 
properties of hadrons_ Every known 
hadron can be explained as a combina­
tion of either a quark and an antiquark 
or of three quarks. What is more. every 
allowed combination of quarks corre­
sponds to a known hadron_ There are no 
vacancies. 

It was the very completeness of this 
scheme for classifying the hadrons that 
was challenged with the discovery of a 
new particle in 1 974.  The particle was a 
hadron. but it could not be formed by 
any allowed combination of the three 
quarks since all those combinations 
were accounted for. 

The new particle was discovered inde­
pendently and at about

' 
the same time by 

two groups of experimenters employing 
vastly different techniques. One group. 
whose members were from the Massa­
chusetts Institute of Technology and 
the Brookhaven National Laboratory. 
found the particle during an experiment 
conducted at Brookhaven and gave it 
the name J. The other group. of which I 
was a member. was made up of physi­
cists from the Stanford Linear Accelera­
tor Center (SLAC) and the Lawrence 
Berkeley Laboratory_ Our evidence for 
the new particle was obtained in an ex­
periment at SLAC. and we chose to des­
ignate the particle by the Greek letter psi 
(1/1). Here I shall adopt the latter name. 
Last year the leaders of the two groups. 
Samuel C. C. Ting of M.I.T. and Burton 
Richter of SLAC. shared a Nobel prize 
for their discovery_ 

The new particle has a mass of about 
3.1 billion electron volts (3 . 1  Ge V). 
That is more than three times the mass 
of the proton. making the psi one of the 
heaviest particles known. Those of its 
quantum numbers that could be mea­
sured were found to be quite conven­
tional. The psi has a spin angular mo­
mentum of 1 .  the integer unit indicating 
the particle must be a meson_ It is elec­
trically neutral. and it has zero strange­
ness. The products of its decay are fa­
miliar particles such as pions. electrons 
and muons. With these properties the 
psi might have passed for an ordinary 
hadron. quite unexceptional except for 
its mass. The problem was that all states 
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of matter with the quantum numbers of 
the psi had long since been identified 
with other hadrons. In a world made of 
three quarks there was no need for the 
psi; there was not even room for it. 

Experimentally the one distinctive 
trait of the psi is its lifetime. which is 
exceptionally long. Many hadrons with 
large masses are known. but almost all 
of them decay very rapidly through 
strong interactions; their lifetimes are 
generally on the order of 1 0.23 second. 
The psi particle also decays through the 
strong interaction. but it has a lifetime 
of about 1 0.20 second. 1 .000 times long­
er than the lifetime of a typical hadron 
of comparable mass. Some explanation 
of its longevity is required. 

A suggestive precedent for the long 
lifetime of the psi is found in another 
particle discovered some years earlier: 
the phi meson (</». The phi meson is 
made up of a strange quark bound to a 
strange antiquark. and since the strange­
ness quantum numbers of the quark and 
antiquark cancel, it has a net strangeness 
of zero. The phi can decay through the 
strong interaction; all that is required is 
that the quark and the antiquark annihi­
late each other. This process conserves 
all quantum numbers. but it nonetheless 
seems to be inhibited. The lifetime of 
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the phi is roughly 1 0  times longer than 
might have been expected. 

The simplest way to provide a place 
among the hadrons for the psi particle is 
to assume it is a meson made up of a 
new. massive quark bound to the corre­
sponding antiquark. This structure au­
tomatically accounts for the quantum 
numbers of the psi. The long lifetime 
might be explained by a mechanism 
similar to that which retards the decay 
of the phi meson: strong decays would 
be allowed but they might be slowed 
somewhat. 

Abound state of a new quark and a 
new antiquark was the leading ex­

planation for the psi particle from the 
time of its discovery. In large measure 
this hypothesis was credible only be­
cause the existence of a fourth quark 
had been proposed long before and on 
grounds that had nothing to do with the 
discovery of new hadrons. 

The new quark was suggested by a 
number of theorists as a natural exten­
sion of the model formulated by Gell­
Mann and Zweig. Initially it was sup­
ported by an esthetic argument based on 
the notion that there may be a deep con­
nection between leptons and quarks. 
Since there are four known leptons. it 

� POSITRONS 

PARTICLE-STORAGE RING at the Stanford Linear Accelerator Center (SLAC) was one 
of the devices with which the psi particle was discovered and, more recently, where charmed 
mesons have been observed. The oval ring, which is called SPEAR, is supplied with electrons 
and positrons by the two-mile accelerator at SLAC. Counterrotating electrons and positrons 
are confined to the ring by magnets that bend the particles' trajectories and focus the beams 
into needle-shaped "bunches." Each bunch is made up of about 1011 particles, and the bunches 
are synchronized so that they pass through each other in the two straight sections of the ring. 
Energy lost by the particles is replenished by the radio-frequency cavities. The magnets con­
fine particles moving in opposite directions since electrons and positrons have opposite charges. 
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was argued. the spectrum of elementary 
particles would be far more attractive if 
there were also four quarks. The leptons 
come in pairs. the electron being associ­
ated with one neutrino and the muon 
with the other. The u and d quarks form 
a similar pair. but the s quark is without 
a companion. The new quark was de­
signed to fill this gap. In order to do so it 
must have an electric charge of + 2/3 
and some new quantum number that 
would distinguish it from the known 
quarks. James D. Bjorken of SLAC and 
Sheldon Lee Glashow of Harvard Uni­
versity gave the quantum number the 
name charm. The charmed quark is des­
ignated c, the charmed antiquark c. 

Charm is a property much like 
strangeness: it must be conserved in all 
strong and electromagnetic interactions 
but not in weak ones. Hence the lightest 
charmed particles should decay only 
through the weak interaction. and they 
should have commensurately long life­
times. The psi particle. however. is ex­
empt from this rule because its net 
charm is zero. It consists of a c quark 
and a c antiquark whose charm quan­
tum numbers cancel. 

A substantial theoretical argument 
for the charmed quark was made in 
1 970 by Glashow in collaboration with 
John Iliopoulos and Luciano Maiani. It 
was based on observations that did not 
directly concern charmed particles at all 
but involved certain weak interactions 
of strange particles. Weak interactions 
can proceed either with or without a 
transfer of electric charge between the 
interacting particles. By 1 970 a puzzling 
correlation had been established experi­
mentally: with very rare exceptions 
strangeness is changed in weak interac­
tions only when electric charge is trans­
ferred. The so-called neutral weak cur­
rents. which do not transfer charge. also 
seemed not to alter strangeness. 

In the three-quark model there was no 
obvious connection between charge­
transfer and strangeness-changing. Gla­
show. Iliopoulos and Maiani pointed 
out that the addition of a fourth. c, 
quark closely associated with the s 
quark could account for the suppres­
sion. How it does so involves a rather 
subtle quantum-mechanical argument. 
The fourth quark does not directly im­
pede the interactions that. change 
strangeness without transferring charge. 
Instead it provides an alternative chan­
nel for those interactions but in such a 
way that the effects of the two channels 
cancel. 

By the time the psi was discovered 
charmed particles were already promi­
nent items on a long list of entities that 
had been predicted to exist but had nev­
er been observed. The charm hypothesis 
could explain the properties of the psi. 
but so might other theories. On the other 
hand. the charm model predicts much 
more than a single new particle; if 
charmed quarks exist. there must be an 
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entire spectrum of new states of matter. 
Some of these states are closely related 
to the psi: they consist of a c quark and a 
c antiquark. but they have different 
masses and different values of angular 
momentum. The charmed quark must 
also combine with the original three 
quarks to form dozens of new hadrons 
with overt charm. By searching for these 
particles we could determine whether 
or not the psi particle actually contains 
a new kind of quark and whether or not 
that quark possesses the proposed quan­
tum number charm. 

At SLAC the experiment in which the 
I\. psi was discovered and subsequent 
searches for other particles containing 
charmed quarks were carried out by the 
same basic technique. Electrons and 
their antiparticles. positrons. are made 
to collide at high energy. The particles 
of interest are then found by sorting 
through the debris of the collisions. 

The collisions take place in a device 
called a storage ring. in which electrons 
and positrons circulate in opposite di­
rections at nearly the speed of light. The 
storage ring at SLAC is called SPEAR; 
it was built in 1 97 1  and 1 972 under the 
direction of Burton Richter and John 
Rees. At the heart of the SPEAR ring is 
a toroidal aluminum vacuum chamber 
with a mean diameter of 80 meters and a 
cross section of a few inches. When the 
ring is operating. about 1 011 electrons 
circle it clockwise in a needle-shaped 
"bunch" a few centimeters long and less 
than a millimeter thick. A similar bunch 
of positrons circulates counterclock­
wise. The bunches cross twice during 
each revolution. and their orbits are 
timed so that the collisions take place in 
two short straight sections of the ring 
where particle detectors are emplaced. 
Elsewhere on the circumference of the 
ring the vacuum chamber is encased in 
large electromagnets. which bend the 
trajectories of the particles to the circu­
lar path and keep the bunches focused. 
There are also four cavities where radio­
frequency energy is supplied to replen­
ish the energy lost by the circulating 
electrons and positrons. 

The electrons and positrons are gener­
ated by the two-mile-long linear acceler­
ator at SLAC. At the far end of the ac­
celerator electrons are boiled off a hot 
filament. much as they are in an ordi­
nary vacuum tube. The electrons are in­
jected into SPEAR merely by accelerat­
ing them and diverting them into the 
ring. Supplying positrons requires a 
slightly more elaborate procedure. First 
the electrons are propelled through a 
third the length of the accelerator. 
where they collide with a copper target. 
generating a shower of secondary parti­
cles that incl udes electrons. positrons 
and gamma rays. The remaining length 
of the accelerator is then adjusted to ac­
celerate only the positrons. Replenish­
ing the stored beams takes only a few 

CYLINDRICAL SPARK 
CHAMBERS 

FLUX RETU R N  

MAGNETIC DETECTOR a t  SPEAR was crucial t o  the discovery o f  the psi particle and of 
charmed mesons. The detector includes two kinds of device: spark chambers and scintillation 
counters. Both are sensitive to electrically charged particles emitted in electron-positron colli­
sions at the center of the detector. A strong magnetic field bends the trajectories of the charged 
particles, and from the amount of bending their momentum can be determined. The scintilla­
tion counters are made of a plastic that emits a flash of light when a particle passes through it; 
they measure a particle's time of f1igbt and bence its velocity. From the momentum and the 
velocity of a particle its rest mass can be estimated, providing an important clue to its identity. 

HIGH VOLTAGE 

/ 

ALUMINUM WIRES 

MAGNETOSTRICTIVE WANDS 

OUTPUT TO COMPUTER 

SPARK CHAMBERS in the magnetic detector consist of concentric layers of fine aluminum 
wires; when the detector is triggered, a high voltage is applied across tbe layers. Only two layers 
are shown here; each chamber actually has four layers and there are four chambers, for a total 
of about 100,000 wires. When the spark chamber is in operation the wires are immersed in a 
noble gas that is readily ionized by the passage of an electrically cbarged particle. The ionized 
atoms left behind provide a conductive path for a spark between wires in the oppositely charged 
layers, thereby marking the position at which the particle passed through the cylindrical cham­
ber. The positional information is recorded through a system of magnetostrictive "wands" 
laid down perpendicular to the aluminum wires at the end of the chamber. The surge of cur­
rent that flows through the active wire when a spark is triggered gives rise to a pulse in the 
magnetostrictive wand, which propagates as a sound wave that can be detected and timed. 

61 
© 1977 SCIENTIFIC AMERICAN, INC



t, 

L 

e+ • 

tq 

. -

J q 

i 
• 
0 • 
• 

- , • 
• 
• 

• 
• 

J 

ANNIHILATION of an electron and a positron gives rise to equal 
numbers of particles and antiparticles. When hadrons are created as 
a result of a collision, the initial product is a single quark and an anti-
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SEQUENCE OF DECAYS following an electron-positron annihila­
tion converts the great variety of particles created into a few stable 
or nearly stable species. Most hadrons that can decay through strong 
interactions have completed their decays within 10-23 second, when 
they have traveled only about 10-13 centimeter from the point of 
collision. The psi particle is an exception: it decays through the strong 
interaction but requires about 10-20 second. The products of the 
strong decays are longer-lived hadrons, some of which subsequently 
decay electromagnetically, yielding still other hadrons along with 
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quark of the same type. From the energy imparted to this pair, other 
quarks and antiquarks materialize, and ultimately they coalesce in 
pairs and triplets to form hadrons. Only the hadrons can be detected. 

10' 

PARTICLE LIFETIM E  (SECONDS) 

gamma rays <r). Weak decays are the slowest, but most of them are 
completed before the particles have traveled more than a centim eter. 
After the weak decays only leptons, gamma rays and the longest-lived 
hadrons survive. Detectors cannot be placed closer than a few centi­
m eters to the annihilation zone, and so they detect the products of a 
collision only after most decays have been completed. Nevertheless, 
collision products can often be identified. Gamma rays indicate that 
a particle has decayed electromagnetically, and leptons are evidence 
for a weak decay. K m esons signal the presence of a strange hadron. 
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minutes. after which they circulate sta­
bly for periods of up to several hours. 

The energy of the stored beams can be 
adjusted between 1 .2 GeV and 4 GeV. 
One of the principal motivations for em­
ploying storage rings is that all this ener­
gy is available for the creation of new 
particles. When an electron and a posi­
tron collide. both particles are annihilat­
ed and all their mass and kinetic ener­
gy is converted into a state of pure ener­
gy. Thus the machine has the potential 
for creating sets of particles with total 
masses of up to 8 GeV. 

The energy liberated by the annihila­
tion is confined to a small region of 
space. with dimensions of 1 0.15 to 1 0-14 
centimeter. In an unmeasurably brief in­
terval-the time required for light to tra­
verse such a region-the energy is trans­
formed into material particles. which 
then fly away from the point of annihila­
tion. There are few constraints on the 
kinds of particle that can be created 
from this dense bundle of energy. One 
obvious requirement is that energy must 
be conserved: the rest masses of the par­
ticles created cannot exceed the sum of 
the electron and positron energies. Quan­
tum numbers must also be conserved. 
but this requirement is less restrictive 
than it might seem at first. 

The annihilation of an electron and a 
positron is mediated by the electromag­
netic force and the immediate product is 
a photon. a quantum of electromagnetic 
energy. The photon decays so quickly it 
can never be detected. even in principle 
(it is called a virtual particle). but it 
nonetheless determines the properties of 
all subsequent states of the system. If all 
the decay products of the virtual photon 
are detected and their quantum num­
bers added up. the totals must be equal 
to the quantum numbers of the photon. 
The psi particle can be created in these 
events because its quantum numbers are 
precisely those of the photon: it has one 
unit of angular momentum but all its 
additive quantum numbers-those de­
termined by simply adding up the quan­
tum numbers of the constituent 
quarks-are zero. Why this should be so 
becomes apparent when the quark com­
position of the psi is considered. It con­
sists of a quark bound to its own anti­
quark. and all quantum numbers except 
angular momentum exactly cancel. 

In this context what had seemed a re­
strictive demand that the properties of 
the photon be conserved is seen to con­
fer almost complete freedom for the 
creation of any particle as long as it is 
accompanied by its own antiparticle. In 
the psi the particle-antiparticle pair is 
internal. but it need not be so. For exam­
ple. a charmed meson could be pro­
duced in combination with another me­
son having the opposite charm quantum 
number. Given enough beam energy al­
most any state of matter (and antimat­
ter) could be formed. Collisions at 
SPEAR are energetic enough to yield up 

to 50 pions (half 7T + and half 7T - ) or four 
protons together with four antiprotons 
or even a complete atom of helium and 
an atom of antihelium. 

As particles emerge from the annihi­
lation region at speeds near the speed of 
light they commonly decay through sev­
eral generations to lighter and longer­
lived daughter particles. Most of the 
massive hadrons have undergone strong 
decays by the time they have traveled 
1 0-13 centimeter. which is approximate­
ly equal to the diameter of a hadron. 
The products of these decays are lighter 
hadrons. such as pions. K mesons and 
protons and neutrons. Hadrons that de­
cay electromagnetically generally travel 
less than 1 0-6 centimeter before they 
emit a photon and are thereby converted 
into lower-mass hadrons. Most weakly 
decaying particles. such as the strange 
lambda baryon. travel a few centimeters 
before they are transformed into the 
lowest-mass hadrons. such as protons. 
neutrons and pions. along with leptons. 
Ten centimeters from the point of inter­
action most of the surviving particles 
are protons and neutrons. electrically 
charged pions and K mesons. gamma 
rays and leptons. Within a few meters 
the pions and K mesons decay to lep­
tons. leaving only protons. neutrons. 
gamma rays. electrons. muons and neu­
trinos. Much farther along the neutrons 
and the muons dec�y. 

I t is the goal of the experimenter to 
detect as many of these particles as 

possible and to extract a maximum 
amount of information from them. In 
practice the closest a detector can ap­
proach the interaction region is a few 
centimeters. and so there is no hope of 
seeing particles before both strong and 
electromagnetic decays are completed. 
At the other end of the scale detectors 
larger than a few meters in diameter be­
come too costly and unwieldy to be 
practical. Even within this limited range 
of distances it is generally only the 
charged particles and in some cases the 
gamma rays that can be detected. Nev­
ertheless. it is often possible from the 
particles detected to reconstruct the 
chain of events that gave rise to them. 
For example. the presence of K mesons 
among the decay products can be read 
as a sign that strange particles were cre­
ated. Gamma rays indicate that an elec­
tromagnetic decay has taken place and 
leptons are a clue to the passage of a 
weakly decaying particle. 

The detector in which the psi was dis­
covered surrounds one of the interac­
tion regions at SPEAR. It was built by 
physicists from SLAC and from the 
Lawrence Berkeley Laboratory while 
SPEAR was under construction. Vari­
ous individuals and small groups from 
both laboratories had responsibility for 
components of the detector and for its 
computer programs. 

The core of the detector is a ISO-ton 

solenoid magnet whose useful field vol­
ume is a cylinder three meters in diame­
ter and three meters long. Within the 
field are four cylindrical shells of spark 
chambers. which record the trajectories 
of charged particles as they pass 
through the detector. The spark cham­
bers contain a total of 1 00.000 alumi­
num wires. which sense the momentary 
ionization of an inert gas caused by the 
passage of a particle. The magnetic field 
deflects charged particles. and by mea­
suring the curvature of their trajectories 
one can determine the momentum of the 
particles. 

Beyond the spark chambers are scin­
tillation counters. where brief flashes of 
light emitted when a particle penetrates 
a strip of phosphorescing plastic are de­
tected photoelectrically. The scintilla­
tions can be timed precisely. and so the 
time of flight and the velocity of the par­
ticles can be calculated. Knowing the 
velocity of a particle and its momentum. 
one can deduce its rest mass. an impor­
tant clue to its identity. The comparison 
of velocity and momentum is our princi­
pal means for distinguishing between 
the three charged hadrons that survive 
long enough to be detected. namely 
pions. K mesons and protons. 

A final peripheral array of scintilla­
tion counters and spark chambers is 
shielded from the interior of the detec­
tor by filtering layers of lead and iron. 
The differential abilities of various par­
ticles to penetrate these metals allow us 
to discriminate between hadrons and 
leptons and. among the leptons. be­
tween electrons and muons. 

Most of the time the electron and pos­
itron beams pass through each other 
without interacting at all. Even though 
each bunch contains 1 00 billion parti­
cles. the leptons are so small-indeed. 
their size has so far proved unmeasur­
able-that the probability of a collision is 
low. On the other hand. the beams move 
so rapidly. circling the ring more than a 
million times a second. that practical 
rates of data collection can be achieved. 

The detector is triggered whenever 
two or more charged particles coming 
from the vicinity of the interaction re­
gion strike scintillation counters simul­
taneously with the passage of the beams 
through the detector. When a triggering 
event is recorded. all the information 
from the spark chambers and the scintil­
lation counters is transferred to a com­
puter. where it is recorded on magnetic 
tape. The detector is triggered about 
once a second. but only a few percent of 
these events derive from electron-posi­
tron annihilations. The rest are caused 
by cosmic rays and by interactions be­
tween the particle beams and residual 
gas molecules in the vacuum chamber. 

The data collected on tape are ana­
lyzed with the aid of another computer. 
Background events are identified and 
discarded and for the more interesting 
events the trajectories of the particles 
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ANNIHILATION EVENTS can be divided into two broad categories: tbose tbat give rise to a 
pair of leptons, sucb as a positive and a negative m�on, and tbose tbat lead to tbe creation of a 
quark and an antiquark, wbicb eventually appear as a cluster of badrons. If botb leptons and 
quarks bave a pointlike distribution of electric cbarge, tben tbe rates of production can be cal­
culated; tbe rates are determined by tbe number of kinds of leptons and quarks and by tbe 
squares of tbeir cbarges. Measurements of tbe rate of badron production tberefore test various 
quark models, discriminating, for example, between tbose tbat include cbarmed quarks and 
tbose tbat do not. In practice tbe absolute production rates are not measured; instead tbe ratio 
of badron production to muon production is determined, a ratio designated by tbe letter R. 

are reconstructed. In a typical event in­
volving hadrons four or five particles 
may be detected; their momenta and ve­
locities are measured. and if possible the 
particles are identified. 

At any given time approximately 3 5  
physicists are involved with the opera­
tion of the detector and data analysis. 
Although our number varies as students 
and visitors come and go. without the 
dedication and talents of a great many 
individuals in our collaboration. this 
large detection and analysis apparatus 
could not function. 

When the psi particle was discov­
ered in 1 974 we were not searching 

for charmed particles but were engaged 
in a much broader inquiry into the struc­
ture of hadrons. We were attempting to 
test the assumption that hadrons are 
made up of electrically charged. point­
like particles. such as the quarks are 
supposed to be. 

Quantum electrodynamics. a theory 
that has been verified with great preci­
sion. is able to predict the rates at which 
particles are created in electron-posi­
tron annihilations provided the particles 
have a pointlike distribution of electric 
charge. The rate is proportional to the 
sum of the squares of the particles' 
charges. This prediction has been tested 
for electrons and for muons. with good 
agreement between experiment and the­
ory. Quarks are thought to behave ex-
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actly like leptons in electromagnetic in­
teractions. and so the same rule should 
predict their rate of production also. 

Of course. we cannot directly observe 
the quarks created in the aftermath of 
an electron-positron collision. but it 
turns out this is no impediment to mea­
suring their rate of prod uction. When 
hadrons appear among the final prod­
ucts of an annihilation. it is assumed 
they all derive ultimately from a single 
quark-antiquark pair. Hence the rate of 
quark production is given simply by the 
number of events in which any hadrons 
appear. In practice the absolute rate is 
not measured. It is more convenient to 
measure the ratio of hadron production 
to muon production. a ratio that by con­
vention is designated by the letter R. If 
the quark hypothesis is valid. then R 
should be eq ual to the sum of the sq uares 
of the quark charges. and it should be 
approximately constant. independent of 
the collision energy. 

The experimental measurement of R 
is a straightforward procedure. At the 
energies of the SPEAR storage ring. 
events in which hadrons appear almost 
always have three or more particles in 
the final state. whereas muons are pro­
duced strictly in pairs. which leave the 
interaction with equal but opposite mo­
mentum. An excellent estimate of R can 
therefore be obtained simply by adding 
up the number of events in which more 
than two particles are detected and di-

viding by the number of two-body. 
back-to-back events. 

The ratio R is an important test of 
quark theories. Because R is determined 
by the sum of the squares of the quark 
charges it can discriminate between var­
iants of the quark model having differ­
ent numbers of quarks or different 
charge assignments. 

Experimentally determined values of 
R have an interesting history: they have 
consistently been too large for the fash­
ionable theories of the day. In the origi­
nal model of Gell-Mann and Zweig. 
with three quarks. R should have been 
equal to (2/3 )2 + ( 1 /3 )2 + ( 1 /3 )2. which 
adds up to 2/3 . That value of R implies 
that for every two events involving had­
rons there should have been three muon 
pairs produced. The first measurements 
of R were made with the storage ring 
called ADONE at Frascati in Italy. 
These measurements. all made at ener­
gies below 3 GeV. gave values not of 
2/3 but of approximately 2; in other 
words. there were twice as many ha­
dronic events as muon pairs. 

Shortly thereafter theory briefly 
caught up with experiment. It was pro­
posed. and it is now widely accepted. 
that each of the quarks must corrie in 
three varieties in order to accommodate 
a new quantum number. generally 
called color. Unless a quark can be iso­
lated the color quantum number will re­
main permanently hidden from view. 
Color has proved to be an exceptionally 
fruitful concept in explaining the inter­
actions of quarks. but it is a purely "in­
ternal" quantum number and it predicts 
no additional hadrons. Indeed. one of 
the few ways in which it impinges on ex­
perimental results is in the value of R. By 
tripling the number of quarks. R is also 
tripled-to a value of 2. 

There was little time to gloat over this 
result. In the early 1 970's two more tan­
talizing measurements of R were made 
at higher energy with a storage ring at 
the Cambridge Electron Accelerator. 
They showed that at 4 Ge V R is 4. and 
at 5 Ge V it rises almost to 6. 

The Cambridge Electron Accelerator 
was shut down shortly after these mea­
surements were made. but the initial 
program of experiments at SPEAR. be­
ginning in the fall of 1 97 3 .  confirmed 
and extended the results. R was mea­
sured at several energies separated by 
fairly wide intervals. Below about 3 
GeV the value is 2 . 5 .  reasonably close to 
the value of 2 expected if there are three 
quarks and each comes in three colors. 
Above about 4 GeV. however. the ratio 
rises steeply. then above 5 GeV it levels 
off at a value of about 5 . 5 .  Clearly some 
new phenomenon must be making itself 
known. Even charm may not be suffi­
cient to explain the behavior of the 
curve. Adding the charmed quark to the 
model (in three colors) raises the expect­
ed value of R only to 3 . 3 .  

These disconcerting results aroused 
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RATIO R rises from about 2.5 at energies below 3 billion electron 
volts (3 GeV) to about 5.5 at energies above 5 GeV. Tbe most plau­
sible interpretation of tbe increase is tbat a tbresbold for tbe creation 
of a new kind of quark bas been crossed in tbis interval. Wbat is more 
remarkable tban tbe overall increase in tbe ratio is tbat tbe curve bas 
a series of tall and extraordinarily narrow peaks. Tbe tbree peaks 
clustered near 1 GeV represent production of tbe rbo (p), om ega (w) 

and pbi (<I» m esons, wbicb bave quark compositions involving com­
binations of uii, dd and S5. Tbe spike at 3.1 GeV is tbe psi meson (1jI), 
made up of a cC quark-antiquark pair. Tbe psi was discovered in 1974 
during a measnrement of R; tbe psi prime (1jI '), wbicb is an excited 
state of tbe same cc system, was found 10 days later. Tbe broader 
peak at 4 Ge V represents several sbort-Iived particles and is now rec­
ognized as tbe thresbold for tbe creation of a pair of cbarmed mesons. 
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PSI PARTICLE can be created singly in electron-positron annibila­
tions because it consists of a quark and an anti quark of tbe sam e type. 
Tbe immediate product of tbe electron-positron collision is always a 
pboton, bnt tbe pboton invariably decays to otber particles before it 
can be observed. Tbe pboton bas one unit of spin angular mom en-

a 

tum but all its otber quantum nnmbers are zero; any particle created 
from tbe pboton must bave tbe same quantum numbers. Tbe psi is 
one sucb particle; tbe rbo, om ega and pbi m esons are otbers. Tbe psi 
decays tbrougb tbe annibilation of tbe cbarmed quark and anti quark, 
giving rise to ordinary hadrons such as tbe tbree pions sbown here. 
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much interest. but they were soon over­
shadowed by another feature discovered 
in the R curve: the peak that signaled 
the presence of the psi particle. In a 
graph of R the psi appears as a narrow 
spike of enormous height at an energy 
of 3 .095 GeV. If the spike could be 
perfectly resolved. it would be seen to 
rise above the background level by a 
factor of 3 .000; in other words. at 3 .095 
Ge V hadrons are 3 .000 times more like­
ly to be created than they are at neigh­
boring energies. Such an enhancement 
in hadron prod uction is called a reso­
nance. When the collision energy of the 
electron and positron exactly matches 
the mass of the psi particle. the proba­
bility is high that a psi will be created. 

The subsequent decay of the psi yields 
the hadrons that are detected as a reso­
nance. At energies even slightly higher 
or lower than that of the resonance. en­
ergy and momentum can no longer be 
balanced to produce only the psi and the 
rate of hadron production declines. 

Even more remarkable than the 
height of the psi resonance is its extreme 
narrowness. a property related to the 
lifetime of the particle. In fact. it is only 
from measurements of the width of the 
resonance that the lifetime can be de­
duced. Part of the observed width re­
sults from the finite resolution of the ex­
perimental apparatus. Even with perfect 
apparatus. however. the peak could not 
be confined to a single uniquely defined 
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SPECTRUM OF PARTICLES that includes the psi consists of at least seven states. All of 
them are made up of a charmed quark and a charmed anti quark, but they are distinguished by 
various combinations of spin and orbital angular mom entum. Only the psi and the psi prime 
can be created directly from electron-positron annihilations because only those states have the 
same quantum numbers as the photon. The quark spins in tbe psi are oriented in the same di­
rection and they add to give the m eson one unit of spin. Two states of somewhat lower energy, 
designated 'l)c and 'I) '" are formed when the quark spins are antiparallel. Three states of in­
termediate mass, called p-wave excitations, are formed wben a pair of quarks with parallel 
spins acquires a unit of orbital angular momentum. The bound system of a charmed quark and 
a charmed antiquark in many ways resembles a simple atom, and the name "charm onium" has 
been applied to all the states of this system. As in the spectrum of energy levels in an atom, 
one state can be transformed into anotber of lower energy througb the emission of a photon. 
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energy. The range of energies over 
which the peak is distributed can be in­
terpreted in quantum mechanics as rep­
resenting a residual uncertainty in the 
actual energy of the particle. and that 
uncertainty is related to the lifetime. 
The shorter the lifetime. the greater the 
uncertainty. It is as if there were not 
enough time before the particle decayed 
to make an accurate measurement of its 
energy. Most resonances in this mass re­
gion are very broad enhancements hun­
dreds of millions of electron volts wide; 
the width of the psi resonance is 67 .000 
electron volts. or about .002 percent of 
its total energy. 

The unexpected discovery of such a 
narrow peak in the graph of the ratio R 
prompted a change in the mode of oper­
ating storage rings. Instead of sampling 
hadron production at a few widely sepa­
rated energies. high-resolution surveys 
were made with the smallest possible in­
crement between sampled energies. By 
far the most successful high-resolution 
survey made at SPEAR was the very 
first one: 1 0  days after the discovery of 
the psi it disclosed a second. closely re­
lated particle with a mass of 3 .684 GeV. 
This second particle was given the name 
psi prime (1jI '). Like the psi itself. psi 
prime is electrically neutral and has one 
unit of spin; it is not quite as long-lived 
as the psi. but the resonance width of 
228.000 electron volts is still much nar­
rower than most. 

Further exploration of the R curve re­
vealed a third feature in the vicinity of 
4 . 1 GeV. This peak is much less distinct; 
it is an enhancement with a width of 
about 200 MeV. How it should be inter­
preted was not immediately apparent. 

Abound system of a charmed quark 
and a charmed antiquark has much 

in common with simple atoms such as 
the hydrogen atom. Just before the dis­
covery of the psi. Thomas Appelquist 
and H. David Politzer of Harvard pro­
posed the name "charmonium" for this 
bound system. The name implies an 
analogy with another exotic atomlike 
species. positronium. which is a bound 
state of an electron and a positron. 

According to the charm onium model. 
the quark and the antiquark in the psi 
particle have their spins aligned in par­
allel. but they have no orbital angular 
momentum. The psi prime is an excited 
state of this system. analogous to one of 
the excited states of a hydrogen atom. In 
this state too the quark spins are parallel 
and there is no orbital angular momen­
tum. The parallel quark spins combine 
to give each meson one unit of spin. This 
arrangement of spins is known in atomic 
physics as the "ortho" configuration. 
and the psi and psi prime particles can 
together be called orthocharmonium. 

Continuing to argue from the princi­
ples of atomic physics. Appelquist and 
Politzer were able to predict additional 
forms of charmonium. For example , 
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there should be states without orbital 
angular momentum and with the quark 
spins antiparallel. The oppositely direct­
ed spins are subtracted. with the result 
that the particle as a whole has zero an­
gular momentum. This configuration is 
denoted by the prefix "para." and it has a 
lower overall energy than the ortho con­
figuration. Thus there should be a para­
charmonium state with a mass slightly 
less than that of the psi and another with 
a mass slightly less than that of the psi 
prime. The quark and the antiquark 
should also combine with parallel spins 
and with one unit of orbital angular mo­
mentum. Three such states are expect­
ed. known collectively as p-wave char­
monium (another term borrowed from 
atomic physics). Their masses should all 
lie between that of the psi and that of the 
psi prime. 

Because the quantum numbers of the 
photon must be conserved. electron­
positron annihilations cal). give rise to 
quark-antiquark pairs only in the ortho 
configuration. and so neither parachar­
monium nor p-wave charmonium can 
be observed as peaks in the ratio R. It 
should be possible to produce them. 
however. through electromagnetic tran­
sitions from the psi and psi prime states. 
Once again these transitions are analo­
gous to events in atomic physics. where 
an atom can move from an excited state 
to a state of lesser energy by emitting a 
photon. In the atomic transitions the 
photons emitted are typically in the visi­
ble portion of the electromagnetic spec­
trum; in the transitions between char­
monium states the photons are high­
energy gamma rays. 

The most straightforward approach 
to finding these states is to produce psi 
prime particles copiously. then search 
among their decay products for telltale 
gamma rays. Such experiments were un­
dertaken at SPEAR and at the storage 
ring called DORIS associated with the 
German Electron Synchrotron near 
Hamburg. 

The main difficulty in recognizing the 
gamma rays is in distinguishing them 
from numerous other photons emitted 
by unrelated processes. One aid to dis­
crimination is that all the photons emit­
ted during transitions between two given 
states have the same energy. so that they 
should stand out above the background 
events. which have a wide range of ener­
gies. In the initial experiments the back­
ground was further reduced by selecting 
for examination only those events that 
seemed to conform to a particular se­
quence of decays. We decided to study 
events in which a psi prime particle 
emits a photon and decays to some in­
termediate state. which then emits an­
other photon and yields a psi particle. 
We were thus able to exclude from con­
sideration all events except those in 
which the presence of a psi could be de­
duced and in which exactly two gamma 
rays were present. Such procedures for 
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FIRST CHARMED PARTICLE to be discovered was the DO, composed of a c quark and a ii 
antiquark. Unlike the psi, the DO has overt charm : the quantum numbers of the c quark are 
not canceled by those of a c antiquark in the same hadron. As the lightest charmed m eson, the 
DO can decay only through the weak interaction, which can transform the charmed quark into 
a quark of another type. Because of the special relation that exists between strangeness and 
charm, the charmed quark is usually converted into a "strange" quark; consequently strange 
hadrons (such as K mesons) are expected among the decay products. The DO was discovered 
as a bump in the energy distribution of K mesons and pions that have a net electric charge of 
zero (K+7r- or K-7r+). Such combinations can be produced by many unrelated processes, but 
their number should decline smoothly as the mass of the pair increases. The presence of a bump 
at a given energy indicates that a particle with that mass is decaying into the K7r combination. 

"cutting" data are common in high­
energy physics; they can reduce hun­
dreds of thousands of recorded interac­
tions to a handful of interesting events. 

The first results were reported by a 
group of experimenters working at 
DORIS; they found 1 4  events that met 
the criteria. Shortly thereafter our group 
at SPEAR contributed several more 
candidates. These few events retained 
one important item of information that 
was not a mere artifact of the selection 
process. namely the energies of the two 
photons. In most of the.events one of the 
gamma rays had an energy near 1 70 
MeV; by subtracting this energy from 
the mass of the psi prime we ded uced 
that the psi prime was decaying at least 
part of the time into an intermediate 
state with a mass near 3 .5 GeV. The 
intermediate state subsequently decays 
to yield a psi particle. The 3 .5 -GeV par­
ticle has turned out to be one of the 
states of p-wave charmonium. those 

with a unit of orbital angular momen­
tum. The group at DORIS named it Pc. 
Since then more examples of this so­
called cascade decay have been collect­
ed at both SPEAR and DORIS and the 
two related p-wave states. which have 
slightly different masses, have been 
found. 

A second major search for gamma-ray 
transitions was undertaken by our group 
at SPEAR. We sought evidence for psi 
prime decays in which the final state in­
cluded a particular ensemble of hadrons 
and a single gamma ray. These decay 
products would be the signature of an 
intermediate charmonium state that de­
cayed not to a psi particle but to ordi­
nary hadrons. We were gratified to dis­
cover that the photons again clustered at 
certain discrete energies, two of which 
coincided with energies observed in the 
cascade decays. 

Within a year of the discovery of the 
psi particle a spectrum of closely related 
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D+ MESON provides the strongest evidence that the n e w  particles being observed have the 
property of charm. The charmed quark in the D+ must decay into a strange s quark, which is a 
coustituent of the K- meson. The antiparticle of the D+, the D-, contains a charmed anti­
quark that must give rise to a strange antiquark, s, found in the K+ m eson. Combinations of K 
m esons and pions consistent with this decay mode (top) show a distinct bump at an energy near 
1.87 GeV. What is equally important, combinations that would arise from the forbidden tran­
sition from charmed quark to strange antiquark show no enhancement at that energy (bottom). 
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states had emerged. These included not 
only the p-wave excitations but also the 
paracharmonium state just below the 
psi prime. Two groups of experimenters 
working at DORIS also obtained evi­
dence for the paracharmonium state be­
low the psi itself; this is the lowest-mass 
state of charmonium. Finally, in 1 976, 
most of the peaks in the gamma-ray 
spectrum of the psi prime were observed 
in a single measurement. made by physi­
cists from five institutions: the Universi­
ty of Maryland. the University of Cali­
fornia at San Diego. the University of 
Pavia, Princeton University and Stan­
ford University. This gamma-ray spec­
trum is like the line spectrum of an ordi­
nary atom. with one spectacular differ­
ence: the energy of a typical photon in 
an atomic transition is usually a few 
electron volts. whereas the gamma rays 
emitted in charmonium transitions have 
energies of several hundred million elec­
tron volts . 

The spectrum of charmonium states 
represents strong evidence that the 

psi and its relatives consist of a particle 
bound up with its own antiparticle. but 
there is no assurance that the quantum 
number carried by those particles is 
charm. The property itself is hidden in 
all the charmonium states. It becomes 
manifest only in hadrons that include a 
charmed quark or antiquark in combi­
nation with uncharmed quarks. 

In electron-positron collisions such 
charmed hadrons can be created only in 
pairs. Hence the lowest annihilation en­
ergy at which charm could appear is 
equal to twice the mass of the lightest 
charmed particle. This threshold energy 
can be estimated from an examination 
of the ratio R. A lower bound is the mass 
of the psi prime: if the threshold were 
below this mass. then the psi prime itself 
would decay rapidly to yield a pair of 
charmed particles and the resonance 
would be much broader than it is. Just 
above the psi prime mass a significant 
increase in R with several broad peaks 
suggests the creation of highly excited 
states of charmonium that do decay 
strongly to particles with nonzero 
charm. Thus the threshold appears to lie 
between 3 .7 GeV and roughly 4 GeV. 
implying that the lightest charmed parti­
cle has a mass between 1 . 8 5  GeV and 
about 2 GeV. 

Like massive strange particles. mas­
sive charmed ones could decay strongly 
while conserving charm by passing on 
the c quark or c antiquark to a lighter 
charmed state. The lightest charmed 
particles. however. should decay only 
through weak interactions. and they 
should therefore be comparatively long­
lived. The lifetimes might be on the or­
der of 1 0.13 second. 

The lightest charmed states were ex­
pected to comprise six mesons. three of 
them made by combining a charmed c 
quark with a U. a a or an s anti quark. the 
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other three by combining a c antiquark 
with a u. a d or an s quark. The mesons 
containing a charmed quark have been 
named respectively D+ . DO and F+ ; the 
corresponding antiparticles are D- . jjo 
and F- . 

How could charmed particles be 
recognized when they were found? 

Even if long-lived mesons with the ap­
propriate masses were discovered, how 
could it be established that they are dis­
tinguished by charm rather than by 
some other new property of matter? The 
answers to these questions lie in the 
&pecial relation that must exist between 
the charmed quark and the strange 
quark if the suppression of strangeness­
changing neutral weak currents is to be 
explained. Because of this relation weak­
ly decaying charmed particles should 
usually include strange particles among 
their decay products. K mesons, the 
strange particles of lowest mass, serve 
as a distinctive signature of events in­
volving the decay of charmed particles. 

These properties of charmed-particle 
decays suggest an experimental proce­
dure for finding charm. That procedure 
is to examine electron-positron colli­
sions above the psi prime mass for mul­
tiparticle events (which usually contain 
hadrons) in which there are long-lived 
particles that include K mesons among 
their decay products. 

The usual method for conducting 
such searches is to hypothesize a partic­
ular mode of decay, then to select from 
a large sample of events all those that 
might be examples of the presumed 
mode. For example. a reasonable hy­
pothesis is that some charmed particles 
might sometimes decay into a K meson 
and two pions, and so all events that 
included these three particles would be 
selected. From measurements of the 
momentum of the decay products in 
each event the mass of the parent parti­
cle can be calculated. If the particles de­
tected are in fact the products of a single 
mode of decay. then the majority of the 
computed masses will be clustered at a 
single val ue. If the selected particles are 
present through mere coincidence, on 
the other hand. then the computed 
masses will have a broad and featureless 
distribution. This proced ure, which is 
quite common in high-energy physics. is 
called "bump hunting." 

Our first attempts at bump-hunting at 
annihilation energies near 4 GeV were 
unsuccessful. The absence of a percepti­
ble signal was discouraging. but it was 
not fatal to the charm hypothesis. 
Charmed mesons might decay through 
many different modes, so that no one 
mode is represented by a large number 
of events. 

Meanwhile circumstantial evidence 
of charmed-particle production began 
to appear in experiments involving quite 
different techniques. In these experi­
ments events were initiated by high-en-
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DECA Y OF THE D' MESON is mediated by a weak interaction between quarks, Wbereas 
tbe strong force can only create or annibilate matcbed pairs of quarks and anti quarks, tbe weak 
force can cbange one kind of quark into anotber. In tbe decay of tbe D+ tbe weak force is 
transmitted by a particle called tbe W+. Tbe c quark emits a W+ and is transformed into an s 
quark; tbe W+ tben decomposes into a II quark and a if antiquark. Analysis of tbe interaction 
sbows tbat neitber cbarm nor strangeness is conserved, altbougb electric cbarge is conserved. 

ergy collisions between neutrinos and 
nuclear matter; because the neutrino in­
teractions are necessarily mediated by 
the weak force, charmed particles might 
be created singly rather than in pairs. At 
Brookhaven and at the European Orga­
nization for Nuclear Research (CERN) 
a few bubble-chamber photographs 
showed events that could be interpreted 
as decays of charmed particles. At the 
Fermi National Accelerator Laboratory 
(Fermilab) an array of particle counters 
registered numerous candidate events 
distinguished by the presence of two lep­
tons in the final state. The pairs of lep­
tons were strong but nevertheless incon­
clusive evidence for the decay of a 
charmed particle with a mass in the vi­
cinity of 2 GeV. With the exception of 
a single bubble-chamber photograph 
made at Brookhaven, none of these 
events provided enough information to 
precisely determine the mass of the par­
ent particle. 

At SPEAR we continued to accumu­
late data while studying the broad fea­
tures in R at energies near 4 GeV. In 
the spring of 1 976, with improved tech­
niques for identifying strange particles 
and with a much larger sample of 
events, a bump was finally recognized. 
Gerson Goldhaber and Fran<;ois Pierre 
of the Lawrence Berkeley Laboratory 
found small but significant peaks at an 
energy of 1 . 863 GeV in two decay modes 
leading to the emission of K mesons and 
pions. 

One class of events had in the final 
state a single K meson and a single pion 
with opposite charges, that is, K+71' - or 
K -71' +. The other class of events had a K 
meson accompanied by three pions with 
the charge assignments K+71' -71' +71' - or 
K-71' +71' +71' - . All these combinations of 
particles have a net electric charge of 
zero, and they all seem to derive from 
the decay of the same object. The most 
plausible candidate for that object is the 

electrically neutral DO meson. made up 
of a c quark and a ii antiquark. 

Additional bumps have since been 
discovered. The most important of them 
results from the decay of the charged 
relative of the DO, the D+ meson. The 
evidence for this state is an enhance­
ment, at an energy 1 . 868 GeV. in the 
number of events yielding the combina­
tion of particles K-71' +71' + . Significantly, 
the decay mode K+71' -71' + . which has the 
same net electric charge of + 1 ,  has no 
corresponding peak at the same energy. 
This subtle distinction between charge 
states has a simple and elegant explana­
tion in the charm theory. and it repre­
sents the best available evidence for the 
existence of charm. The D+ meson con­
sists of a c quark bound to a Ii antiquark. 
The relation between charm and 
strangeness specifies that a c quark can 
decay through the weak interaction to 
yield a strange s quark, but it cannot be 
converted into an s antiquark. The K­
meson contains an s quark. and so it can 
be produced in the decay of the D+ ; the 
K+ meson, on the other hand. contains 
an s antiq uark. and as theory requires it 
is not observed in D+ decays. No com­
peting model of the new particles offers 
such definitive predictions, and none is 
so consistently in agreement with exper­
imental findings. 

I n electron-positron annihilations 
charmed particles are invariably cre­

ated in pairs, but the bumps by which 
they are identified represent the decay 
products of only one member of the 
pair . It is possible, however, to deduce 
some of the properties of the missing 
partner. Because the detected particle is 
recoiling from the one that escapes de­
tection, both states must have the same 
momentum. From the known momen­
tum and the known total energy of the 
system of particles (which is equal to the 
annihilation energy of the electron and 
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positron) the rest mass of the escaping 
particle can be determined. 

When the events involving DO and D+ 
mesons were analyzed in this way, we 
found that in some cases the recoiling 
objects were simple antiparticles, 150 
and D- , with masses identical to those of 
the detected particles, about 1 . 87 GeV. 
A more prominent peak in the recoiling­
mass spectrum was observed near 2.0 1 
GeV. The peak is interpreted as evi­
dence for excited states of the mesons, 
labeled D'O and D' +. If this interpreta­
tion is correct, the lowest-energy states 
(DO and D+) are made up of quarks with 
their spins oriented anti parallel, so that 
the meson itself has zero angular mo­
mentum, whereas in the excited states 
parallel quark spins give the mesons one 
unit of angular momentum. Various an­
gular correlations between the particles 
and their decay products depend on the 
spins, so that this hypothesis can be test­
ed. Preliminary measurements of those 
correlations are in' agreement with the 
model. 

Once the mass of the psi had been 
established, psi particles could be pro­
duced at will and in large numbers. The 
more recent experimental successes 
have not been won as easily . States of 

matter with overt charm have proved 
remarkably difficult to observe. Even 
after three years of intensive searching 
only a few hundred events have been 
recorded in which all the decay products 
of a charmed particle are identified. All 
but a handful of those events are decays 
of charmed mesons. There must also be 
an extensive family of charmed bary­
ons, made up of three quarks. A few 
events offering glimpses of charmed 
baryons have been recorded at Fermi­
lab, but most properties of the particles 
remain to be determined. 

The most elusive charmed particle is 
another meson, the F+ . It is made up of 
a c quark and an s antiquark. and so it is 
both charmed and strange .  Several 
searches for the F+ are under way. Al­
though there is no conclusive evidence 
for its existence neither is there much 
doubt it will eventually be discovered. 

Even if all the evidence in the case for 
charm has not yet been presented, there 
can no longer be any doubt about the 
verdict. The charmed quark began with 
an abstract symmetry principle relating 
quarks and leptons, a principle that can 
almost be reduced to a longing for tidi­
ness. At the outset the hypothesis was 
proposed without the support of a single 
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SPECTRUM OF CHARMED MESONS that have been observed in electron-positron colli­
sions includes four states and their antiparticles. The states of lowest mass have antiparallel 
quark spins and a total spin of zero; the excited D' states are made up of the sam e quarks 
but have the quark spins parallel, giving the mesons a total spin of 1. The one missing charmed 
meson, which would also have excited states, is the F+. This meson is made up of a c quark 
and an s antiquark and thus is simultaneously charmed and strange. There is some evidence 
that the F+ may have been seen in a European experiment but the evidence is not conclusive. 
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experimental observation: today a great 
many experiments point to a conclusion 
that is all but incontestable . An entire 
spectrum of particles testifies to the exis­
tence of the charmed quark: the psi and 
the other states of charmonium and the 
charmed mesons DO and D+ . The most 
compelling evidence is also the subtlest: 
it is the special relation between strange­
ness and charm manifested in the decay 
of the D+ to the three mesons K -1T + 1T + 
but not to K+1T -1T +. If this is not charm. 
it is a superlative counterfe it. 

Perhaps the most significant result of 
the discovery of charm is an improved 
understanding of ordinary matter. It has 
often been said that high-energy physics 
needs an equivalent of the hydrogen 
atom. the comparatively simple system 
of bound particles that served as a con­
stant point of reference for the develop­
ment of quantum mechanics 50 years 
ago. In a sense. of course , the quark 
model makes simple atomlike systems 
of all hadrons. but that structure was 
never very obvious in experiments until 
the discovery of the psi particle. Now 
the sharp transitions between charmoni­
um states. with the emission of photons, 
provide an exact analogy to atomic 
spectroscopy, but at energies a million 
times greater. The discovery of charm 
marks the beginning of quark chemistry . 

The case for charmed quarks may by 
now have been proved, but it would 

be entirely misleading to suggest that it 
ought to be closed. One conspicuous 
problem is the value of the ratio R. The 
most plausible quark model predicts a 
value of 3 . 3 ,  but the observed ratio is 
nearer 5 .5 .  Once again R seems to be 
much too large. Furthermore. there is a 
growing number of anomalous events. 
observed both at SPEAR and at DORIS. 
that are not readily explained by present 
versions of the quark model, even with 
the inclusion of charm. The events are 
characterized by the presence of two 
charged particles, often leptons, and un­
detected neutral particles. which may 
be neutrinos. 

At the moment the hypothesis that 
seems best able to account for the anom­
alous events and for most of the excess 
in R is that a fifth member of the lepton 
family is appearing. It would have a 
mass of roughly 2 GeV (or 4,000 times 
the electron mass) and might be accom­
panied by still another new lepton, a 
neutrino. Of course , if there are addi­
tional leptons, the appealing symmetry 
between leptons and quarks would be 
destroyed. The obvious solution is to 
postulate more quarks, and preliminary 
evidence for particles containing a fifth 
kind of quark has now been reported in 
high-energy neutrino interactions at 
Fermilab. Further experiments will be 
needed to confirm that discovery, but it 
appears that the future of elementary­
particle physics is at least as bright as the 
recent past. 
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- -Early Schlumberger Joggingoj>eration in PecMlbronn, France. 

50 years ago, 
Conrad and Marcel Schlumberger 

started answering 
the energy problems of today. 
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When the two brothers used electricity to log the 
underground formations in the Pechelbronn oil 
field in France in 1927, they had no conception of 
the impact they would have on a young petro­
leum industry. 

Today, every well is "logged" to determine 
where the oil is and where the next well should be . 

In fact, one guess is that more than 75% of 
the energy the world uses is due, in one way or 

another, to Conrad and Marcel's invention which 
began the evolution of well logging technology. 

Technology that has come a long way since 
that first log was recorded by hand, point by 
point in Pechelbronn. 

Today, up to a half dozen logs can be re­
corded simultaneously and computed instantly. 

And in a world that is thirsting for energy, it 
is precisely the kind of technology needed to help 
solve the problems we face today. And the prob­
lems we will face tomorrow. 

And it is precisely that kind of technology 
we at Schlumberger will continually strive to 
provide in our next 50 years. 

In the future as in the past, 
Schlumberger answers. 
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SCIENCE AND THE CITIZEN 
Proliferating Quarks 

A 
first there were three kinds of 
quark, called "up," "down" and 
"strange." They were proposed 

in 1963 as the hypothetical constituents 
of protons and neutrons and of the 
many related particles known collec­
tively as hadrons. A year later a fourth 
kind of quark was added to bear the pro­
posed new pr.operty of matter called 
charm. Perhaps the most remarkable 
development in high-energy physics in 
the past few years has been the gradual 
accumulation of evidence that the 
charmed quark does exist (see "Funda­
mental Particles with Charm," by Roy 
F. Schwitters, page 56). The study of the 
hadrons formed by these two pairs of 
quarks-up and down, strange and 
charmed-has hardly begun, but al­
ready an experimental result suggests 
there may be still more quarks. The re­
sult consists of evidence for a new had­
ron, by far the most massive subnuclear 
particle yet observed. 

The new hadron was found in an ex­
periment with a beam of high-energy 
protons at the Fermi National Accelera­
tor Laboratory (Fermilab). The experi­
ment was conducted by a group of 16 
physicists from Columbia University, 
the State University of New York at 
Stony Brook and Fermilab, led by Leon 
M. Lederman of Columbia. They report 
their results in Physical Review Letters. 

In the experiment protons accelerated 
to an energy of 400 billion electron volts 
(400 GeV) were allowed to collide with 
atomic nuclei in a target made of copper 
or platinum. The debris resulting from 
the collisions was analyzed in an appa­
ratus called a double-arm spectrometer. 
Particles emitted in a narrow range of 
angles on each side of the proton beam 
were detected, and by measuring their 
deflection in a magnetic field their mo­
menta were determined. 

Lederman and his colleagues exam­
ined a specific class of events: those in 
which the products of the collision in­
cluded a pair of muons with opposite 
electric charge and with an effective 
combined mass of between 5 GeV and 
14 GeV. (The muon is a particle that 
is not made up of quarks but is closely 
related to the electron.) In some 1016 
proton-nucleus collisions about 9,000 
muon pairs in the selected energy range 
were detected. 

At high energy, muon pairs can be 
created by a great variety of processes, 
but no single energy should be favored 
in their production. If the number of 
muon pairs is plotted as a function of the 
muons' effective mass. a smooth curve 
should result. When Lederman and his 
colleagues constructed such a graph for 
the events they had detected. the curve 

74 

was smooth, as had been expected, with 
the exception of one distinctive feature: 
a bump at a mass of about 9.5 GeV. The 
bump represents strong evidence for the 
existence of a particle with that mass 
which sometimes decays into a pair of 
muons with opposite charges. The par­
ticle has been assigned the name upsi­
lon. Its mass of 9.5 GeV is roughly nine 
times the mass of the proton. 

The nature of the upsilon is still quite 
uncertain. but an interpretation that ap­
peals to many physicists' explains the 
particle as a bound system of a new 
quark and a corresponding antiquark. 
Since the more familiar quarks come in 
pairs. it is expected that there are actual­
ly two new quarks, even though the up­
silon represents evidence for only one 
of them. The new quarks will apparent­
ly be called "top" and "bottom," the 
names being meant to suggest properties 
surpassing those of the up and down 
quarks found in ordinary matter. If the 
two new quarks do exist, there must also 
be two new properties of matter. which 
some physicists have taken to calling 
"truth" and "beauty." 

In the original Fermilab experiment 
about 3 50 muon pairs were detected in 
excess of the number expected if no new 
particle existed. The number of events 
has since been increased to about 1,000. 
Subsequent analysis of the bump in the 
mass spectrum suggests strongly that it 
represents not one particle but two, with 
masses too close for the apparatus to 
resolve them clearly. Both are thought 
to consist of a bottom quark bound to a 
bottom antiquark, the particle of higher 
mass being an excited state of the lower­
mass one. There is no sign yet of parti­
cles containing top quarks. 

It is notable that the quark model was 
h'ltroduced in order to simplify the ob­
served spectrum of hadrons. which 
seemed to be growing without limit. 
Now it is the quarks that seem to be 
proliferating. 

Gossamer Wings 

For a man to fly like a bird under his 
own power is the oldest dream of 

aeronautics. going back at least to the 
Greek myth of the inventor Daedalus. 
who escaped from the Labyrinth on 
wings covered with feathers held on by 
wax. The modern era of man-powered 
flight began in 1935, when two British 
engineers developed a propeller-driven 
"flying bicycle" that traveled through 
the air for short distances. In the 1950's 
a British industrialist. Henry Kremer. 
offered under the auspices of the Royal 
Aeronautical Society a substantial prize 
(now worth about $86,000) for the first 
man-powered flight to meet certain de­
manding conditions: the craft had to 

take off unassisted from level ground 
in a wind of 10 miles per hour or less. 
fly in a figure-eight pattern around two 
pylons half a mile apart and pass over a 
10-foot hurdle at the start and finish. 
The use of stored power or buoyant 
gases was forbidden. as were any stops 
or assistance along the way. 

Over the years Kremer's challenge 
gave rise to a series of delicate, broad­
winged flying machines. Several were 
able to make extended straight flights. 
but none could negotiate the course; the 
turns proved too difficult from the stand­
point both of maneuverability and of 
power. Now a new type of aircraft de­
veloped by Paul B. MacCready, presi­
dent of AeroVironment, Inc., of Pas­
adena. Calif.. has finally succeeded 
where others had failed. 

MacCready's craft. the Gossamer Con­
dor, is aptly named: it is 30 feet long and 
eight feet high. has a 96-foot wingspan 
and a total lifting area of 835 square 
feet and yet weighs only 70 pounds. 
The disproportionate size of the wing 
is necessary to get maximum lift at low 
speed. The craft is propelled by pedal­
ing a bicycle chain connected to a pro­
peller behind the cockpit, which hangs 
from the center of the wing. A stabilizer 
mounted on a thin boom extending to 
the front of the wing and fitted with 
two small ailerons helps to control pitch 
and yaw and dispenses with the need for 
a vertical control surface. The craft is 
maneuvered into a turn by directly twist­
ing the wing with the aid of a lever, 
which can be set at a predetermined turn 
radius. Once the twist of the wing is set. 
the stabilizer can still be manipulated 
to maintain control during the turn. 

The main difference between the Gos­
samer Condor and preceding man-pow­
ered aircraft is that it was inspired by 
hang-glider technology. These light­
weight gliders gave MacCready the 
idea of using an aluminum-tube skele­
ton braced with piano wire. Says Mac­
Cready: "The fact that the basic struc­
ture was very easy to build, modify 
and repair made an integrated develop­
ment program possible. We could build 
a new wing in two weeks, and a new 
stabilizer in three days." The craft's de­
sign. he says. "is a mixture of the sim­
plest and the most advanced aeronautics 
technology." Although the airfoil and 
the propeller were designed with the aid 
of a computer by AeroVironment's vice­
president, Peter P. S. Lissaman. no plans 
for the craft were ever drawn up. In­
stead the design evolved over a period of 
a year, during which 12 successive mod­
els were built and improved on. 

No custom-made materials were nec­
essary. The fuselage was built from bal­
sa wood. corrugated cardboard (which 
also forms the leading edge of the wing), 
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sheets of Styrofoam and a thin skin of 
Mylar. Obviously every attempt was 
made to keep weight to a minimum. 
The project called for an investment of 
about $25,000 and thousands of man­
hours in unpaid time. MacCready and 
his collaborators first built small-scale 
models to check the bracing and con­
struction techniques. Then they went to 
a version with an 88-foot wingspan but 
no propeller. Finally they built a full­
sized version complete with a propeller 
and a bicycle seat. To pilot the craft 
MacCready hired Bryan Allen, a 24-
year-old championship-level bicycle 
racer who is also an experienced hang­
glider pilot. 

The craft was tested in the Mojave 
Desert. At that time it was discovered 
that the ends of the wings were too 
broad to allow for reasonable maneu­
verability at the craft's low speed (sev­
en to 11 m.p.h.). When the ends of the 
wings were made narrower, it became 
necessary to further reduce drag by en­
closing the pilot in a streamlined My­
lar cockpit. With the pilot in place the 
finished craft weighs 207 pounds and 
requires about .3 5 horsepower to fly in 
a straight line. Says MacCready: "It is 
the absolute minimum airplane." 

In February, MacCready and his col­
laborators moved the plane to the Kern 
County Airport in Shafter, Calif. The 
airport was chosen because it is relative­
ly deserted, has a large hangar and has 
lighter winds than most airports in 
southern California. On August 23, af­
ter some final modifications on the fuse­
lage, MacCready decided to try for the 
Kremer prize. His confidence was bol­
stered by a "confluence of beneficial fac­
tors": Allen was trained for his best ef­
fort, the wind conditions were satisfac­
tory and Bob Ris;hardson of the Kern 
County Department of Airports, who 
had been approved by the Royal Aero-

nautical Society to verify a successful 
flight, was present. 

As Allen pedaled powerfully the 
Gossamer Condor accelerated down the 
runway for 3 0  feet and took slowly to 
the air. Moving at about 11 m.p.h., it 
traveled the specified figure-eight pat­
tern around two markers half a mile 
apart, although because of the large 
wingspan and low speed of the craft the 
turns had to be wide and flat. When 
the successful flight was completed, the 
craft had covered from takeoff to land­
ing a distance of 1.3 miles in seven min­
utes 22.5 seconds, and had won Mac­
Cready and his collaborators the Kre­
mer prize. 

Now that the competition is over 
MacCready wants to take a vacation 
from an activity that has absorbed near­
ly every hour of his spare time for the 
past year. The Gossamer Condor, he says, 
was "a crude vehicle with one purpose 
only-to win the Kremer prize. It was a 
compromise between a sophisticated 
design and a finite amount of time, mon­
ey and effort." MacCready believes, 
however, that his basic design could be 
refined to reduce its weight from 70 
pounds to 55 and make its wing surface 
smoother. Then the craft would re­
quire only .29 horsepower to stay aloft, 
making it possible for an athletic bicy­
clist to fly it for several hours. As for 
the victorious craft, it is slated for re­
tirement. MacCready hopes it will find 
a place in the Smithsonian Institution. 

Claudius Ptolemy: Fraud 

C laudius Ptolemy, the Greek scholar 
who flourished in Alexandria in the 

second century, has long been consid­
ered the greatest astronomer of antiqui­
ty. His astronomical treatise 'E Mathe­
matike Syntaxis, written in A.D. 142, has 
been called the most important work of 

At a Shafter, Calif., airport, the Gossamer Condor makes the first sustailled mall-powered flight 
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amount of light bent as it passes through 
the juice. Many samples are taken from 
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fermentation, a thermometer-hydrometer 
measures both temperature 
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mathematical astronomy until De Revo­
lutionibus Orbium Coelestium was pub­
lished by Copernicus 1.400 years later. 
In the Syntaxis Ptolemy expounded a 
mathematical system for predicting the 
future positions of the planets. in which 
the earth is at rest and the sun. the moon. 
the planets and the stars move around it 
in combinations of circular epicycles. 
The Ptolemaic planetary theory so influ­
enced the development of Islamic as­
tronomy that Arab astronomers gave 
the Syntaxis the name Almagest. mean­
ing "the greatest." Moreover. the Ptole­
maic theory molded the development of 
European cosmology until the work of 
Copernicus and Kepler. More recently 
the Syntaxis has been important to histo­
rians as well as astronomers because 
Ptolemy cited astronomical theories 
and observations that he credits to his 
Greek and Babylonian predecessors. 
and in some cases the book is the sole 
surviving source of information about 
early Greek culture and Babylonian 
chronology. Now. according to Robert 
R. Newton of Johns Hopkins University 
in a book titled The Crime 0/ Claudius 
Ptolemy. soon to be published by the 
Johns Hopkins University Press. Ptole­
my is revealed as the most successful 
fraud in the history of science. 

The principal evidence for the fraud 
exists in the Syntaxis itself. According to 

statistical analyses by Newton. the accu· 
racy of certain observations of the plan­
ets and the stars that Ptolemy claims to 
have made is so great that in some cases 
the odds are a billion to one against his 
having made them with the instruments 
he described. In other cases Ptolemy's 
alleged observations of the equinoxes 
and solstices are off by more than a day. 
an error so unreasonably large that it is 
10 times greater than the error in similar 
observations made by his predecessors. 
In Ptolemy's "updated" version of the 
star catalogue of his predecessor Hip­
parchus the positions of the 1.000 or so 
stars that Ptolemy allegedly observed 
were obtained by shifting each position 
by an identical amount. In a number of 
examples Ptolemy's conclusions based 
on the alleged observations are accurate 
to the last digit even when his calcula­
tions are in error. All these oddities have 
led Newton to conclude that Ptolemy 
deriyed his observations from his tables 
instead of the other way around. Writes 
Newton: "He developed certain astro­
nomical theories and discovered they 
were not consistent with observation. 
Instead of abandoning the theories. he 
deliberately fabricated observations 
from the theories so that he could claim 
that the observations prove the validity 
of his theories." 

Newton has also discovered that a 

large fraction of the observations Ptole­
my attributed to other astronomers is 
not material he has preserved from the 
past but material he has forged. "At a 
guess." Newton estimates. "the realiza­
tion of Ptolemy's fraud destroys half of 
what we have been accepting as Greek 
astronomy." Moreover. Ptolemy's forgo 
ery may have extended to inventing the 
length of reigns of Babylonian kings. 
Since much modern reconstruction of 
Babylonian chronology has been based 
on a list of kings that Ptolemy used to 
pinpoint the dates of alleged Babylonian 
observations. according to Newton "all 
relevant chronology must now be reo 
viewed and all dependence upon Ptole­
my's [king] list must be removed." 

Newton has examined the possibility 
that an assistant of Ptolemy's provided 
Ptolemy with false observations out of 
laziness. but he believes that it is unlike­
ly that such an assistant would also have 
deliberately falsified history. Newton 
also mentions as a slight possibility that 
the Syntaxis could have been written by 
someone other than Ptolemy. Newton 
has not yet found any evidence for the 
motivation of the fraud. although he 
suggests that the most likely one is sim­
ply that Ptolemy wanted to be known 
as a great astronomer. "He may have 
found. early in his career. that he did not 
have the qualifications. so he turned to 

In 5 years, most Americans will 
write with a pen like this. 
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the only remaining way of satisfying his 
ambition, which was to replace ability 
by fraud." 

To Newton the most difficult problem 
presented by the Syntaxis is: Why has it 
been accepted as a great work for 18 
centuries? During that time a few as­
tronomers and historians discovered 
certain inconsistencies in it, but appar­
ently the only scholar who seriously 
questioned the value of the work was J. 
B. J. Delambre, a French astronomer of 
the early 19th century. 

"It is clear," Newton concludes his 
book, "that no statement made by Ptole­
my can be accepted unless it is con­
firmed by writers who are totally inde­
pendent of Ptolemy on the matters in 
question. All research in either history 
or astronomy that has been based upon 
the Syntaxis must now be done again." 

Cull o/the Wild 

Hybridization is the chief means of 
improving plant productivity. 

Similar improvements in strains of do­
mestic animals, however, have virtually 
eliminated natural variability and have 
considerably reduced the heritability of 
desired characteristics. Why not infuse 
new genes from wild animal species? 
The suggestion is made by R. V. Short, 
director of the British Medical Research 

Council Unit of Reproductive Biology 
at the University of Edinburgh. At a 
symposium celebrating the 150th anni­
versary of the establishment of the Zoo­
logical Society of London, Short point­
ed out that many animal species from 
the Tropics breed all year round, and 
species from polar and high-altitude 
habitats are notable for their large size 
and rapid maturation. All these charac­
teristics are much desired in domestic 
animals. 

Short suggests that hybridizing the 
domestic goose (Anser anser) with such 
wild stock as the red-breasted goose 
(Branta ru./icollis), the bar-headed goose 
(A. indicus) and the nene (B. sandvicensis) 
could produce birds that grow faster, 
breed over an extended period and do 
not develop wasteful deposits of fat. 
Moreover, unlike chickens and turkeys, 
geese thrive on an exclusively vegetari­
an diet that requires no animal-protein 
supplement. Some 3 3  wild species and 
subspecies of geese, all mutually fertile 
with A. anser, offer a virtually inexhaust­
ible gene pool for experimentation. 

The domestic duck (Anas platyrhyn­
chos) might similarly be improved by hy­
bridization, Short observes. More than 
50 wild species are available as gene do­
nors, and crosses with most of them are 
known to be fertile. A particularly at­
tractive candidate is a duck of the tropi-

cal Pacific, the Laysan teal (A. laysanell­
sis). The bird not only has a long laying 
season but also almost never swims, 
thereby minimizing the growth of sub­
cutaneous fat. The protein requirement 
for ducks, unlike that for geese, totals 
nearly 20 percent of their total caloric 
intake but less than 10 percent of the 
protein need be of animal origin. 

Short also notes that the largest of all 
wild sheep is a subspecies popularly 
known as Marco Polo's sheep (Ovis am­
mon poli). A ram of this subspecies is 
about the size of a red deer: it is more 
than three feet high at the shoulder and 
can weigh nearly 3 00 pounds. Russian 
experimenters have successfully crossed 
another subspecies of 0. ammon with 
domestic sheep. Observing that red deer 
survive in the highlands of Scotland un­
der conditions that are too severe for the 
small Scottish blackface sheep, Short 
proposes that a hybrid of a domestic 
sheep and 0. ammon poli might also fit 
this "bare, sodden, windswept" ecologi­
cal niche. 

Dodo Ecology 
"The Dodo," wrote the humorist Will 

Cuppy, "seems to have been in­
vented for the sole purpose of becoming 
extinct, and that was all he was good 
for." Not so. That large (25 to 50 

Why wait? Systemark is here. 

Systemark by Parker. It gives you the touch 
of tomorrow today. 

The revol utionary Systemark Floati ng Ball 
point glides effortlessly across paper. It 
lays down a track of slick, glistening liguid 
ink (not the thick paste ink found in con­
ventional ballpoints) and meters the ink 

at the ideal flow rate . You get a rich, vivid 
stroke-one that adds dash and verve to 
your handwriting . 

The future was never so close at hand. Try 
Systemark . Also available with two addi­
tional points: a fine-line Stylus and long­
writing Super Soft Tip. At $5, $10 or $20. 

TPARKER 
Try Systemark: the touch of tomorrow. 

81 

© 1977 SCIENTIFIC AMERICAN, INC



Outdoor Sporting Specialties 

L __ -
---� 

FREE Fall Catalog 
128 fully illustrated pages featuring hunt­
ing. winter sports and camping equip­
ment. Outdoor apparel and footwear for 
men and women. Many items of our own 
manufacture. Our 65th year of providing 
dependable. high-grade sporting spe­
cialties. All guaranteed to be 100% satis­
factory or your money back. 

FJ���·1.. IT STRIKES 
'IJ.NOTHER HOME 

• EVERY MINUTE! 
Protect your valuable research papers, 
collections, tax records and other docu­
ments at home or office with a Sentry 
Fire-Safe. 

Tested by Underwriters Laboratories at 
up to 1700° F for one hour with no dam­
age to its contents. Complete test details 
in Free Sentry Catalog. 

The 2 � Inch Pyronox 
walls have 23 quarts of 
water chemically com­
bined to give protection 
equal to more tha n 3 
feet of solid concrete 

Exclusi ve seated, seam­
less ins u l a t e d  door. 
solid 4-in. wide bolt 
with throw handle. 3 
number, p u nch-proof 
lock. 

Two solid steel, % In 
thi ck deadbolts an­
chor in s t e e l-li n e d  
holes i n  one-p iece 
steel frame. No seams 
to give under fire 
stress. 

..... 

------------------------ FREE S8ENTRyor 
CATALOG 

o Send Free Catalog 
r-------

Name ______________________ __ I sentry 1121 S e ntry Bldg .. R ochester. NY 14625 

o Rush My Free Sentry Catalog to' Address _________________ _ 

C,ty _____________________ _ I Name __________ ___ 

Stale ZIP __ _ I 
I Address I L.L. Bean, Inc. 

461 Alder St., Freeport, ME 04033 L Zip __ .1 
------------

A collectors Christmas 
from the Hamilton Collection ... 

� Splendid Brass 
Tassel Box 

It could be this season's most desirable gift. A 
reproduction of an original French design which is 
now Rart of the permanent Mottaheoeh Collec­
tion. It makes an exotic spice box, a perfect 
potpourri, an object of distinction, an elegant 
addition to any decor, and always an appreciated 
gift. You can own this enduring heirloom or give it 
to a friend of discriminating tastes, for only $20. 
3'12" x 3t;..;' in solid brass. 
The Hamilton Collection-Holiday Edition. Over 
100 unusual collectibles to make this Christmas 

unforgettable. Porcelain, crystal, precious metals, 
antiquities and fine works of art. You'll receive the 
handsome color catalogue when you order the 
Brass Tassel Box. Or, write to us for the free 
catalogue only. 

---------------------- - ----- - ---
I THE HAMILTON COLLECflON 

Dept. I t5 I 
I 40 East UniveNty Drive Name I Arlington Heights. tu. 60004 

I 0 Please send me __ of the brass Ta<seI Address I 
I Ilo.es at $20 each (plus applicable sales I tax) and a roPY. of your catalogue. I am I enclosing ,my ched or money order as City • 
I paymenT m fuU. I 
I 0 Please only send me a copy of your free I catalogue. State Zip..p ____ _ 

�--------------------------------� 

82 

pounds), ill-favored, flightless Raphus 
cucullatus of the island of Mauritius in 
the Indian Ocean. also known as Didus 
ineptus and dubbed doudo (silly) by the 
Portuguese sailors who discovered it in 
1507. that slow-moving member of the 
pigeon family whose name became a by­
word for stupidity and failure to adapt 
(the last dodo had succumbed to man 
and his domestic animals by 1681). was 
apparently indeed good for something 
else. It played an essential role in the life 
cycle of a large tree. Calvaria major. Ab­
sent the dodo, Calvaria seeds have ap­
parently not germinated for nearly three 
centuries, and the tree is now nearly ex­
tinct-going the way of the dodo. 

That is the conclusion of Stanley A. 
Temple. an ecologist at the University 
of Wisconsin. who reports on the inter­
action of R. cucullatus and C. major in 
Science. The tree was once common in 
the forests of Mauritius. Temple points 
out. but by 1973 only 13 old and dying 
specimens were known to have sur­
vived. each of them estimated by forest­
ers to be more than 300 years old. The 
survivors produce well-formed fruits. 
but the seeds do not germinate even un­
der nursery conditions. The reason ap­
pears to be that the seed is enclosed in an 
extraordinarily thick (up to 15 millime­
ters) endocarp. or pit. that keeps the em­
bryo from expanding. Noting "the tem­
poral coincidence between the extinc­
tion of the dodo 3 00 years ago and the 
last evidence of natural germination of 
Calvaria seeds." Temple hypothesized 
that a period of coevolution had led to a 
"mutualistic" relation between the tree 
and the bird. He proposed that the thick 
endocarp was evolved by Calvaria in re­
sponse to the destruction of its seeds by 
the fruit-eating dodo; the tough pit re­
sisted destruction by the large stones 
grinding away in the dodo's powerful 
gizzard. but the gizzard did abrade and 
scarify the pit enough so that when it 
was excreted. the seed could break 
through and germinate. 

Temple calculated the forces likely to 
have been generated in dodo's gizzard. 
He found that intact pits could indeed 
have withstood such forces without be­
ing crushed; the pits would not have 
been crushed until after they had been 
abraded to a size at which they would be 
likely to be excreted. He tested his hy­
pothesis by feeding fresh Calvaria pits to 
turkeys. Of 17 ingested pits. seven were 
eventually crushed in the turkey's giz­
zard and 10 were regurgitated or excret­
ed after being reduced in size by abra­
sion. When he planted the 10 pits. three 
of them germinated. They "may well 
have been the first Calvaria seeds to ger­
minate in more than 3 00 years." Temple 
points out that many instances of plant­
animal mutualism are known in which 
the elimination of a plant species has 
affected an associated animal popula­
tion. This appears to be the first docu­
mented example of the reverse. 
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The Ultimate 

Tax Shelter 
Tax experts are now referring to a 

small, privately owned corporation as 
"The Ultimate Tax Shelter." This is 
especially true since the passage of the 
Tax Reform Act of 1976. This law 
makes most former tax shelters either 
obsolete, or of little advantage. Invest· 
ments affected include real estate, oil 
and gas drilling, cattle feeding, movies, 
etc. These former tax shelters have lost 
their attractiveness. Aside from that, 
these tax shelters required a large invest· 
ment. Only a small segment of the popu­
lation could benefit from them. 

I've written a book showing how you 
can form your own corporation. I've 
taken all the mystery out of it. Thou­
sands of people have already used the 
system for incorporation described in 
the book. I'll describe how you may 
obtain it without risk and with a valuable 
free bonus. 

A corporation can be formed by any­
one at surprisingly low cost. And the 
government encourages people to incor­
porate, which is a little known fact. The 
government has recognized the impor­
tant role of small business in our coun­
try. Through favorable legislation incor­
porating a small business, hobby, or 
sideline is perfectly legal and ethical. 
There are numerous tax laws favorable 
to corporate owners. Some of them are 
remarkable in this age of ever-increasing 
taxation. Everyone of us needs all the 
tax shelter we can get! 

Here are just a few of the advantages 
of having my book on incorporating. 
You can limit your personal liability. 
All that is at stake is the money you 
have invested. This amount can be zero 
to a few hundred or even a few thousand 
dollars. Your home, furniture, car, 
savings, or other possessions are not at 
risk. You can raise capital and still keep 
control of your business. You can put 
aside up to 25% of your income tax free. 
If you desire, you may wish to set up a 
non-profit corporation or operate a cor­
poration anonymously. You will save 
from $300 to $1,000 simply by using 
the handy tear-out forms included in the 
book. All the things you need: certifi­
cate of incorporation, minutes, by-laws, 
etc., including complete instructions. 

There are still other advantages. Your 
own corporation enables you to more 
easily maintain continuity and facilitate 
transfer of ownership. Tax free fringe 
benefits can be arranged. You can set up 
your health and life insurance and other 
programs for you and your family 
wherein they are tax deductible. Another 
very important option available to you 
through incorporation is a medical reim-

bursement plan {MRP}. Under an MRP, 
all medical, dental, pharmaceutical ex­
penses for you and your family can be­
come tax deductible to the corporation. 
An unincorporated person must exclude 
the first 3% of family's medical expenses 
from a personal tax return. For an indi­
vidual earning $20,000 the first $600 
are not deductible. 

Retirement plans, and pension and 
profit-sharing arrangements can be set 
up for you with far greater benefits than 
those available to self-employed indivi­
duals. 

A word of caution. Incorporating 
may not be for you right now. However, 
my book wi1l help you decide whether 
or not a corporation is for you now or in 
the future. I review all the advantages 
and disadvantages in depth. This choice 
is yours after learning all the options. If 
you do decide to incorporate, it can be 
done by mail quickly and within 48 
hours. You never have to leave the pri­
vacy of your home. 

I'll also reveal to you some startling 
facts. Why lawyers often charge substan­
tial fees for incorporating when often 
they prefer not to, and why two-thirds 
of the New York and American Stock 
Exchange companies incorporate in 
Delaware. 

You may wonder how others have 
successfully used the book. Not only 
a small unincorporated business, but 
enjoyable hobbies, part time businesses, 
and even existing jobs have been set up 
as full fledged corporations. You don't 
have to have a big business going to 
benefit. In fact, not many people realize 
some very important facts. There are 
30,000 new businesses formed in the 
U.S. each and every month. 98% of 
them are small businesses; often just one 
individual working from home. 

To gain all the advantages of incorpo­
rating, it doesn't matter where you live, 
your age, race, or sex. All that counts is 
your ideas. If you are looking for some 
new ideas, I believe my book wi1l stimu­
late you in that area. I do know many 
small businessmen, housewives, hobby­
ists, engineers, and lawyers who have 
acted on the suggestions in my book. A 
woman who was my former secretary is 
incorporated. She is now grossing over 
$30,000 working from her home by· 
providing a secretarial service to me and 
other local businesses. She works her 
own hours and has all the corporate ad­
vantages. 

I briefly mentioned that you can start 
with no capital whatsoever. I know it 
can be done, since I have formed 18 
companies of my own, and I began each 

by 
TED NICHOLAS 

one of them with nothing. Beginning at 
age 22, I incorporated my first company 
which was a candy manufacturing con­
cern. Without credit or experience, I 
raised $96,000. From that starting point 
grew a chain of 30 stores. I'm proud of 
the fact that at age 29 I was selected by 
a group of businessmen as one of the 
outstanding businessmen in the nation. 
As a result of this award, I received an 
invitation to personally meet with the 
President of the United States. 

I wrote my book, How To Form 
Your Own Corporation Without A Law­
yer For Under $50, because I felt that 
many more people than otherwise would 
could become the President of their 
own corporations. As it has turned out, 
a very high proportion of all the corpo­
rations formed in America each month, 
at the present time are using my book 
to incorporate. 

Just picture yourself in the position 
of President of your own corporation. 
My book gives you all the information 
you need to make your decision. Let 
me help you make your business dreams 
come true. 

As a bonus for ordering my book 
now, I'll send you absolutely free a 
portfolio of valuable information. It's 
called "The Incom Plan" and normally 
sells for $9.95. It describes a unique plan 
that shows you how to convert most 
any job into your own corporation. 
You'll increase your take-home pay by 
up to 25% without an increase in salary 
or even - changing jobs in many cases. If 
you are an employer, learn how to 
operate your business with independent 
contractors rather than employees. This 
means that you'll have no payroll 
records or withholding taxes to worry 
about. And you'll be complying with all 
I.R.S. guidelines. "The Incom Plan" in­
cludes forms, examples and sample letter 
agreements to make it possible. 

I personally guarantee your purchase 
in the fairest way I know. If you feel 
my book is not all that I've described, 
return it undamaged within a full year 
and I'll promptly refund your money 
with no questions asked. If you should 
decide to return it, you may keep the 
bonus Incom Portfolio for your-trouble. 

To get your copy, write the words 
"Corporation Book and Bonus" on a 
plain sheet of paper, along with your 
name and address. Enclose a check for 
$14.95. There is no sales tax on your 
order and your purchase price is tax 
deductible. Mail your order to me, Ted 
Nicholas, c/o Enterprise Publishing Co., 
Dept. SA-7XC , 1000 Oakfield Lane, 
Wilmington, Delaware 19810. 
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Side-looking Airborne Radar 
A radar antenna mounted on the belly of an aircraft and aimed 

to the side can record microwave linages of terrain in striking 

detail, regardless of the weather or the tlme of day or night 

by Homer] ensen, 1. C. Graham, Leonard]. Porcello and Emmett N. Leith 

T
he first aerial images of the earth's 
surface, made as an aid to topo­
graphic mapping and military re­

connaissance, were crude photographs 
taken from balloons in the middle of the 
19th century. As cameras, films and air­
planes evolved, aerial imagery was em­
ployed to satisfy an ever increasing vari­
ety of needs. In the 1920's vertical pho­
tographs made from airplanes became 
the basis for aerial photogrammetry. 
Today nearly all geological and topo­
graphical maps are based on images of 
the earth's surface made from aircraft 
and artificial satellites. 

In the 1950's imaging devices were in­
vented whose sensitivity extended be­
yond the visible region of the spectrum, 
particularly into the infrared wave­
lengths. With the advent of infrared sen­
sors the region of the electromagnetic 
spectrum at which the earth's surface 
could be observed ranged between .4 
micrometer (the shortest visible-light 
wavelengths) and 10 micrometers (in 
the thermal-infrared wavelengths). All 
of the devices detected energy that was 
either sunlight reflected from the terrain 
and man-made structures or was radia­
tion naturally emitted by them as a func­
tion of their temperature and emissivity. 

At visible and infrared wavelengths, 
however, the atmosphere absorbs a sig­
nificant amount of radiation even when 
the air is clear. When the weather is 
cloudy or rainy, the performance of the 
sensors is seriously impaired. Even with 
such a broad region of the spectrum at 
the aerial surveyor's disposal his long­
standing dream of some kind of magic 
camera that could be operated from the 
air to obtain pictures of the earth's sur­
face regardless of illumination and 
weather remained unfulfilled. 

The requirements for an all-weather, 
day or night imaging system are basical­
ly simple. In order to be independent of 
sunlight the system needs its own source 
of illumination. In order to penetrate 
clouds the system must employ a kind of 
radiation that is not attenuated or dis­
persed by water vapor. There is an imag­
ing system that fulfills both of these re­
quirements: a radar system working at 
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the microwave wavelengths of between 
one centimeter and 30 centimeters. 

Radar systems provide their own illu­
mination, and microwaves of certain 
frequencies are little affected by the at­
mosphere and the weather. Radar sys­
tems working at those wavelengths cur­
rently monitor the weather from the 
ground and from satellites, assist in the 
control of air traffic and have measured 
the distance to the moon and the plan­
ets. Although microwaves are about 
100,000 times longer than the waves of 
visible light, they are still short enough 
to resolve detail fine enough for most 
geological and geographical purposes. 
In fact, a radar system operating at those 
wavelengths carried aboard an aircraft 
obtains images of the earth's surface 
that display fine detail and spectacular 
relief. In this article we shall confine our 
attention to airborne radar systems that 
form images of the adjacent terrain by 
looking to the side of the airplane. 

Resolution of the System 

An obvious question is: Why should 
the radar antenna be pointed to the side? 
Almost everyone is familiar with circu­
lar-scan radar systems, which present on 
a cathode-ray tube an image obtained 
by a rotating antenna. Television weath­
er reports, for example, employ such a 
system to show precipitation in the area 
of the weather-scan antenna. In a circu­
lar-scan radar system the raster of the 
cathode-ray tube rotates synchronously 
with the antenna, and the varying inten­
sity of the reflected energy is expressed 
as the varying brightness of the scanning 

spot. The image of each scan is retained 
by the cathode-ray tube so that a picture 
is continuously maintained. 

Experience has shown that most of 
the images made by circular-scan radar 
systems aboard airplanes are poorly de­
fined. The poor definition results from a 
fundamental reason: Most airborne cir­
cular-scan radar antennas are rather 
small, and fine angular resolution can be 
obtained only with an imaging system 
that has a large aperture with respect to 
the wavelength of radiation received. In 
other words, the resolution of a large­
aperture lens or antenna is finer than the 
resolution of a small-aperture lens or 
antenna. The limiting angular resolu­
tion is proportional to the ratio between 
the wavelength received and the size of 
the aperture. On an aircraft it is difficult 
to mount a rotating antenna that is very 
large, but it is easy to mount a fixed 
antenna as long as five meters on the 
belly of the aircraft, pointing to the side. 

A side-looking airborne radar system 
generates images that record the reflec­
tive properties of the terrain at micro­
wave wavelengths. The images, pre­
served on photographic film, resemble 
an ordinary photograph made from the 
air but they' also show some fundamen­
tal differences. Unlike an aerial photo­
graph made by the light of the sun, the 
radar antenna is the terrain's source of 
illumination, and the image it constructs 
relies on its own reflected energy. Since 
radar waves travel in straight lines, ar­
eas obscured by hills or other vertical 
objects are not illuminated; therefore 
they neither receive nor return the mi­
crowave pulses. The resulting shadows 

SIDE-LOOKING RADAR IMAGES display in sharp relief the terrain of an island in Indo­
nesia. As is indicated by the shadows, the aircraft making the images was flying on a course 
parallel to the images' long dimension. Area shown is 40 kilometers of southern coastline of 
the island of Flores. The peak at the left is an active volcano 7,000 feet high; the peak at the 
right is a dormant volcano of the same height. The grazing angle of the side-looking radar 
imagery also picks out the smaller volcanic craters in the middle of the picture and the sharp 
ridges and the valleys near the sea. All three pictures are derived from the same radar image of 
the terrain. The colors of the pictures are different because each picture is generated and dis­
played using a different wavelength of monochromatic light. Each of the images shows more 
than one color, however, because in certain portions of the picture the monochromatic light 
was sufficiently intense to excite a second color-emulsion layer in the color film. Displaying the 
radar images in color can convey more information than displaying them in black and white. 
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on the radar image of the terrain are 
dark voids; they are not areas weakly 
illuminated by atmospheric scattering. 
as are similar shadows of rough terrain 
photographed by the light of a rising or 
setting sun. On the radar image the de­
tailed character of the reflections is de­
termined by the wavelength and the po­
larization of the incident signal and by 
the geometrical and electrical proper­
ties of each reflecting surface on the 
terrain. Let us consider only the wave­
length of the signal and the geometrical 
properties of the terrain. 

Geometry and Reflection 

The length of an electromagnetic 
wave with respect to the size of features 
of the terrain determines whether a sur­
face appears rough or smooth at that 
wavelength. Thus a surface that is rough 
at a visible wavelength of .5 micrometer 
may be quite smooth at a microwave 
wavelength of three centimeters. A 
rough surface scatters the incident ener­
gy in all directions. diffusing it and re­
turning only a small portion of it to the 
antenna. A smooth surface reflects the 
incident energy in one direction. acting 
like a mirror. If the smooth surface is at 
right angles to the incident radar beam. 
the energy returned to the antenna is in­
tense; if the surface is at any other angle 
to the radar beam. none of the energy is 
returned. Some features. for example a 
field of corn. are diffuse reflectors in 
both the visible and the microwave re­
gions of the spectrum. Other features. 
for example a concrete parking field. are 
diffuse reflectors in the visible region 
and are specular. or mirrorlike. reflec­
tors in the microwave region. The net 
result is that there are more specular re­
flectors in microwave imagery than 
there are in photographs made with visi­
ble light. 

Smooth surfaces of water are specular 
reflectors par excellence. Since they are 
not usually viewed at right angles to the 
radar beam they specularly reflect all 
the microwave energy off into space and 
return none of it to the radar antenna. 
As a result in side-looking radar imag­
ery rivers and lakes usually appear com­
pletely black. Conversely. related hori­
zontal and vertical surfaces (such as a 
building next to a road) may work to­
gether to form a corner reflector. return­
ing a large part of the energy directly 
back to the antenna. Such surfaces may 
therefore appear to the radar receiver 
thousands of times brighter than diffus­
ing surfaces of a similar size. Cities and 
towns have many such multiple reflec­
tors at microwave wavelengths. 

The geometry of a photographic im­
age is determined by the fact that the 
angular relation of rays entering a lens 
from an object or scene are preserved by 
the rays transmitted through the lens 
and exposing the film. as if all the rays 
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had passed through a common pinhole. 
The size of the image of a distant object 
is inversely proportional to the distance 
of the object from the lens. Geometrical 
relations between objects in the object 
plane in front of the lens will be pre­
served on a parallel image plane in back 
of the lens; the relations between tilted 
surfaces on the object plane will follow 
straightforward trigonometric relations 
on the image plane. 

A side-looking airborne radar system 
operates with a different set of geometri­
cal considerations. One coordinate of 
the image formed by such a system is 
established by the ranging of radar pul­
ses across the track; the other coordi­
nate is established by the motion of the 
radar-bearing aircraft parallel to the 
track. In the ranging process a short 
pulse of microwave energy is directed 
from a high-powered transmitter along 
a vertical fan-shaped beam by the long 
antenna in the belly of the aircraft. 
which is pointed at right angles to the 
flight path. The pulse travels with the 
speed of light; the time required for it to 
reach an object and be reflected back to 
the aircraft is proportional to the range. 
or distance. of the object at right angles 
to the flight path. 

The intensity of the returned signal 
controls the intensity of a bright spot 
moving across a cathode-ray tube at a 
synchronized proportional velocity. 
Successive positions of the spot corre­
spond to successive ranges across the 
track. In this way a line of varying inten­
sity is swept across the cathode-ray tube 
with each pulse from the radar transmit­
ter. An overlapping succession of such 
lines is traced on a strip of photographic 
film moving at right angles to the direc­
tion of the scan lines with a velocity pro­
portional to the velocity of the aircraft. 
Thus a continuous image of the terrain 
is created on the film line by line. 

Relief in the terrain displaces details 
in the image from the positions they 
would have in the across-track dimen­
sion if they were viewed from directly 
overhead. The reason is that the portion 
of the microwave pulse reflected from 
elevated areas closer to the aircraft re­
turns to the antenna sooner than the en­
ergy reflected from the surrounding 
lower terrain. Thus images of elevated 
areas on the terrain closer to the aircraft 
are displaced toward the aircraft's line 
of flight. This elevation displacement 
appears in all radar imagery of elevated 
terrain. It is somewhat analogous to the 
perspective distortion of conventional 
photography. In photography all objects 
with the same angular coordinates as 
seen from the lens appear to coincide on 
the film. In radar imagery all objects on 
a single scan at the same range as seen 
from the antenna appear to coincide on. 
the image. A radar image is thus roughly 
analogous to a photographic image 
made by a hypothetical camera situated 

SIDE-LOOKING RADAR SYSTEM built 
by the Goodyear Aerospace Corporation is 
installed on a Caravelle aircraft owned by the 
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GEOMETRY of side-looking radar is shown 
for a hypothetical example of an aircraft sur­
veying mountainous terrain. The antenna on 
the belly of the aircraft directs short pulses 
of microwave energy in a narrow fan-shaped 
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Aero Service Division of the Western Geophysical Company of 
America. The aircraft is kept accurately on course by a specially 
programmed inertial navigation system, which also controls many 

beam at right angles to the flight path of the aircraft. As each pulse 
impinges on the terrain it is scattered, and a portion of it is reflected 
back to the aircraft. There it is received by the same antenna and sent 
to a sensitive radio receiver. In the receiver a signal is created the am­
plitude of which depends on

-
the strength of the microwave energy re-

aspects of the side-looking system. Other cameras aboard the aircraft 
(television, cartographic and multispectral cameras) provide comple­
mentary coverage of the terrain at visible and infrared wavelengths. 

ACROSS-TRACK 

DIRECTION 

ceived at any instant. That signal controls the brightness of a mov­
ing spot of light on a cathode-ray tube, which is recorded on a mov­
ing strip of photographic film. Since microwaves travel in straight 
lines, areas such as the far side of the mountain neither receive nor re­
turn the pulses, and they appear on the radar imagery as black voids. 
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DIFFUSE REFLECTOR, sucb as a field of corn, scatters tbe energy from tbe microwave pul­
ses in all directions, returning only a small portion of tbe energy back to tbe radar antenna. 

on a line at right angles to a line connect­
ing the object to the radar antenna. 

Along the track the aircraft is moving 
very slowly with respect to the speed of 
the microwave pulse. and the fan­
shaped beam of microwave radiation is 
always pointing at right angles to the 
aircraft's line of flight. The result is that 

whereas the across-track dimension has 
a normal radar perspective. in which im­
ages of objects are displaced toward the 
aircraft as a function of their height. the 
along-track dimension is totally lacking 
in perspective. Thus whereas the scale 
and appearance of the across-track di­
mension of the radar image are deter-

SPECULAR REFLECTOR, sucb as a smooth body of water or a paved surface, acts as a mir­
ror and reflects tbe energy from tbe microwave pulses in one well-defined direction. If tbe sur­
face is not at rigbt angles to tbe antenna, no energy returns to tbe antenna (top), and on tbe ra­
dar image tbe surface will appear black. Related surfaces sucb as streets and buildings, bow­
ever, act togetber to form corner reflectors (bottom) tbat return a strong signal to tbe antenna. 
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mined by the speed of light. the scale and 
appearance of the along-track dimen­
sion of the image are determined by the 
speed of the aircraft. Reconciling the 
two independent scales and equalizing 
them on the final image is one of the 
more elegant and demanding problems 
in making maplike radar surveys of the 
earth's surface. 

In practice this problem and many 
other complex problems involved in 
generating a satisfactory radar image 
have been solved by installing an inertial 
navigator in the aircraft. The inertial 
navigator employs a flexible computer 
that is programmed to provide outputs 
that serve the wide variety of informa­
tion and control req uirements of a radar 
survey. It guides the aircraft at an ap­
propriate operating altitude along a se­
ries of great-circle paths as long as 1.000 
kilometers, each path almost precisely 
parallel to the previous one so that a 
mosaic of the terrain composed of the 
series of strips can be built up. The iner­
tial navigator guides the aircraft above 
clouds or through them during the day 
and at night. without correction from 
visual or radio navigation aids. 

By providing signals to the airplane's 
autopilot the inertial navigator keeps 
the plane on course in a disciplined 
mode that avoids erratic maneuvers that 
would distort the image. Moreover. the 
inertial navigator's angular sensors con­
trol the attitude of the radar antenna in 
three angular coordinates (yaw. roll and 
pitch), making sure that the antenna is 
always pointed toward the ground at a 
constant angle with respect to the air­
craft's line of flight. The velocity output 
of the inertial system meters both the 
rate at which the radar pulses are emit­
ted and the velocity at which the image­
recording film is advanced. The speed at 
which the moving spot sweeps across 
the cathode-ray tube screen controls the 
across-track scale of the image. and the 
velocity of the image-recording film 
controls the along-track scale. 

Aperture Synthesis 

Since the side-looking airborne radar 
system measures the distance to objects 
on the terrain by means of pulses of mi­
crowave energy, the resolution of the 
image in the across-track coordinate is 
proportional to the length of the micro­
wave pulse. The pulses are very short. 
and the signals reflected from two dis­
tinct objects can be resolved if their re­
spective ranges are separated by at least 
half the pulse length. For example. a 
pulse lasting 10.7 second is 30 meters 
long; thus it yields a resolution of 15 
meters. If finer resolution is required, 
the length of the pulse can be reduced. 

The resolution of the image in the 
along-track coordinate. however, is pro­
portional to the width of the beam of 
microwaves sent out by the antenna. 
Two objects at the same range separated 

© 1977 SCIENTIFIC AMERICAN, INC



in the along-track direction can be re­
solved only if their separation is larger 
than the antenna's beam width at their 
range. Otherwise they are in the radar 
beam simultaneously, the antenna will 
receive their reflections of the micro­
wave pulse at the same time and they 
will appear on the image as a single 
strong return. Therefore the angular 
beam width of the antenna itself deter­
mines the resolution along the track of 
the airplane. Since that angle remains 
essentially constant across the range, the 
width of the beam increases with range 
and the resolution in the along-track di­
mension deteriorates with range. 

The angular width of the antenna's 
beam is inversely proportional to the 
length of the antenna, so that the resolu­
tion could be much improved by em­
ploying a larger antenna with a narrow­
er beam width. Since the physical length 
of an antenna that can be mounted on an 
airplane is limited by the size of the 
plane, even with the longest practical 
antenna a conventional side-looking ra­
dar system has far coarser resolution 
along the track than across it, except at 
very short ranges. 

It is possible, however, to make a rela­
tively short antenna with a wide beam 
"synthesize," or behave like, a very long 
antenna with a narrow beam by taking 
advantage of the motion of the aircraft. 
This is accomplished in the following 
way. The short real antenna transmits 
pulses at regular intervals along the 
flight path. As the airplane flies past a 
feature of the terrain below, the feature 
enters the antenna's beam, moves 
through the beam and finally leaves it; 
during the entire time it is in the beam it 
reflects the series of microwave pulses. 
Now, the greater the range of the fea­
ture, the longer it remains in the beam of 
the antenna. In other words, seen from 
features of the terrain the synthetic an­
tenna is longer for more distant features 
and shorter for closer features. In fact, 
the effective length of the synthetic an­
tenna is directly proportional to the 
range to the feature. Since resolution is 
proportional to the length of the anten­
na but inversely proportional to the 
range, for synthetic-aperture radar the 
two effects compensate for each other, 
and the resolution of the image in the 
along-track dimension remains the same 
at all ranges. Synthetic-aperture radar 
thus makes it possible to obtain high­
resolution images of terrain many miles 
away. 

Radar Holography 

An interesting analogy exists between 
a synthetic-aperture radar system and a 
visible-light holographic system. Holog­
raphy is the imaging process in which 
light waves from a source of coherent 
light such as a laser illuminate an object 
or a scene. Each point on the object re­
flects the light, the reflected waves are 

RADAR IMAGE OF THE OHIO RIVER in eastern Ohio and Kentucky shows the different 
action of diffuse and specular reflectors. On the picture the town of Portsmouth is the cluster 
of specular reflectors on the north bank of the river at the top left. To the west of Portsmouth 
the Scioto River joins the Ohio. Note that the water of both rivers appears black. The road run­
ning along the base of the hills of the western side of the river in Kentucky is U.S. Highway No. 
23. The land to the east of the river is the edge of Wayne National Forest. This radar image 
shows the hilly terrain to particular advantage and clearly delineates the river's flat floodplain. 
The two bridges crossing the northern part of the river are brilliant specular reflectors of radar 
waves, as are the locks and the dam in the middle of the page. The elongated white flecks visible 
in the middle of the river are barges. Straight cnts across wooded hills are clearance paths for 
power lines. The terrain in the image is 10 miles by 15 miles. Image is a small section of a mosa­
ic of images covering about 40,000 square miles of portions of Ohio, Kentucky, West Virginia 
and Virginia, made for a study of geological features associated with reserves of natural gas. 
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RANGE OF OBJECTS from the aircraft, or their distance across the track, is determined by 
tbe lengtb of time required for the pulses of microwaves traveling at the speed of light to reach 
the object and be reflected back to the antenna. In the illustration signals returned from the 
two houses closer to the antenna will arrive sooner than the signals returned from the two hou­
ses farther away (J alld 2). The resolution across the track is equal to half the length of each 
pulse. Two objects, such as the third and fourth houses, separated across the track by less than 
half the radar-pulse length will be perceived by the antenna as one broad object (3 alld 4). 
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made to interfere with a beam of refer­
ence light waves and the resulting multi­
tude of circular interference patterns are 
recorded on fine-grained photographic 
film. When the developed film is illumi­
nated with a beam of coherent light. the 
multitude of interference patterns re­
constructs the original set of reflected 
waves. which form a three-dimensional 
image of the original scene having a 
startling degree of detail and fidelity. 

Synthetic-aperture radar is an imag­
ing process in which coherent micro­
waves illuminate the terrain below and 
to the side of the airplane. The radar 
receiver detects the radar waves scat­
tered from each point on the terrain. In 
the electronic equipment aboard the air­
craft the signals generated in the receiv­
er by the train of reflected microwave 
pulses are combined with a train of ref­
erence signals to create interference pat­
terns. Line by line each interference pat­
tern is displayed on a cathode-ray tube 
and photographed on a moving strip of 
data film. the velocity of which is pro­
portional to the velocity of the aircraft. 
The data film can be regarded as a radar 
hologram. 

In synthetic-aperture radar the inter­
ference pattern from each scatterer on 
the terrain is recorded not as a circular 
pattern but as a narrow broken line par­
allel to the edge of the data film. The 
broken line can be considered. however. 
as a cross section through a circular in­
terference pattern; the width of the line 
corresponds to the length of the radar 
pulses. The range of the scatterer is re­
corded as the distance from the near 
edge of the data film. The broken lines 
from two scatterers at the same range 
and sufficiently close together to be 
simultaneously illuminated by the radar 
beam will give rise to two overlapping 
but slightly displaced sequences of bro­
ken lines. As in visible-light holograms 
the two sequences of interference pat­
terns can be superimposed without de­
stroying their ability to form separate 
images. 

When the data film is illuminated with 
a beam of coherent light. the interfer­
ence pattern from each scatterer on the 
film re-forms a small portion of the light 
transmitted through the film into a di­
verging wave that can be brought to a 
point focus by a lens. Many overlapping 
signals from many scatterers simulta­
neously in the radar beam are trans­
formed into a corresponding set of well­
resolved images. In this way a miniature 
visible-light replica of the radar waves 
received by the antenna is formed, re­
creating a miniature image of the origi­
nal terrain. Since the radar hologram 
possesses all of the data collected from 
every point of each feature of the terrain 
for the entire length of the synthetic 
antenna, the resolution of the holograph­
ic image corresponds to the resolution 
of the long synthetic-aperture antenna 
rather than to the resolution of the short 
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real-aperture antenna. Thus the image 
formed by the hologram has the fine res­
olution we seek. 

A convenient way to record the image 
from the hologram is to advance the 
data film through the beam of coherent 
light. moving the image-recording film 
synchronously with the moving image. 
In this way one generates a continuous 
picture of the terrain for the entire 
length of the aircraft's flight. Someone 
familiar with holography might suppose 
that the optical system for obtaining the 
final image film is a simple one. since the 
image from the hologram is formed 
simply by illuminating the hologram 
with a beam of coherent light. With the 
radar hologram. however. the task is not 
so simple. 

There are two practical problems in 
recording the image. One is that the hol­
ographic aspect of the data record exists 
only in the along-track direction of the 
film. The signals are already resolved 
according to their respective ranges 
across the width of the film. As a result 
the process of focusing the signals in the 
along-track direction defocuses the sig­
nals in the across-track direction. This 
problem is corrected by introducing a 
cylindrical lens between the data film 
and the image film; the focusing power 
of the cylindrical lens is exerted only in 
the across-track direction. With such 
optical compensation it is possible to 
form images that are in sharp focus in 
both directions. 

The other problem is that when the 
data film is illuminated. signals from ob­
jects at long range produce wave fronts 
that have a larger radius of curvature 
than signals from objects at short range. 
The signals from the opposite edges of 
the data film thus focus light at different 
distances from the film. The distance of 
the focus from the film depends on the 
range of the object. The image thus gen­
erated is tilted. and a camera recording 
the image could not simultaneously fo­
cus on the entire width of the swath. The 
problem is actually to be expected from 
elementary considerations; after all. the 
terrain being mapped lies at an extreme­
ly oblique position with respect to the 
radar antenna on the aircraft. so that the 
resulting image is similarly tilted. The 
problem can be corrected by placing a 
conical lens in front of the data film. The 
optical systems for reconstructing the 
radar holograms and the corrective len­
ses employed for capturing the image on 
film are some of the strangest ever de­
vised. but they are quite practical in field 
applications. 

Applications of the System 

The first large-scale project for map­
ping terrain with side-looking airborne 
radar was a complete survey of the 
province of Darien. which connects 
Panama and South America. In 1968 
the Westinghouse Electric Corporation. 
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PERSPECTIVE IN RADAR IMAGERY is somewhat different from the perspective in ordi­
nary aerial photographs made with visible light. In the radar imagery two objects closer togeth­
er than the imaging beam width will appear to coincide if they are both at the same range. The 
reason is that the microwave pulses will reach them both at the same time and will return to the 
antenua at the same time, and so both objects will be seen as oue. In photography two objects 
appear to coincide if they have the same angular coordiuates as they are seen from the lens. 
Thus the perspective in the radar imagery is roughly analogous to perspective of a camera in the 
same vertical plane with the aircraft and objects but photographing the terrain at right angles. 
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ELEVATED OBJECTS ARE DISPLACED toward the aircraft's line of flight in radar im­
ages of the terrain, making the near side of mountains seem steeper than they are. The reason 
is that the peak of a mountain (A) is closer to the aircraft than the side (B) or base (C), and so 
pulses from the peak return to antenna first. Amount of displacement increases with elevation. 

RESOLUTION DETERIORATES WITH RANGE in the along-track direction because the 
radar beam of a real-aperture side-looking radar system fans out across the track and is wider 
at a longer range than it is at a shorter one. Two objects close together will be seen as two objects 
at short range (a) but will be seen as one object at long range (b). A longer antenna would have 
better resolution, but there is a limit to length of antenna that can be mounted on an airplane. 
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LONG ANTENNA CAN BE SYNTHESIZED by a short antenna 
by taking advantage of the airplane's motion. As the airplane flies 
along a straight line a short real antenna mounted on its belly sends 
out a series of pulses at regular intervals. Each pulse consists of a 
train of coherent microwaves (dark color curves). Although the length 
of the pulses determines the resolution across the track, it is the wave­
length of the microwave radiation that determines the resolution along 
the track. As an object (black dot) enters the antenna's beam (le/t) it 
reflects the portion of the pulses it receives back toward the antenna. 
At some points in the aircraft's path the object will be an integral 

number of microwave wavelengths away; between those points it will 
not be. In the illustration the object is first 11 wavelengths away (1), 
then 10 (2), then 9 (3), then 81/2 (4), at which point the object is at right 
angles to the antenna. From then on the airplane is increasing its dis­
tance from the object (5). The antenna receives the series of reflected 
waves (curves ill light color) and electronically combines them with a 
train of reference wavelengths (not shown), causing the two series of 
oscillations to interfere. The interference signal emerges as a voltage, 
which controls the brightness of a spot scanning across the screen of 
a cathode-ray tube. At the times that a returned pulse coincides with 

in cooperation with the Raytheon Com­
pany, employed a real-aperture side­
looking radar system that Westinghouse 
had developed for the U.S. Army and 
successfully made images for a mosaic 
of an area of 20.000 square kilometers. 
The area had never been seen or 
mapped in its entirety because of an al­
most perpetual cloud cover. Other sur­
veys were conducted by Westinghouse 
and later by Grumman Ecosystems with 
a radar system developed by Motorola 
Inc .. also for the Army. The Motorola 
equipment. with some changes. is now 
being employed for surveys by Motoro­
la Aerial Remote Sensing. Inc. 

In 1970 the synthetic-aperture radar 
systems were released from military se­
curity classification. A group from the 
Goodyear Aerospace Corporation and 
the Aero Service Division of the West­
ern Geophysical Company of America. 
a subsidiary of Litton Industries, adapt­
ed for civilian surveys a synthetic-aper­
ture radar system built by Goodyear 
and installed it in a Caravelle jet aircraft 
belonging to Aero Service. The two 
companies then jointly offered radar 
surveying services with the system. Sim­
ilar radar surveying systems were con­
structed and operated by a group of 
investigators at the University of Mich-
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igan. whose programs are being con­
tinued by the Environmental Research 
Institute of Michigan. Several other or­
ganizations have also made substantial 
contributions to the field. 

In 1971 the rain forests of South 
America. mostly in the Amazon Basin, 
remained the last great land area in the 
world that was still poorly and inexactly 
mapped. Venezuela and Brazil. embark­
ing on plans for developing their rain­
forest area. arranged for radar surveys 
of major regions of the two countries. 
Several requirements had to be met. The 
images of all the land surveyed had to be 
consistent. so that one region could be 
easily compared with another. More­
over, the radar imagery had to be consis­
tent with the imagery made by the Earth 
Resources Technology Satellite (now 
called Landsat), which was then just be­
ginning to survey the earth. With those 
considerations in mind the Goodyear / 
Aero Service group directed all its sur­
vey flights north and south, with the ra­
dar antenna illuminating the land 
toward the west. In that way the appear­
ance of the land and the shadows cast 
would closely match the appearance of 
the images from Landsat, which was set 
to photograph all the land at a local time 
of about 9:00 A.M., when the ground was 

illuminated by the slanting rays of the 
morning sun. 

Since the radar imagery was to be 
used to compile maps, the highest prac­
tical level of positional accuracy was 
sought. The inertial navigator, com­
pletely adequate for controlling the air­
craft's flight, was not sufficiently accu­
rate for determining exact reference 
points for maps. Therefore an array of 
some 30 points was established by the 
then new Transit Satellite Positioning 
System throughout the Amazon Basin. 
These points were surveyed to an accu­
racy of about 10 meters. At each one a 
transponder was set up for a shoran 
radio-positioning system. Equipment 
aboard the aircraft could detect signals 
from the transponder as far as 500 kil­
ometers away. By simultaneously re­
ceiving the broadcasts from two such 
points the position of the aircraft was 
determined to an accuracy of about 75 
meters and was checked every six sec­
onds. During the survey the plane's posi­
tion was recorded on magnetic tape 
along with its altitude and other signifi­
cant data. With this system in less than a 
year images of the entire Brazilian Ama­
zon Basin-an area of some four million 
square kilometers, about half the size of 
the U.S.-were recorded and assembled 
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a reference pulse the interference is constructive; the voltage will be 
high and the moving spot will be bright. At the times that the phase 
of the returned wavelength does not coincide with the phase of the 
reference frequency the interference is destructive; the voltage will 
be low and the moving spot will be dim. The moving spot thus traces 
out a series of light and dark dashes of unequal length, which are re­
corded on a strip of data film moving at a velocity proportional to the 
velocity of the airplane. The series of opaque and transparent dashes 
on the film is actually a one-dimensional interference pattern; the 
film on which they are recorded is a radar hologram. When the devel-

oped hologram is illuminated by a source of coherent light (6), each 
transparent dash will act as a separate source of coherent light. Behind 
the hologram there will be a single point where the resulting light 
waves all constructively interfere. There the 11 th wavelength of light 
(thin color curves) from transparent dash created by 11th microwave 
will meet 10th wavelength of light (broken color curves) from trans­
parent dash created by 10th microwave, and hoth will meet 9th wave­
length of light (thick color curves) from transparent dash created by 
9th microwave. At that one point light from the entire length of inter­
ference pattern is focused to form miniature image of original object. 

into mosaics. The completed survey im­
ages were accurate to about 500 meters. 

To support the radar survey and make 
full use of its imagery Brazil set up Pro­
jecto Radam (for radar of the Amazon) 
based at Belem. Projecto Radam in· 
volved scores of geologists. soil scien­
tists and other technically trained work­
ers. The mosaics formed the base maps 
for all their studies. Geological analysis 
led to detailed mapping and extensive 
fieldwork in certain areas. employing 
the imagery as a guide. Structural infor­
mation apparent in newly disclosed sur­
face features provided clues for revis­
ing and expanding existing geological 
knowledge of the Amazon Basin. On the 
basis of the mosaics tentative routes 
were selected for sections of the Trans­
Amazonas Highway. Large deposits of 
important minerals were discovered. 
and new geographical features were re­
vealed. including previously unknown 
volcanic cones and even large rivers. 

So far the Goodyear / Aero Service 
group has surveyed the rain forests of 
the Amazon in Brazil. Venezuela. east­
ern Colombia. Peru and Bolivia. The 
surveys have pretty well erased the un­
known areas of South America. No oth­
er tool could have done the job. The 
success of the surveys has led to contin-

ued work in areas already mapped by 
other means. And in March. 1976. the 
last series of flights completed a radar 
survey of all of Brazil. a mapping proj­
ect of unprecedented scope. 

Other Applications 

Side-looking airborne radar has been 
a tool of unique value in other applica­
tions. Studies of continental drift have 
shown that it is important to recognize 
certain types of faults. lineaments and 
other tectonic features. In many cases 
the features are evident from the surface 
but too subtly or on too large a scale to 
be easily recognized by most means. 
The acute grazing angle of the micro­
wave illumination of side-looking radar 
emphasizes the form of the land. and the 
large areas that can be surveyed under 
constant conditions favor the recogni­
tion of extensive features. In view of the 
importance of avoiding active geologic 
faults in the placement of nuclear power 
plants. radar imagery plays an impor­
tant role in analyzing the sites selected. 
Moreover. because of the complete ra­
dar blackness of unruffled bodies of wa­
ter. rivers and drainage patterns are 
clearly shown on the images. as are the 
limits of flood inundation. 

What might be some future applica­
tions of side-looking airborne radar? 
Among those working in the field it is 
generally accepted that the ability to 
generate radar imagery has outstripped 
the ability to extract information from 
it. Therefore more attention is now be­
ing given to displaying the information. 

Some fairly obvious improvements in 
the display techniques have dramatical­
ly increased the ability to extract visual 
information from the images. One 
method is the use of color coding to dis­
play the great brightness range of radar 
energy, a range that often far exceeds 
the capability of black-and-white film. 
A second method is the use of stereo­
graphic techniques to display the eleva­
tion data that are intrinsic in suitably 
generated pairs of radar images. A third 
method is to capitalize on the fact that 
two remote sensors operated in combi­
nation are usually far more effective 
than either one might be alone. Investi­
gators in the U.S. Geological Survey 
and at Goodyear Aerospace have 
worked together on combining images 
made by side-looking airborne radar 
with images made by Landsat, a com­
bination that preserves the distinctive 
capabilities of both systems. In this com­
bination the diagnostic color presenta-
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SECTION OF DATA FILM shows the interference patterns pro­
duced by the returning trains of microwaves in the synthetic-aper­
ture side-looking radar. Radar hologram is enlarged 10 times to show 
the detail. The long horizontal line of black and white dashes in the 

center is the interference pattern of one strong return from an un­
usually large specular reflector such as one of the power-line towers 
in the radar image on the cover. The smaller and less organized var­
iations are less intense returns from hundreds of smaller targets. 

tions of the Landsat imagery become 
more significant in the context of the 
vivid presentation of land forms and the 
rich detail of the radar imagery. 

At a more sophisticated level it may 
become possible to extract a great deal 
of information from multispectral en-

sembles of radar images generated at 
different wavelengths and with micro­
wave signals polarized in different ways. 
By studying how the reflecting proper­
ties of a surface vary with both wave­
length and polarization it may be possi­
ble to improve the microwave percep-

tion of surface differences and distin­
guish between. say. different soils and 
different crops. 

Side-looking radar may also be able 
to make an important contribution to 
the exploration of the planets. Pictures 
of the surface of the moon and of Venus 

SECTION OF IMAGE FILM recorded by side-looking radar by the 
Environmental Research Institute of Michigan shows a swath of ter­
rain near Detroit and Ann Arbor. North is to the bottom of the image. 
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In this orientation the aircraft was flying in the same direction as the 
long dimension of the photograph. The water of the Belleville Lake 
(a dammed-up portion of the Huron River) and the runways of the 
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HOLOGRAPHIC IMAGE IS RECONSTRUCTED by shining the 
coherent light of a laser through the data film. As the data film is ad­
vanced through the beam of light the reconstructed image is record­
ed on another moving strip of film. Because the data film is holo-

graphic only in the along-track coordinate the images in the across­
track coordinate must be focused with a cylindrical lens. Wealth of 
detail on image arises in part from the fact that length of interfer­
ence pattern on data film is 72 times longer than image it reconstructs. 

have already been made by large radar 
systems based on the earth. The Apollo 
17 spacecraft carried a three-wavelength 
synthetic-aperture radar system that 
made pictures of the moon's surface 
from an altitude of 100 kilometers with 
a resol ution of 10 meters at the shortest 

wavelength employed (two meters). The 
surface of the moon. however. is never 
obscured by clouds. whereas the surface 
of Venus always is. Over the past few 
years enthusiasm has grown for putting 
an imaging-radar system on a satellite in 
orbit around Venus and having it trans-

mit radar pictures back to the earth. 
Such a system would be capable of dis­
playing the terrain of the shrouded 
planet in fine detail over limited areas. 
complementing the broad-coverage. lim­
ited-resolution radar pictures made from 
the earth. 

Willow Run Airport are black voids where the radar pulses were spec­
ularly reflected off into space. The trees and bushes are diffuse reflec­
tors. Buildings and pavements acted together to form corner reflec-

tors and direct a brilliant specular reflection back toward the antenna. 
The image is somewhat distorted, causing squares to be seen as rhom­
buses, because the velocity of the data film was metered inexactly. 
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The Structure and Function 
of Histocompatibility Antigens 
Histocompatibility antigens are proteins of the cell surface that 
cause the rejection of tissue grafted from one person to another. 
They may also help defend the body against infection and cancer 

W
hen a patch of skin or an organ 
is transplanted from one per­
son to anothe'r, the graft does 

not usually survive, After a week or so 
the transplanted tissue becomes puffy 
and inflamed, and soon the graft dies 
and drops away, Premodern medicine 
blamed such failures on sepsis, but it is 
now known that the immune system of 
the person receiving the transplant rec­
ognizes certain molecules on the grafted 
cells as being foreign, and attacks and 
destroys the cells as though they were 
bacteria or other invading agents. The 
molecules that are recognized as being 
foreign are called histocompatibility an­
tigens, and they give the tissues of each 
individual their own chemical identity. 

Although early interest in these cell­
surface molecules stemmed from their 
role in graft rejection, this cannot be 
their normal biological function be­
cause in nature tissues are not usual­
ly transplanted between individuals. 
Moreover, the ability to reject foreign 
grafts can be traced back along the evo­
lutionary tree to the most primitive ver­
tebrates, suggesting that the histocom­
patibility antigens confer some impor­
tant survival advantage on the host. In­
deed, recent experiments have provided 
evidence that these antigens are part of 
an immunological defense system that 
protects the body from its own cells 
when they become infected with viruses 
or turn cancerous. 

Histocompatibility antigens are de­
fined as any molecules that differ from 
individual to individual and are recog­
nized in graft rejections. Nearly 30 such 
antigens have' been detected in the 
mouse, and each of them can vary in 
non-inbred populations. This genetic di­
versity provides biological uniqueness 
for every individual in a normal popula­
tion. Studies of histocompatibility anti­
gens suggest that the number of possible 
combinations is so large that (with the 
exception of identical twins) exact 
matches are very rare. 
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by Bruce A, Cunningham 

Histocompatibility antigens differ in 
their ability to elicit an immunological 
response in a graft recipient. In mice one 
set of antigens known as the H-2 system 
provides by far 

'
the strongest barrier to 

transplantation. If skin grafts are ex­
changed between mice having different 
H-2 antigens on their cells, the grafts 
will invariably be rejected within 14 
days. Grafts differing in "weak" histo­
compatibility antigens outside the B-2 
system, however, can take up to 200 
days to be rejected. The B-2 antigens 
were first described by Peter Gorer and 
his colleagues at the Lister Institute of 
Preventive Medicine in 1937 and were 
intensively investigated by him and by 
George Snell and his colleagues at the 
Jackson Laboratories in Bar Harbor, 
Me., over the next 20 years. 

The strong H-2 antigens of the mouse 
have their counterpart in the HLA anti­
gens of man, which were first detected 
on the surface of white blood cells in the 
early 1950's. Although these antigens 
were for genetic reasons more difficult 
to define, the overall features of the 
HLA system were discerned by correlat­
ing data from a large number of labora­
tories in a series of international work­
shops on tissue typing held during the 
late 1950's and early 1960's. Work on 
these antigens has already had a direct 
clinical application in the matching of 
tissues and organs for transplantation 
surgery so as to reduce the immunologi­
cal reaction of the recipient against the 
graft. In addition, the realization that 
diseases such as multiple sclerosis, 
Hodgkin's disease (cancer of the lymph 
nodes) and chronic hepatitis occur with 
a higher frequency in people with cer­
tain HLA types has raised significant 
questions about the genetic origin of 
these diseases and their connection to 
the function of the histocompatibility 
antigens. 

Because the H-2 and HLA antigens 
have so many genetic variants, it would 
be extremely difficult to investigate their 

molecular nature in outbred popula­
tions such as those of man. Fundamen­
tal questions about such antigens can 
most easily be explored in mice, which 
can be made genetically homogeneous 
by intensive inbreeding, usually by 
many brother-to-sister matings. More­
over, it is possible to make many func­
tional tests with mice that cannot be 
made with human beings. For these rea­
sons the bulk of this discussion will fo­
cus on the H-2 antigens. 

The B-2 and HLA antigens are protein 
molecules firmly attached to the sur­

face of nearly all cells. Part of the mole­
cule is probably embedded in or passes 
through the cell's outer membrane. Like 
other protein molecules, the antigens 
consist of chains of amino acids, but in 
addition they contain a small amount 
of carbohydrate; hence they are termed 
glycoproteins. They are detected and 
classified by their ability to bind to spe­
cific antibodies, which are manufac­
tured when cells from one animal are 
injected into a geneticaUy different ani­
mal of the same species. Some of the 
molecules on the injected cells are iden­
tical to those of the recipient; others, 
because of the genetic differences, are 
not. The recipient typically makes anti­
bodies against the molecules that are 
different, and those antibodies define the 
antigenic specificities of the injected 
cells. A given antigenic specificity may 
reflect the presence of an antigen mole­
cule on the donor's cells that is not pres­
ent on the recipient's cells, or it may re­
flect structural differences between vari­
ants of a histocompatibility antigen that 
is present on both the donor's cells and 
the recipient's. 

Antibodies to specific H-2 antigens 
can be made by injecting mice from one 
inbred strain with cells from mice of 
another inbred strain. Through careful 
crossbreeding separate strains can be 
developed that differ in only a small part 
of their genetic makeup. Such strains 
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can then be utilized to make antibodies 
that are specific for only one type of H-2 
antigen. The systematic application of 
such specific antibodies, together with 
genetic mapping and population-genet­
ics studies, have enabled immunogeneti­
cists to describe the genes that code for 
the H-2 antigens in considerable detail. 
These investigations have revealed that 
the H-2 genes have many variants, and 
also that they are closely associated with 
other genes that play an important role 
in the functioning of the immune system 
and in the development of the embryo 
into the adult. 

The region of the genetic material of 
the mouse that codes for the H-2 anti­
gens is a complex of genes located on a 
relatively short segment of the mouse's 
chromosome No. 17, representing only 
a three-thousandth of the mouse's total 
complement of DNA. This region is 
nonetheless long enough to code for up 
to 200 average-sized proteins. Two of 
these proteins are the H-2 antigens, 
which are coded for by genes located at 
either end of the H-2 gene complex; they 
are designated H-2K and H-2D. A 
mouse's body cells contain two No. 17 
chromosomes, one inherited from each 
parent. In outbred populations the pa­
rental genes will be different, giving rise 
to four different H-2 antigens: two K and 
two D antigens. 

At least 10 variants of both the H-2K 

�,,- -

and H-2D genes have been described in 
inbred strains of mice, and studies by 
Jan Klein of the University of Texas 
Southwestern Medical School in Dallas 
on wild outbred strains of mice suggest 
that the number of variant forms of 
each gene may exceed 100. The antigens 
specified by the H-2K and H-2D genes 
are immunologically distinct, but the 
two genes have many features in com­
mon. Donald C. Shreffler and his col­
leagues at the University of Michigan 
Medical School have suggested that the 
two genes may have evolved from dupli­
cate copies of an ancestral gene that 
through mutation gradually came to 
specify different proteins. 

Other parts of the H-2 gene com­
plex that have been identified in­

clude the I region and the Sregion, both 
of which are closely related to the im­
mune system. The importance of the I 
region was first recognized when Baruj 
Benacerraf, working at the National In­
stitute of Allergy and Infectious Disea­
ses, Hugh O. McDevitt of the Stanford 
University School of Medicine and Mi­
chael Sela of the Weizmann Institute of 
Science showed that certain inbred 
mouse strains could make antibodies to 
a particular antigen whereas other 
strains could not. They subsequently 
found that the ability to manufacture 
antibodies is controlled by a series of 

/'" 
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genes within the f region known as im­
mune-response (Ir) genes. Although the 
products of the Ir genes have not been 
identified, certain proteins designated fa 
(I-region-associated) antigens have been 
found on the surface of lymphocytes, 
the white blood cells involved in immu­
nological reactions. It is not yet known, 
however, whether the Ia antigens are 
coded for by the Ir genes. The S region, 
which was first detected by Shreffler and 
his colleagues, has been shown to con­
trol the manufacture of a component of 
serum complement, the system of pro­
teins in the blood serum that acts to de­
stroy antigenic cells such as bacteria and 
grafted cells once they have reacted with 
specific antibodies. 

In short, the H-2 complex is a unique 
chromosomal region carrying a variety 
of closely related genes, all of which 
have some connection with the immune 
system. Outside the complex but also on 
chromosome No. 17 are at least two 
other regions that appear to be related to 
the H-2 genes. One of them is the Tla 
gene, which codes for the thymus-leuke­
mia (TL) antigens defined by Edward A. 
Boyse, Lloyd J. Old and Elisabeth Stock­
ert of the Sloan-Kettering Institute for 
Cancer Research [see "Cancer Immu­
nology," by Lloyd J. Old; SCIENTIFIC 
AMERICAN, May]. The TL antigens, 
which appear on the surface of normal 
thymus cells in certain mouse strains 

"" .J 

MAJOR HISTOCOMPATIBILITY ANTIGENS, bere sbown scbe­
matically (color), are among tbe vast array of proteins embedded in tbe 
bilayer of lipid molecules tbat constitutes tbe outer membrane of tbe 
cell. One part of tbe antigen molecule extends into tbe interior of tbe 
cell, wbere it may interact witb cytoplasmic proteins; anotber part juts 
out from tbe cell surface and is available for interactions witb otber 

cells. Because of tbeir genetic variability tbe bistocompatibility anti­
gens provide tbe tissues of eacb individual witb a unique cbemical 
identity. Wben skin or an organ is transplanted from one individual 
to an unrelated individual, tbe killer Iympbocytes of tbe recipient's 
immune system recognize tbe foreign bistocompatibility antigens on 
tbe transplanted cells. Tbey tben attack and destroy tbe transplant. 
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STRAIN A MOUSE 

SKIN GRAFT � 

GENETICS OF TRANSPLANTATION are best investigated in 
mice, which can be made genetically homogeneous by intensive in­
breeding. If skin is transplanted from a monse of an inbred strain 
(gray) to a second monse of the same strain, the graft is retained in­
definitely. If, however, the skin is transplanted to a member of a ge­
netically different strain (color), the graft will be rejected within two 

MOUSE CHROMOSOME NO. 17 

•. GRAFT REJECTED 

�RANSFER OF /' � YMPHOID CELLS 

weeks. When lymphocytes from a mouse that has already rejected a 
graft are injected into a genetically identical mouse at the same time 
it receives a transplant from the unrelated donor, the graft will be re­
jected twice as rapidly. This accelerated rejection occurs because the 
transferred lymphocytes have already been sensitized to the foreign 
histocompatibility antigens on the surface of the transplanted cells. 

H-2 GENE COMPLEX 

t COMPLEX ( K GENE I REGION S REGION 0 GENE '\ rIa GENE 

� � 
HUMAN CHROMOSOME NO.6 

HLA GENE COMPLEX 

( o REGION 

SPECIFIC CHROMOSOMAL REGIONS code for major histocom­
patibility antigens of mouse (the H-2 antigens) and man (the HLA 
antigens). H-2 gene complex (top) is located on chromosome No. 17 
of the mouse. Located at both ends of complex are genes specifying 
"strong" antigens H-2K and H-2D. Between these genes are genetic 
regions associated with the function of immune system: the I region, 
which controls manufacture of antibodies to certain foreign antigens, 
and the S region, which controls manufacture of a component of se-
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rum complement, a system of proteins that destroys antigenic cells 
once they have reacted with antibodies. Regions designated t and Tla 
are located outside H-2 complex but may be functionally related to 
H-2 genes. HLA gene complex (bottom) is located on human chro­
mosome No.6. It has three genes coding for histocompatibility an­
tigens (HLA-A, HLA-B, HLA-C) and a D region which is compa­
rable to the I region of the mouse. Note that topography of the two 
gene complexes is different (homologous regiol/s are the same color). 
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and also on the leukemia cells of nearly 
all strains, have many structural fea­
tures in common with the H-2K and H-
2D histocompatibility antigens. More­
over, the expression of the thymus-leu­
kemia antigens on the surface of cells is 
closely related to the expression of H-2 
antigens. The second H-2-related re­
gion, designated the t complex, resem­
bles the H-2 complex in that it has many 
genetic variants. L. C. Dunn and Doro­
thea Bennett of Columbia University 
showed some time ago that the t com­
plex plays a critical role in the embryon­
ic development of mice. Mutations in 
this region can cause visible changes in 
the size and shape of the mouse's tail, 
and certain mutations in these genes are 
lethal. 

Asimilal' but less detailed genetic map 
has been obtained for the human 

HLA gene complex. Our relative lack of 
knowledge stems from the fact that hu­
man antibodies for detecting HLA anti­
gens are more difficult to obtain in a 
systematic way than mouse antibodies 
to H-2 antigens are. HLA antibodies are 
usually found in the serum of women 
who have had multiple pregnancies and 
have made antibodies against the pater­
nal HLA antigens expressed on the cells 
of the fetus. Antibodies for experiments 
can also be obtained from people who 
have had multiple blood transfusions 
and who have accordingly been exposed 
to foreign HLA antigens on the white 
blood cells of the donor, or from volun­
teers who have been deliberately immu­
nized with white blood cells from anoth­
er person. 

The HLA gene complex is located on 
human chromosome No.6, and it has 
many features in common with the H-2 
complex. Three genes in the complex 
code for histocompatibility antigens; 
they are designated HLA-A, HLA-B and 
HLA-C. The HLA-A and HLA-B genes 
appear to be closely related to the H-2D 
and H-2K genes of the mouse. The to­
pography of the HLA complex differs 
from that of the H-2 complex, however, 
in that HLA-D (an area comparable to 
the [region of the mouse) is outside the 
A and B genes, whereas the [ region is 
between the H-2D and H-2K genes. 

Little is known about the molecular 
structure of the histocompatibility anti­
gens, primarily because, like other cell­
surface proteins, they present major 
experimental problems to the protein 
chemist: they are not readily obtained in 
large amounts, they are not soluble in 
water or simple salt solution and they 
are intermingled with many other mole­
cules on the cell surface. In spite of these 
limitations the H-2 antigens are more 
amenable to structural analysis than 
most other cell-surface glycoproteins, 
for a variety of reasons. First, the nu­
merous genetic and immunological 
studies of the H-2 antigens provide an 
excellent background for chemical in-

STRUCTURE OF H-2 ANTIGENS differs depending on the manner in which they are re­
moved from the cell membrane. When the H-2 molecules are extracted with detergent, they 
appear to be a complex of two "heavy" (long) and two "light" (short) polypeptide chains. The 
two heavy chains are linked by a covalent bond, but the heavy and light chains are held togeth­
er only by weak, noncovalent interactions. When the H-2 molecules are snipped from the cell 
membrane with the protein-cleaving enzyme papain, one obtains a single fragment designated 
F so which consists of part of the heavy chain (F H) and an entire light chain. The shorter frag­
ment of the heavy chain, designated F m' probably remains associated with the cell mem­
brane. On the cell surface the covalent bond between two heavy chains found in detergent so­
lution is not present. Thus the structure of H-2 antigens may be a complex of one light and 
one heavy chain, a complex of two light and two heavy chains or a mixture of the two forms. 

vestigations. Second, antibodies can be 
used to isolate specific H-2 antigens 
from complex mixtures of proteins. 
Third, the assays for H-2 antigens, al­
though not ideal, are well established 
and reliable. As a result the analysis of 
the molecular structure of H-2 antigens, 
in addition to its value in understanding 
the histocompatibility system, is becom­
ing the paradigm for future analyses of 
other cell-surface glycoproteins. To­
gether with Gerald M. Edelman, Ro­
land Henning, Robert J. Milner and 
Konrad Reske of Rockefeller Universi­
ty I have been employing a variety of 
methods for characterizing proteins to 
obtain a more precise model for the 
structure of H-2 antigens, both in solu­
tion and on the cell surface. 

The H-2 antigen molecule is a com­
plex of polypeptide chains, each consist­
ing of a linear seq uence of amino acid 

subunits linked by peptide bonds. Two 
kinds of constituent polypeptide chains 
have been identified: "heavy" (long) 
chains and "light" (short) ones. As has 
been shown by Stanley Nathenson and 
his colleagues at Albert Einstein College 
of Medicine in New York, H-2 mole­
cules can be obtained for structural 
studies either by disrupting the cell 
membrane with a detergent or by using 
the protein-cleaving enzyme papain to 
chemically snip the molecule away from 
the cell surface. 

When the H-2 molecule is extracted 
with detergent, it will stay in solution 
only if the detergent is still present. We 
have found that under these conditions 
the H-2 molecule consists of two identi­
cal heavy chains and two identical light 
ones. At least one covalent chemical 
bond holds the two heavy chains togeth­
er. The light chains are probably held to 
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BETA-2-MICROGLOBULIN 

STRUCTURAL SIMILARITY between beta-2-microglobulin (tbe light-chain component of 
H-2 and HLA antigens) and the constant regions of antibody molecules (light color) is sug­
gested by the homologies in their amino acid sequences, This finding implies that the histo­
compatibility antigens are genetically related to antibodies and raises the question of whether 
the H-2 molecule is folded into functional domains similar to those of the antibody molecule, 

the heavy chains only by weaker. non co­
valent forces such as hydrogen bonds 
and electrostatic forces. When the mole­
cule is extracted with papain. a water­
soluble fragment of the H-2 molecule. 
designated Fs, is released. A similar 
fragment is released when the detergent­
solubilized material is treated with pa-
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pain. In both instances the Fs fragment 
consists of one complete light chain in 
association with a fragment (F H) of the 
heavy chain. A smaller portion of the 
heavy chain. designated F m. probably 
remains associated with the cell mem­
brane after the heavy chain has been cut 
by papain. This smaller fragment has 
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not been isolated. but it apparently in­
cludes the region of the heavy chain that 
interacts with the membrane. together 
with the amino acid subunits that form 
the covalent bonds between two heavy 
chains in detergent solution. 

The H-2 molecules on cells differ 
from those in detergent solution in that 
they lack any covalent bonds between 
the heavy chains. This finding suggests 
the following possibilities for the struc­
ture of the H-2 molecules on the cell 
surface: (1) a complex consisting of one 
light chain and one heavy chain. (2) a 
complex consisting of two light chains 
and two heavy chains or (3) a combina­
tion of both. These possibilities are 
functionally relevant because they im­
ply that H-2 antigens on cells may be 
available to interact with other mole­
cules as they interact with one another in 
detergent solution. 

Decent investigations in a number of 
1.'- laboratories have identified the 
light polypeptide chain of H-2. HLA 
and TL antigens as beta-2-microglobu­
lin. a protein already well known to 
biochemists. This molecule incorpor­
ates no carbohydrate and appears to 
carry none of the antigenic determin­
ants characteristic of a given H-2 or 
HLA type. Hence all the carbohydrate 
and the antigenic specificities must be 
carried by the heavy chains. 

Human beta-2-microglobulin was 
first discovered by Ingemar Berggard 
and Alexander G. Beam at the Rocke­
feller University in 1968. in the urine of 
patients with kidney malfunctions. 
Since then the protein has been charac­
terized in detail and has been shown to 
be manufactured by nearly every cell in 
the body. It has also been described in 
other species. including the mouse. the 
dog. the rabbit, the guinea pig and 'the 
rat. In contrast to the variability of the 
heavy chains of histocompatibility anti­
gens. no variant of beta-2-microglobu­
lin has been detected within a species by 
either immunological or chemical tech­
niques. Indeed. the amino acid se­
q uences of beta-2-microglobulins ob­
tained from several species have been 
partially determined, and they show 
only a few differences. about the num­
ber one would expect for functionally 
similar proteins from different species. 
This similarity suggests that the struc­
ture of beta-2-microglobulin in man is 
representative of the structure of the 
molecule in all other vertebrate species, 
including the mouse. 

The most striking feature of beta-2-
microglobulin is its resemblance to por-o 

o 10 20 30 40 50 tions of antibody molecules. It has been 
SLICE NUMBER 

SEPARATION of the heavy and light polypeptide chains of H-2 antigens is achieved by elec­
trophoresis, Radioactively labeled H-2 molecules are applied to the top of a cylindrical gel of 
polyacrylamide, and an electric field is placed across the gel, The heavy and light chains mi­
grate toward the bottom of the gel at different rates according to their molecular weight. Gel 
is then sliced into thin sections, and the radioactivity of each section is measured, Two peaks of 
radioactivity, corresponding to the bands of purified H-2 heavy and light chains, are obtained, 
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known for some time that the light and 
heavy polypeptide chains that make up 
antibody molecules have two types of 
regions: variable regions that differ in 
amino acid sequence from one molecule 
to another, and constant regions that are 
invariant in amino acid sequence for any 
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class of heavy chains or light chains. 
Three segments in the constant region of 
the antibody heavy chain resemble one 
another and the constant region of the 
light chain in size. overall structure and 
amino acid sequence. On the basis of 
these observations Edelman proposed 
that both the heavy and light polypep­
tide chains of antibodies are folded into 
compact domains corresponding to the 
variable and constant regions. This hy­
pothesis has now been verified by struc­
tural analysis utilizing the technique of 
X-ray crystallography [see "The Anti­
body Combining Site." by J. Donald 
Capra and Allen B. Edmundson; SCIEN­
TIFIC AMERICAN. January]. In addition. 
these data. together with genetic evi­
dence. suggest that the genes coding for 
antibody molecules arose in the course 
of evolution through the duplication of 
an ancestral gene large enough to code 
for a single antibody domain. a polypep­
tide some 100 amino acids long. 

The polypeptide chain of beta-2-mi­
croglobulin is also some 100 amino ac­
ids long. and it resembles the constant 
domains of antibodies in many of its 
structural features. Studies by Oliver 
Smithies at the University of Wisconsin. 
in collaboration with Dave Poulik of 
Wayne State University. and our own 
determination of the complete amino 
acid sequence of human beta-2-micro­
globulin. have shown that it is nearly as 
closely related to the constant domains 
of antibodies as they are to one another. 
On the basis of this evidence we have 
surmised that the gene for beta-2-micro­
globulin arose from the same ancestral 
gene that gave rise to the genes for anti­
body molecules. 

The fact that beta-2-microglobulin is 
associated with both HLA and H-2 anti­
gens suggests a possible evolutionary re­
lation between antibody molecules and 
histocompatibility antigens. In addition. 

SEQUENCING of the H.2 heavy chain reo 
quires a new microchemical analytic tech· 
nique. Mouse cells are cultured in the pres· 
ence of a radioactive amino acid that is incor. 
porated into all newly manufactured proteins, 
iUcluding the H.2 antigens (a). The labeled 
membrane proteins are then extracted with 
detergent (b), and the H·2 antigens are iso· 
lated by precipitating them with specific an· 
tibodies (c). Next the antigen molecules are 
resolved into their component light and heavy 
chains by electrophoresis across a polyacryl· 
amide gel (d). The purified heavy chains are 
eluted from the gel, and the positions at which 
the radioactive amino acid appears along the 
chain are determined by removing one amino 
acid at a time from the protein with the aid of 
an automatic machine called a sequencer (e). 
Finally the radioactivity of the sequentially 
removed amino acids is measured to detect 
the presence or absence of the radioactive la· 
bel (j). The entire procedure must be repeat· 
ed many times to determine locations along 
the polypeptide chain of each of the 20 amino 
acids from which protein molecules are built. 
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it raises the question of whether or not 
the heavy and light polypeptide chains 
of HLA and B-2 antigens are folded into 
functional domains similar to those seen 
in antibodies. The answers to these ques­
tions should be provided by the determi­
nation of the amino acid sequence of the 
H-2 heavy chains and by the X-ray crys­
tallographic analysis of the three-di­
mensional structure of beta-2-micro­
globulin. both of which are now under 
way in our laboratory. 

The analysis of the amino acid se­
quence of H-2 heavy chains is far more 
difficult than that of the amino acid se­
quence of beta-2-microglobulin. For 

one thing. the intact H-2 heavy chain 
must be extracted from cells with deter­
gent and kept in detergent solution. For 
another. in order to get enough H-2 
heavy chains to determine their amino 
acid sequence by conventional sequenc­
ing techniques such vast numbers of 
cells are required that this approach has 
been too costly to be practical. We and 
others in the field have therefore devel­
oped a microchemical approach for de­
termining the amino acid sequence of a 
protein when only minute amounts of it 
are available. 

The method involves incorporating 
radioactively labeled molecules of a giv-

en amino acid into H-2 heavy chains so 
as to identify all the positions along the 
polypeptide chain where that amino 
acid is found. Specifically we grow 
mouse spleen cells or mouse tumor cells 
in a medium containing an amino acid. 
say tyrosine. that has been labeled by 
replacing the hydrogen atoms in the 
molecule by atoms of tritium. the radio­
active isotope of hydrogen. The tritium­
labeled tyrosine is then taken up by the 
cells and incorporated into all newly 
synthesized proteins including the H-2 
antigens. which are constantly being 
broken down and resynthesized. Next 
the cells are disrupted. and the mem-

n (] 

AUTOMATIC SEQUENCER in the author's laboratory at Rocke. 
feller University can determine the amino acid sequence of a poly. 
peptide chain for up to 50 consecutive amino acids. The machine 

makes use of carefully controlled conditions to carry out a reaction 
that sequentially removes one amino acid at a time from the chain. 
The entire reaction sequence is controlled by a paper-tape program. 
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brane proteins are solubilized with de­
tergent. Specific antibodies to the H-2 
antigens are added to the mixture of sol­
ubilized proteins so as to remove the H-
2 molecules as a precipitate. 

This precipitate of H-2 antigens 
bound to specific antibodies is concen­
trated by spinning the solution in a cen­
trifuge. It is resolubilized in detergent 
and separated into its component mole­
cules by high-voltage electrophoresis 
across a gel of polyacrylamide. In this 
process the H-2 heavy and light chains 
separate and migrate at different rates 
through the gel. separating into narrow 
bands on the basis of size. The region of 
the gel containing the band of radioac­
tively labeled Hc2 heavy chains is isolat­
ed. and the molecules are eluted from it. 
Thus the end products of the purifica­
tion are H-2 heavy chains containing a 
radioactive tyrosine subunit at each po­
sition where tyrosine normally appears 
in the amino acid sequence. The positions 
of other amino acids along the chain can 
be determined by incubating the cells in 
a medium containing tritium-labeled 
molecules of each amino acid. 

The exact positions at which the la­
beled amino acid appears are deter­

mined with the aid of an automatic ma­
chine called a sequencer. which chemi­
cally removes one amino acid at a time 
from the polypeptide chain beginning at 
the amino terminal (NH2) end. The 
chemical reaction required was devel­
oped by the late Pehr Edman at the Uni­
versity of Lund. who in collaboration 
with Geoffrey Begg at St. Vincent's 
Hospital for Medical Research in Mel­
bourne. Australia. subsequently devised 
an automatic system to precisely control 
the reaction conditions. The yield for 
the removal of each amino acid from 
the chain exceeds 95 percent. and amino 
acid sequences can be determined for 30 
to 50 consecutive amino acid subunits. 
which is much farther along a polypep­
tide chain than can be attained with 
manual analytic methods. Usually the 
derivatives of amino acids rele/lsed by 
the Edman reaction are identified by a 
variety of chromatographic separation 
techniques. Because of the minute quan­
tities of protein dealt with in our studies. 
however. we can identify each amino 
acid only by the presence of its radioac­
tive label. 

With this microcheI):1.ical approach we 
can detect amino acids in the H-2 heavy 
chain at the level of about 108 mole­
cules. whereas conventional sequencing 
techniques call for perhaps a million 
times more (1014) molecules for accu­
rate detection. The fact remains that mi­
crochemical sequencing is particularly 
time-consuming because accurate iden­
tification of each labeled amino acid re­
quires that we work on only one or two 
amino acids in each experiment. A sepa­
rate preparation of purified H-2 heavy 
chains must therefore be made to deter-

CLOSEUP VIEW shows the reaction chamber of the sequencer. The glass cup spins through­
out the reaction sequence and is kept at a constant temperature by means of a heating element. 
Plastic inlet tubes on the delivery head (lifted up for viewing) allow the introduction of solu­
tions and nitrogen into the chamber. At the start of the reaction the polypeptide sample is in­
troduced as a film on the inner surface of the spinning cup. The reagent phenyl isothiocyanate 
is then allowed to couple to the end of the polypeptide chains, and a single amino acid is re­
moved from the chains by exposing the material to acidic conditions. Finally the released ami­
no acid derivative is extracted from the reaction mixture with an organic solvent, and it is 
sucked out of the spinning cup through the L-shaped tube on the side of the delivery head 
(top). Reaction sequence then begins anew to remove next amino acid from the chain. Sequen­
tially removed amino acids are later identified with a variety of chromatographic techniques. 

mine the locations along the chain of 
each of the 20 amino acids of which pro­
teins are built. Moreover. some amino 
acids cannot be detected because they 
are incorporated into the protein in in­
sufficient amounts. either because they 
are not efficiently transported into the 
cells or because the radioactively la­
beled molecules are diluted in a large 
pool of similar unlabeled molecules 
within the cells. Our sequences there­
fore have a number of gaps. 

In spite of these limitations. over the 
past two years the sequences of the first 
27 amino acids in several H-2 heavy 
chains have been obtained by us. by 
Nathenson and his colleagues. by Jack 
Silver and Leroy E. Hood at the Califor­
nia Institute of Technology. and by a 
research group headed by Jonathan W. 
Uhr at the University of Texas South­
western Medical School. Although the 
data are limited. they already provide 
valuable information on the kind of ge-
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MAJOR GENETIC 
ANTIGENS VARIANTS 5 

AMINO ACID POSITION ALONG HEAVY CHAIN 

10 20 

LU 
en 
=> 
0 
� 

Kb 

H-2K 

Db 
H-2D 

Dd 

A2 Gly Ser Ser Met Arg Tyr Phe Phe Thr Ser Val Ser Arg Pro Gly Gly Glu Phe lie Ala Val 
HLA-A 

A1,2 Ser Ser Met Arg Tyr Phe Phe Thr Ser Val Ala Arg Pro Gly 

B7 Gly Ser Ser Met Arg Tyr Phe Tyr Thr Ser Val Ser Arg Pro Gly Gly Glu Phe lie Ala Val 
HLA-B 

B8,13 Ser Ser Met Arg Tyr Tyr Tyr Ser Ala Val Ser Arg Pro Gly 

Ala ALANINE lie ISOLEUCINE Pro PROLINE o AMINO ACIDS AT THESE POSITIONS NOT YET DETERMINED 

Arg ARGININE Leu LEUCINE Ser SERINE o AMINO ACIDS SHARED BY BOTH H-2 and HLA ANTIGENS 

Glu GLUTAMIC ACID Lys LYSINE Thr THREONINE 0 AMINO ACIDS SHARED BY H-2K AND H-2D ANTIGENS 

Gly GLYCINE Met METHIONINE Tyr TYROSINE o AMINO ACIDS SHARED BY HLA-A AND HLA-8 ANTIGENS 

His HISTIDINE Phe PHENYLALANINE Val VALINE • AMINO ACIDS NOT DETERMINED BUT KNOWN NOT TO BE AN AMINO ACID 

SEEN IN OTHER CHAINS AT THIS POSITION 

PARTIAL AMINO ACID SEQUENCES of the heavy polypeptide 
chains of B-2 and BLA antigens reveal broad regions of similarity 
along with distinct differences that may reflect the overall genetic 
variability of these molecules. The differences in sequence are well 

distributed over the length of the chain segments, suggesting that dif­
ferent antigenic specificities are determined by large regions of the 
·molecule. This is in contrast to the antibody molecule, where the var­
iable amino acid sequences are confined to a segment of each chain. 

netic vanatlOn that is found in heavy 
chains. together with clues to the origin 
of the H-2D and H-2K genes_ 

The amino acid sequences of all the 
H-2 antigens examined so far are quite 
similar. Products of the H-2K genes so 
closely resemble products of the H-2D 
genes that there is no feature in the ami­
no acid sequence that distinguishes one 
type of antigen from another. These re­
sults support Shreffler and Klein's hy­
pothesis that the H-2K and H-2D genes 
are derived from a common ancestral 
gene and also the hypothesis that all the 
genes in the H-2 complex are closely re­
lated. 

KILLER T CELL 

VIRAL OR 

H-2 ANTIGEN ----A cy// 
TUMOR ANTIGEN �RGET CE� 

The amino acid sequences in the ge­
netic variants of the H-2 heavy chain are 
similar. but distinct differences can be 
recognized. For example. H-2 antigens 
can have different amino acids at posi­
tions 1. 2. 8. 9, 14, 17, 22 and 23. We 
have not yet been able to correlate such 
differences in amino acid sequence with 
the different antigenic specificities of the 
H-2 variants. but the two properties are 
undoubtedly related. The differences in 
amino acid sequence appear to be well 
distributed along the sequence and are 
not confined to a specific short segment. 
Thus the different antigenic specificities 
that reflect the genetic variability of the 

KILLER T CELL 

HYBRID OR 

� MODIFIED 
ANTIGEN ��---� 

TARGET CELL 

ALTERNATIVE MODELS explain the observation that lymphocytes called killer T cells, 
which can selectively destroy virally infected or cancerous body cells, have to detect at least 
one H-2 antigen molecule on the surface of the target cell before killing can occur. The recog­
nition process may involve two separate binding molecules, or receptors, on the surface of the 
killer T cell (one for the H-2 antigen and one for the viral antigen). Alternatively a single recep­
tor on the killer cell recognizes a hybrid structure formed by the association of the two antigens. 
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H-2 antigens appear to be generated 
by amino acid substitutions involving a 
large portion of the H-2 heavy chain. 

An important question raised by the 
study of beta-2-microglobulin is wheth­
er or not the H-2 heavy chain is similar 
in amino acid sequence to the variable 
or constant regions of antibody mole­
cules. We have compared our sequences 
of H-2 heavy chains with those of vari­
ous antibody molecules, but we have 
found no convincing similarities. The 
data on the H-2 heavy chains are limit­
ed, however, and confined to a short re­
gion near the amino terminal end of the 
molecule. so that we shall have to wait 
for more complete sequence determina­
tions before we can obtain a definitive 
answer. 

Paralleling the work on H-2 heavy 
chains is an equally intensive effort 

to determine the structure of HLA heavy 
chains. Jack L. Strominger and his col­
leagues at Harvard University and a 
group of English investigators from the 
laboratories of John Bridgen of the Uni­
versity of Cambridge, Walter Bodmer 
of the University of Oxford and Mi­
chael Crumpton of the National Insti­
tute for Medical Research at Mill Hill. 
have approached the problem by grow­
ing in culture large quantities of human 
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cells from lines that have an unusually 
large amount of HLA antigens on their 
surface. Both of these research groups 
have managed to obtain sufficient quan­
tities of HLA heavy chains to determine 
partial amino acid sequences by conven­
tional methods. without the need for 
incorporating radioactive amino acids 
into the polypeptide chains. 

Comparison of the H-2 and HLA se­
quences that have been obtained so far 
satisfy the expectation that they would 
be very similar. This finding is signifi­
cant for two reasons. First. it supports 
the hypothesis that the major histocom­
patibility antigens of man and mouse 
are closely related and probably serve 
the same biological function. Investiga­
tions of the mouse H-2 system will 
therefore be directly applicable to the 
HLA system. Second. the similarities in 
the H-2 and HLA sequences validate the 
microchemical technique we have em­
ployed for the sequence analysis of the 
H-2 antigens. since the HLA sequences 
were determined by an entirely different 
method. This verification is important 
because it shows that the method is suit­
able for studying any cell-surface pro­
tein to which antibodies can be pre­
pared. The challenge remains. however. 
to extend this approach so as to deter­
mine the amino acid sequences of larger 
regions of the H-2 molecule. By deter­
mining the sequence of a large portion 
of an H-2 heavy chain we hope to distin­
guish those features of the H-2 molecule 
that have implications for understand­
ing its biological function. 

As I indicated at the beginning of this 
article. histocompatibility antigens can­
not have evolved simply to thwart the 
efforts of the transplantation surgeon. 
What. then. can be said about their bio­
logical function in the host? The most 
promising explanations come from a 
consideration of the possible role of H-2 
antigens in defending the body against 
abnormalities among its own cells. Ac­
cording to the theory of immunologi­
cal surveillance. deleterious mutations. 
such as those that cause cancer and oth­
er cellular derangements. are constantly 
arising within the body. Such mutations 
cause changes in the structure of the cell 
surface that are subsequently recog­
nized by the immune system. specifical­
ly a class of wandering lymphocytes that 
constantly scan the body's own cells and 
tissues. If these lymphocytes encounter 
a defective cell. they carry the alarm 
back to the lymph nodes. alerting a class 
of lymphocytes known as killer T cells 
to attack and destroy the defective cells. 
The killer T cells then destroy these 
cells in much the same way that they kill 
foreign cells during graft rejection. 

There are. however. some important 
differences between graft rejection and 
the postulated mechanism of immuno­
logical surveillance. In graft rejection 

1 

1 

SINGLE CAP 

____ H·2 ANTIGEN 
- VIRAL ANTIGEN 

"HYBRID" ANTIGEN /-

ANTIBODIES 
AGAINST 

H-2 ANTIGEN 

PATCHING 

CAPPING 

ANTIBODIES 
AGAINST 

VIRAL ANTIGENS 

) 1 

1 

CO-CAPPING 

CAPPING EXPERIMENT makes it possible to determine whether H-2 antigens and viral 
antigens are closely associated on tbe surface of tumor cells. First, antibodies specific for H-2 
antigens and those specific for viral antigens are labeled with the dyes f1uoresceiu and rho­
damine, which glow respectively green and red under the fluorescence microscope. Then the 
antibodies against the H-2 antigens are added to the cells, linking the H-2 antigens on the cell 
surface to form patches and finally a cap at one end of the cell. The cells are then fixed, so that 
no uew caps can form, and the antibodies against the viral antigens are added. If the two auti­
gens are independent, the H-2 antigens will form a cap but the viral antigens will remain spread 
over the cell surface (0). If the two antigens are associated, they will form a cap together (b). 
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On cultivating the vineyard 
for better wines. 

C u l tivati ng - which is s imply t h e  
tu r n i n g  or l o o s e n i n g  q f  t h e  s o i l  b y  
mechanical means in  order to control 
weeds and aerate the soil - might seem 
to some to be the most prosaic of all 

-vineyard operations. 
Yet, the truth is, we find its contribution 

to the production of fine wines far more 
complex than one might expect. 

Weeds, to be sure ,  are undesirable.  
They compete with our vines for val u ­
a b l e  nourishment and moisture in the 
soil. 

But that is only one reason we take 
great care to manage an efficient and 
extensive cultivation program. 

Frost Protection 
Our experi e nce shows that a moist, 

clean vineyard -one without weeds 
- also offe rs our vines m easurable 
protecti on against morning frost dur­
ing March, April , and early May. 

Normally, duri ng the day, the soil is 
warmed by the sun's rays. Then in the 
early hours before the follOWing dawn, 
the heat that has been absorbed by the 
soil is released in the form of radiation, 
thus warming the vines above. 

However, if there are weeds growing 
on the ground, they will shade the soi l .  
Thus, its temperature will be cooler than 
if the sun were striking it directly. 

S i n c e  the temperature differe n c e  
between a clean vineyard a n d  one with 
weeds can be as much as six degrees, 
and since in most instances a mere three 
or four degrees difference between the 
ground and the air is enough to protect 
our vines' tender young buds against 
frost damage, we do everything we can 
to keep our vineyards clean. 

Our goal , of course, is to ensure that 
the tender buds ultimately develop into 
the best possible grapes for our wines. 

Pest Protection 
Cultivati on in the early spri ng also 

helps us control i nsects and pests by 
destroying their breeding places, both 
above the soil and just b e n eath its 
surface. 

In the Gallo vineyards, we might point 
out, we probably do more cultivating 
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than normal simply because we prefer 
not to use herbicides when we can avoid 
them. 

That same policy applies to the use of 
insecticides. We prefer natural controls. 

For example, in one of our vineyards, 
instead of spraying to el imi nate t h e  
destructive l e a f  hopper, we planted a 
n u m b e r  of w i l d  b l a c k b e rry b u s h e s  
nearby t o  provide a refuge for several 
colonies of wasps. 

The wasps then laid their eggs within 
the eggs of the leaf hoppers and thus 
prevented them from hatching. 

In another case, rather than spray with 
an h erbicide to control an obnoxious 
weed called puncture vines,  we used 
weevils. 

These natural enemies then burrowed 
into the germ of the puncture vine seeds 
and prevented them from sprouting. 

By so protecti ng and nurturing our 
vines, we naturally improve the quality 
of the grapes that we grow. 

Other Uses 
We also rely on cultivation to enhance 

the effective ness of our ferti l izat ion 
programs. 

Fertilizers - e xcept for nitroge n  and 
boron - tend to become fixed i n  the 
surface soil. In order to be sure that these 
nutrients reach the roots of our vines, we 
disk them under the ground. 

T h e n ,  too, d u r i n g  vin eyard opera­
tions, soil often becomes compacted, a 
condition that could destroy the vine's 
fine root system. 

To rectify this situation,  we cultivate 
and loosen the soil , thus  provid i n g  
t h e  roots some growi ng room. Proper 
cultivation makes stronger vines: and 
stronger vines make better grapes. 

Why We Do It All 
It is only by taking full advantage of all 

the opportunities available to us in the 
practice of cul tivati o n  - as i n  a l l  t h e  
other facets o f  t h e  art o f  viticulture - that 
we can hope to achieve our goal. 

Which is, simply, to proVide you with 
the finest wines we, or anyone else , can 
possibly produce. 

Gallo VIneyards. Modesto. California 

the targets of the killer Tcells are clearly 
the foreign H-2 antigens of the donor, 
whereas in the case of the body's own 
abnormal cells the H-2 antigens on the T 
cells and the target cells are identical. In 
attacking the host's own abnormal cells 
the T cells must therefore recognize 
some feature such as a component of a 
virus (a viral antigen) or a component 
unique to a tumor cell (a tumor-specific 
antigen) that allows them to distinguish 
the altered cells from normal cells. 

Until recently no direct evidence was 
available to indicate that H-2 antigens 
might play a role in this recognition 
process. Then Rolf Zinkernagel and' Pe­
ter Dougherty of the Australian Nation­
al University discovered that killer T 
cells could not destroy cells infected 
with virus unless the killer cell and the 
target cell had at least one H-2 antigen in 
common. John Schrader, Edelman and I 
found the same to be true of the killing 
of cancer cells by killer T cells. When 
antibodies that bind to the shared B-2 
antigens were added to the incubation 
medium, the killer lymphocytes were 
unable to destroy the cancer cells, pre­
sumably because they could no longer 
recognize the H-2 antigens. Additional 
experiments showed that it was the H-2 
antigens on the target cells and not those 
on the killer T cells that had to be 
blocked by antibodies in order to pre­
vent the destruction of the target cells. 

Two general mechanisms have been 
proposed to explain the role of H-2 

antigens in the destruction of abnormal 
cells by killer T cells. One set of hypoth­
eses suggests that the killer lymphocytes 
carry two kinds of binding molecules, or 
receptors: one receptor that binds to H-2 
antigens and a second receptor that 
binds to the abnormal (viral or tumor) 
antigen. On this hypothesis both recep­
tors must bind if the abnormal cell is to 
be killed. Another set of hypotheses sug­
gests that the killer cell has only one 
kind of receptor, but that the receptor 
selectively binds to a hybrid antigen 
consisting of an H-2 antigen bound to an 
abnormal antigen. Such a close interac­
tion between two types of antigens is 
theoretically possible because it is now 
known that the cell membrane is not a 
rigid structure but rather a semifluid 
one, with antigens and other proteins re­
sembling icebergs afloat in a sea of 
membrane lipids. The H-2 and abnor­
mal antigens are thus in constant motion 
over the cell surface, and they could eas­
ily come in contact through random in­
teractions. 

One way to determine whether H-2 
antigens and abnormal antigens really 
do find each other and specifically asso­
ciate on the cell surface is to perform 
what is known as a capping experiment. 
If antibodies that bind to cell-surface 
molecules such as H-2 antigens are add­
ed to a suspension of cells, the antibod­
ies link the antigen molecules together. 
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aggregating them into patches on the 
cell surface. Eventually all the patches 
fuse at one end of the cell to form a cap. 
The patches and caps are detected with 
the aid of antibodies labeled with a fluo­
rescent dye that glows with a distinctive 
color in the fluorescence microscope. 
Dyes of different colors (such as fluores­
cein. which is green. and rhodamine. 
which is red) can serve to label antibod­
ies with different specificities. so as to 
determine the distribution of different 
types of antigens on the same cell. 

In order to find out if two different 
antigens are closely associated on the 
cell surface one first causes one type of 
antigen to form a cap by adding anti­
bodies with a green label and then fixes 
the cells so that no new caps can form. 
Next one treats the cells with antibodies 
specific to the second type of antigen 
and bearing a red label. If in the fluores­
cence microscope the red and green la­
bels are both associated with the cap. 
one can assume that the two kinds of 
antigen first physically associated and 
then formed the cap together. If. on the 
other hand. the green label appears as a 
cap and the red label is spread diffusely 
over the cell surface. one can assume 
that the antigens are independent. 

We have performed this kind of test 
with H-2 antigens and viral antigens on 
the surface of tumor cells that react with 
antibodies to the Rauscher leukemia vi­
rus. The two types of antigen do form a 
cap in the same place on the cell surface. 
suggesting that they are closely associat­
ed. Although the experiment is not de­
finitive because it depends on the speci­
ficity of the antibodies involved. we and 
others have confirmed the observation 
by somewhat different methods. We 
therefore favor the hypothesis that B-2 
and foreign antigens can form hybrid 
structures that are recognized preferen­
tially by killer Tcells. A corollary of this 
hypothesis is that B-2 antigens have spe­
cial structural features that enable them 
to interact on the cell surface with viral 
or tumor antigens. On a more specula­
tive note. the genetic variability of the 
B-2 system could conceivably affect 
both the interaction of B-2 antigens with 
abnormal antigens and their detection 
by killer T cells. 

It is 'still a matter of debate whether 
the one-receptor or two-receptor model 
of killer T-cell recognition is the correct 
one. but in any event it is likely that our 
thinking will continue to focus on the 
role of B-2 antigens in mechanisms for 
immunological surveillance. Whatever 
the detailed function of the histocom­
patibility antigens turns out to be. that 
function will surely be of great impor­
tance to immunology and may have 
profound practical implications for tis­
sue transplantation and the control of 
infectious and malignant disease. In the 
modern era medicine and molecular 
analysis have become companions in 
both understanding and practice. 
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The Solution 
of the Four-Color-Map Problem 

Four colors suffice to color any planar map so that no two adjacent 

countries are the same color. This famous conjecture has been proved 

true by a new kind of proof, one that relies on high-speed computers 

by Kenneth Appel and Wolfgang Haken 

I
n 18 52, a few months after he had 

completed his studies at University 
College London, Francis Guthrie 

wrote a letter to his brother Frederick, 
who was still at the college as a student 
of the mathematician Augustus De 
Morgan. Francis pointed out to Freder­
ick that it seemed that every map drawn 
on a sheet of paper can be colored with 
only four colors in such a way that coun­
tries sharing a common border have dif­
ferent colors. He asked if there-was any 
way to prove this mathematically. Fred­
erick did not know, and he asked De 
Morgan, who did not know either. For 
the next 124 years Guthrie's four-color 
problem, the problem of proving that 
every map requires at most four colors 
or of drawing a map that requires five 
colors, intrigued professional mathema­
ticians, amateur mathematicians and 
high school students who felt that all 
unsolved problems remain so only be­
cause of the incompetence of the older 
generation. 

In 1976 we solved the four-color 
problem. Guthrie's conjecture was 
proved mathematically, but in a way 
quite different from what he might have 
expected. Even among present-day 
mathematicians those who were not 
aware of the developments leading to 
the proof are rather dismayed by the 
result because the proof made unprece­
dented use of computers; the computa­
tions of the proof make it longer than 
has traditionally been considered ac­
ceptable. In fact, the correctness of the 
proof cannot be checked without the aid 
of a computer. Moreover, some of the 
crucial ideas of the proof were perfected 
by computer experiments. Of course, a 
short proof of the four-color theorem 
may some day be found, perhaps by one 
of those bright high school students. It is 
also conceivable that no such proof is 
possible. In this case a new and interest­
ing type of theorem has appeared, one 
which has no proof of the traditional 
type. 

In spite of the novel aspects of the 

J08 

proof, both the four-color problem and 
the basic method of proof have deep 
roots in mathematics. We will begin to 
examine them by returning to the initial 
formulation of the problem in Francis 
Guthrie's letter. By "neighboring" coun­
tries Guthrie must have meant countries 
adjacent along a borderline rather than 
at a single point; otherwise a map whose 
countries look like the wedges of a pie 
would require as many colors as there 
are countries. By "country" he certainly 
must have meant a connected region, 
because if a country is allowed to consist 
of more than one region and the regions 
are separate, it is not at all hard to con­
struct an example of a map with five 
countries each of which is adjacent to 
each of the other four [see top illustra­
tion on page 111]. 

Guthrie and De Morgan certainly re­
alized that a map with four countries 
can be drawn in which each country is 
adjacent to the other three [see left side 0/ 
lower illustration on page 111]. Such a 
map requires four colors and therefore a 
three-color conjecture is false. Three 
colors will not suffice to color all maps. 

De Morgan proved that it is not possi­
ble for five countries to be in a position 
such that each of them is adjacent to the 
other four. This led him to believe that 
five colors would never be needed and 
thus that the four-color conjecture was 
true. Proving that five mutually adja­
cent countries cannot exist in a map 
does not prove the four-color conjec­
ture, however [see lower illustration on 
page 111]. Many amateur mathemati­
cians, not understanding this fact, have 
independently discovered proofs of De 
Morgan's result and have then thought 
that they had proved the four-color con­
jecture. 

I
n 1878 the mathematician Arthur 

Cayley, unable to prove or disprove 
the four-color conjecture, presented the 
problem to the London Mathematical 
Society. Less than a year later Alfred 
Bray Kempe, a barrister and member of 

the society, published a paper purport­
ing to show that the conjecture is true. 
Kempe's argument was extremely clev­
er, and although his proof turned out to 
be incomplete, it contained most of the 
basic ideas that led to the correct proof a 
century later. Kempe tried to prove the 
conjecture true by the classical method 
of reductio ad absurdum; he assumed 
that the conjecture is false (that is, that 
there is at least one map which requires 
five colors) and then proceeded to show 
that this assumption leads to a contra­
diction. Reaching a contradiction shows 
that the original assumption (some 
maps require five colors) is wrong and 
therefore the four-color conjecture 
(four colors are always enough) is true. 

Kempe began by defining normal 
maps: A map is normal if none of its 
countries enclose other countries and if 
no more than three countries meet at 
any point [see illustration on page 112]. 
He then showed that if there were a map 
that required five colors, a "five-chro­
matic" map, then there would have to be 
a normal five-chromatic map. Thus to 
prove the four-color conjecture it is suf­
ficient to prove that a normal five-chro­
matic map is not possible. Kempe noted 
that if there were a normal five-chro­
matic map, then there would have to be 
such a map with a smallest number of 
countries, a "minimal normal five-chro­
matic" map. (In other words, any map 
with fewer countries than the minimal 
five-chromatic map can be colored with 
four or fewer colors.) Therefore to 
prove the four-color conjecture it is suf­
ficient to prove that a minimal normal 
five-chromatic map is impossible, that 
is, that postulating the existence of a 
minimal normal map requiring five col­
ors leads to a contradiction. 

Kempe approached a contradiction as 
follows. He proved that any normal 
map must have some country with five 
or fewer neighbors. He then argued that 
if a minimal normal five-chromatic map 
has a country with fewer than six neigh­
bors (which, as he had just shown, every 
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normal map must have), then there 
would have to be a normal map with 
fewer countries that is also five-chro­
matic. If this argument had been totally 
correct, a contradiction would have 
been reached. By assuming the existence 
of a minimal five-chromatic map 
Kempe would have proved the existence 
of a smaller five-chromatic map. That 
would contradict the definition of a min­
imal five-chromatic map, and so no such 
map would be possible. Since that im­
plies that there can be no five-chromatic 

map at all, the proof would have been 
complete. Kempe proved correctly that 
a country with two, three or four neigh­
bors existing in a minimal five-chromat­
ic map leads to a contradiction, but his 
proof of the case of five neighbors was 
faulty. In our proof of the four-color 
theorem we corrected Kempe's flawed 
analysis of the last case by examining 
some 1.500 arrangements of countries. 
Our methods were basically extensions 
of valid parts of Kempe's proof that 
have been the object of great attention 

and refinement by mathematicians over 
the past 100 years. 

Kempe had shown that in every nor­
mal map there is at least one country 
with two, three, four or five neighbors. 
(In other words, there are no normal 
maps on a plane in which every country 
has six or more neighbors.) This may be 
expressed by the statement that the set 
of "configurations" consisting of a coun­
try with two neighbors, a country with 
three neighbors, a country with four 
neighbors and a country with five neigh-

MAP OF 846 COUNTRIES created by Edward F. Moore of the Uni­
versity of Wisconsin is colored with four colors in order to illustrate 
the four-color theorem. Although some maps (including this one) are 
fairly difficult to color with four colors, no one has ever created a 
map that requires five or more colors. Until last year, however, all 
known efforts to prove that four colors are enough to color any map 
drawn on a sphere or plane had failed. The difficulty of coloring a 
map depends on the way in which its countries border on one anoth-

er. The "configurations," or arrangements of neighboring countries, 
within Moore's map helped the authors estimate the computational 
difficulties of implementing their ultimately successful aeproach to 
proving the four-color theorem. Only part of Moore's map is shown 
in the illustration. The complete map is a cylindrical projection with 
octagons (that is, countries with eight neighbors) at the north and 
south poles. Moore's map is composed of 54 octagons, 228 hepta­
gons, 96 hexagons and 408 pentagons. It was colored by Tom Burket. 
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The Kodak: Ektasound movie 
camera makes it so easy to take sound 
movies. Just drop in a cartridge of 
film, such as Kodak Ektachrome 160 
sound movie film, and push the 
shutter release. It's that simple. 

And the microphone? It's right 
on the handle! So, you're free to move 
around and shoot wherever you want 
without worrying about cords or micro­
phone placement. 

You don't need movie lights, either. 
Indoors or outdoors, in room light or 
sunlight, the Kodak Ektasound movie 
camera takes colorful sound movies with­
out movie lights. 

There's also an automatic exposure 
control that adjusts the amount of light 
reaching the film. 

Ko daks  unique 
on-c amera microphone. 
S ound  made simple. 

And, there's a sound 
monitor so you can hear 
what the camera is hear­
ing-both before and 
during use. 

Ask your photo 
dealer for a demonstration. 
There are several models to 
choose from including the new model 
250 with power zoom and the new model 
260 with power zoom and coupled rangefinder. 

Kodak Ektasound movie cameras 
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bors [see top illustration on page 114] is 
"unavoidable," that is, every normal map 
must contain at least one of these four 
configurations. Unavoidability is one of 
the two important ideas that are basic to 
our proof of the four-color theorem. 

The second important idea is reduc­
ibility. A configuration is intuitively re­
ducible if there is a way of showing, 
solely by examining the configuration 
and the way in which chains of countries 
can be aligned, that the configuration 
cannot possibly appear in a minimal 
five-chromatic map. Kempe· showed 
that three of his four configurations are 
reducible but failed to show that a coun­
try with five neighbors is a reducible 
configuration. The methods of proving 
configurations reducible grew out of 
Kempe's proof that a country with four 
neighbors cannot occur in a minimal 
five-chromatic map. The use of the 
word reducible stems from the form of 
Kempe's argument; he proved that if a 
minimal five-chromatic map contains a 
country with, say, four neighbors, then 
there is a five-chromatic map with a re­
duced number of countries [see bottom 
illustration on page 114 and illustration on 
page 116]. 

W
e can describe Kempe's attack on 
the four-color conjecture as an at­

tempt to find an unavoidable set of red uc­
ible configurations. Finding such a set 
is sufficient for proving the four-color 
conjecture because it shows that every 
map contains a configuration that can­
not be part of a minimal five-chromatic 
map. Therefore there can be no minimal 
five-chromatic map, and as Kempe 
proved correctly this implies that there 
can be no five-chromatic map at all. 
Like Kempe, we attacked the four-color 
problem by constructing an unavoid­
able set of reducible configurations. In­
stead of four simple configurations, 
however, our set consisted of some 
1,500 complex figures. 

In 1 890, 1 1  years after Kempe pub­
lished his proof, Percy John Heawood 
pointed out that Kempe's argument that 
no minimal five-chromatic map could 
contain a country with five neighbors 
was flawed, and that the error did not 
appear easy to repair. In his attack on 
the problem Heawood investigated a 
generalization of the original four-color 
conjecture. The maps studied by Guth­
rie and Kempe were maps in a plane or 
on a sphere. Heawood, considering 
maps on more complicated surfaces, 
was able to obtain an elegant argument 
that provided an upper bound for the 
number of colors required to color maps 
on these surfaces. If the method he used 
had been applicable to the plane, it 
would have provided a proof of the 
four-color conjecture. 

Heawood continued to work on the 
problem for no less than 60 years. Dur­
ing that time many other eminent math­
ematicians devoted a great deal of effort 

FOUR-COLOR THEOREM states that four colors are always sufficient to color a planar 
map so that no two neighboring countries are the same color. For the theorem to make sense a 
map must consist of contiguous countries. Neighboring countries must be adjacent along a 
line, because if countries adjacent at single points were considered neighbors, then map at the 
left would require a different color for each of its seven countries. Country must be a single con­
nected region, otherwise map at right, with country E in two pieces, would require five colors. 

THREE COLORS ARE NOT ENOUGH to color all maps, as is shown by the map of four 
countries at the left. Each country is adjacent to the other three, and so the map obviously re­
quires four colors. On the other hand, it is not correct to assume that the number of colors need­
ed to color a map is the same as the highest number of mutually adjacent countries in the map. 
In the map at the right, for example, no more than three countries are mutually adjacent, and 
yet four colors are needed: three for outer ring of countries and one for country in the center. 

to the four-color conjecture. One may 
wonder why so many mathematicians 
would spend so much time on what ap­
peared to be a question of so little prac­
tical significance. The explanation lies in 
the discoveries made about the nature of 
pure mathematics over the past century 
and in the effect of those discoveries on 
the faith of mathematicians in the power 
of mathematics. 

Toward the end of the 19th century 
mathematicians were able to build 

powerful theories that enabled them to 
settle many difficult questions. The feel­
ing grew that any question that could be 
reasonably posed in the language of 
mathematics could be answered by the 
use of sufficiently powerful mathemati· 
cal ideas. Moreover, it was believed that 
these questions could be answered in 
such a way that a competent mathemati­
cian could check the correctness of the 
answer in a reasonable length of time. 
The four-color conjecture certainly ap-

peared to be such a problem. If mathe­
maticians could not solve the problem, 
it seemed clear that they had simply not 
yet developed the appropriate mathe­
matical tools. 

In the 1930's, however, new discover­
ies challenged the 19th-century faith in 
the completeness of mathematics. Kurt 
Godel and Alonzo Church obtained 
new and disturbing results in formal log­
ic, the branch of mathematics in which 
the concept of proof is stated most pre­
cisely. It was proved that in what seems 
to be the most natural logical system 
there are true statements that cannot be 
proved true (or false) in the system. 
Moreover, there are theorems in the sys­
tem with relatively short statements 
whose shortest proofs are too long to be 
written down in any reasonable length 
of time. In the 1950's further investiga­
tion showed that the same difficulties af­
fect branches of mathematics other than 
logic. Some mathematicians began to 
think that the four-color conjecture 

1 1 1  
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"NORMAL" MAPS were defined by Alfred 
Bray Kempe, who published a faulty proof of 
the four-color theorem in 1879. A map is nor­
mal if no country in it completely surrounds 
another country or countries and if no more 
than three countries meet at any point. Map 
shown here is not normal, since country A en­
closes three other countries. Kempe proved 
correctly that if the four-color theorem could 
be proved for normal maps, it would be true 
for all maps, and thus the authors considered 
only normal maps in their work on theorem. 

might be one of those statements that 
can neither be proved nor disproved; af­
ter all. the conjecture had been studied 
without success for 80 years. Other 
workers felt that if a proof existed. it 
would be too long to write down. Many 
believed . • however. that the disease of 
unsolvability could not spread to this 
area of mathematics and that an elegant 
mathematical argument would be found 
to decide the truth or falsehood of the 
four-color conjecture. 

We now know that a proof can be 
found. But we do not yet know (and may 
never know) whether there is any proof 
that is elegant. concise and completely 
comprehensible by a human mathemat­
ical mind. So many areas of mathemat­
ics have been involved in various at­
tempts to prove the four-color conjec­
ture that it would be impossible to dis­
cuss them all here. We shall restrict our 
attention to work that led directly to the 
proof. 

I
n 19 13 George D. Birkhoff of Har­

vard University improved on 
Kempe's reduction technique and was 
able to show that certain configurations 
larger than Kempe's were reducible. 
Philip Franklin of the Massachusetts In­
stitute of Technology utilized some of 
Birkhoff's results to show that a map 
requiring five colors must have at least 
22 countries, that is. that any map with 
fewer than 22 countries is four-color­
able. Birkhoff's methods were improved 
by many mathematicians between 19 13 
and 1950. During this period reducible 
configurations were exploited primarily 
to improve Franklin's result; by 1950 it 
had been shown that any map with few­
er than 36 countries is four-colorable. 

1 12 

Although the work in this area did 
show that many configurations are re­
d ucible, the set of all the configurations 
that had been proved reducible by 1950 
did not even come close to forming an 
unavoidable set. Only a few mathemati­
cians had constructed unavoidable sets 
of configurations, and there was little 
hope that their work would lead to an 
unavoidable set of reducible configura­
tions. 

Heinrich Heesch of the University of 
Hannover seems to have been the first 
mathematician after Kempe to public­
ly state that the four-color conjecture 
could be proved by finding an unavoid­
able set of reducible configurations. 
Heesch, who began his work on the con­
jecture in 1936, made 

'
several major 

contributions to the existing theory. In 
1950 he estimated that the reducible 
configurations in the (then) hypothetical 
unavoidable set would be of certain re­
stricted sizes and number about 10,000. 

Configuration size must be a major 
consideration in this approach to the 
four-color problem. In the century since 
Kempe first introduced the idea of re­
ducibility certain standard methods for 
examining configurations to determine 
whether or not they are reducible have 
been developed. Employing these meth­
ods to show that large configurations are 
reducible requires the examination of a 
large number of details and appears fea­
sible only by computer. Every configu­
ration is surrounded by a ring of neigh­
bors; the ring size, or number of coun­
tries that form the ring around the con­
figuration, has a direct bearing on the 
difficulty of proving the configuration 
reducible. When one is trying to con· 
struct an unavoidable set of reducible 
configurations and discovers that a par­
ticular configuration is not reducible, 
one can often replace it to good effect 
with one or more other configurations, 
usually configurations of a larger ring 
size. Replacing one configuration with 
another whose ring contains an addi­
tional vertex, however, greatly increases 
the difficulty of reducibility testing and 
the computer time needed for it. This is 
in part because the number of distinct 
proper colorings of the vertices of the 
new ring is about three times the num­
ber of colorings of the vertices in the 
original ring. Furthermore, programs to 
test reducibility consider each possible 
coloring several times. In 1950 the diffi­
culties of computation seemed to rule 
out the possibility of producing an un­
avoidable set of configurations and 
proving that each of its members is re­
ducible. 

W
ith the advent of high-speed digi­
tal computers, however, an attack 

on these problems became technically 
possible. Heesch formalized the known 
methods of proving configurations re­
ducible and observed that at least one of 
them (a straightforward generalization 

of the method used by Kempe) was in 
principle a sufficiently mechanical pro­
cedure to be implemented by computer. 
Heesch's student Karl DUrre then wrote 
a computer program that used this pro· 
cedure to prove configurations reduc­
ible. Whenever such a program succeeds 
in proving a configuration reducible, the 
configuration is certainly reducible. A 
negative result, however, shows only 
that the particular method of proving 
reducibility is not sufficient to prove the 
configuration reducible; it might be pos­
sible to prove it reducible by other 
methods. In some cases, when DUrre's 
program failed to prove a configuration 
reducible. Heesch succeeded. He was 
able to show the configurations reduc­
ible with data generated by the program 
and with further calculations using a 
stronger technique developed by Birk­
hoff. 

Heesch described configurations in a 
convenient way. He began by trans­
forming the original map into what 
mathematicians call a dual form: a pla­
nar graph in which each vertex of the 
graph represents a country and each line 
segment between vertices represents a 
border. To obtain a dual graph of a map 
mark the capital in each country in the 
map and then. whenever two countries 
are neighbors, join their capitals by a 
road across the common border [see il­
lustration on page 117]. Now remove ev­
erything except the capitals (called ver­
tices) and the roads (called edges) you 
have added. These vertices and edges 
form the dual graph of the original map. 
The edges of a graph divide the plane 
into regions that are called faces. If the 
original map is normal (and only nor­
mal maps must be considered in the 
proof of the four-color theorem), all of 
the faces are triangles. In this case the 
dual graph is called a triangulation. The 
number of edges that end at a particular 
vertex (in the dual graph) is called the 
degree of the vertex and is equal to the 
number of neighbors of the country (in 
the original map) that is represented by 
that vertex. A path of edges that starts 
and ends at the same vertex and does not 
cross itself separates the graph into two 
parts: its interior and its exterior. Such a 
path is called a circuit. 

In the vocabulary of dual graphs a 
configuration is a part of a triangulation 
consisting of a set of vertices pI us all of 
the edges joining them. The boundary 
circuit, consisting of those vertices adja­
cent to the configuration and the edges 
joining them, is called the ring of the 
configuration. (The ring in the graph 
corresponds to the ring of countries that 
bound the configuration in the original 
map.) Configurations are often de­
scribed by the lengths of their rings: a 
six-ring configuration, for example, is 
one whose boundary circuit has exactly 
six vertices. 

With Heesch's work the theory of 
reducible configurations seemed ex-
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tremely well developed. Although cer­
tain improvements in the methods of 
proving reducibility have since been 
made, all of the ideas on reducibility 
that were needed for the proof of the 
four-color theorem were understood in 
the late 1960's. Comparable progress 
had not been made in finding unavoid­
able sets of configurations. Heesch in­
troduced a method that was analogous 
to moving charge in an electrical net· 
work to find an unavoidable set of con­
figurations '(not necessarily reducible). 
but he had not treated the idea of un­
avoidability with the same enthusiasm as 
the idea of reducibility. This method of 
"discharging" that first appeared in rath­
er rudimentary form in the work of 
Heesch has been crucial. however, in all 
later work on unavoidable sets. In a 
much more sophisticated form it be­
came the central element in the proof of 
the four-color theorem; hence we will 
explain it in some detail. 

K
empe's work shows that a trian­

gulation that represents a minimal 
five-chromatic map cannot have, any 
vertices with fewer than five neighbors. 
Thus in what follows we will for con­
venience use the word triangulation to 
mean a triangulation with no vertices of 
degree less than five. If we assign the 
charge number 6-k to every vertex of 
degree k (that is, with k neighbors), 
then vertices of degree greater than six 
(major vertices) are assigned negative 

charge and only vertices of degree five 
are given positive charge. It follows 
from Kempe's work that the sum of the 
assigned numbers of any triangulation 
is exactly 12. This somewhat surprising 
result depends both on the fact that the 
graph is drawn in the plane and that it is 
a triangulation. The particular sum of 
12 is not very important. What is ex­
tremely important is that for every pla­
nar triangulation this charge sum is pos­
itive. 

Now suppose the charges in such a 
triangulation are redistributed, moved 
around without losing or gaining charge 
in the entire system. In particular sup­
pose positive charge is moved from 
some of the positively charged (degree­
five) vertices to some of the negatively 
charged (major) vertices. It is certainly 
not possible to change the (positive) sum 
of the charges by these operations, but 
the vertices having positive charge may 
change; for example, some degree-five 
vertices may lose all positive charge (be­
come discharged), whereas some major 
vertices may gain so much charge that 
they end up with positive charge (be­
come overcharged). Different vertices 
become discharged or overcharged ac­
cording to the discharging, or redistribu­
tion, procedure chosen. 

Given a specified discharging proce­
dure on an arbitrary graph, however, it 
is possible to make a finite list of all the 
configurations that, after discharging is 
done, have vertices of positive charge. 

COLORADO 

NEW MEXICO 

(Of course, each of these configurations 
can be repeated an unforeseeable num­
ber of times.) In other words, positive 
charge can only occur within this finite 
set of configurations. Since the total 
charge is always positive. there will al­
ways be some vertices of positive 
charge. Therefore since all possible re­
ceptacles of positive charge are included 
in the list of configurations, every planar 
triangulation must contain at least one 
of these configurations. This process­
generating a list of specific configura­
tions from an arbitrary map-works be­
cause it is possible to determine the lay­
out of small pieces of the map without 
knowing the form of the complete map. 

I
n the proof of the four-color theorem 

the purpose of this discharging of 
positive vertices is to find a procedure 
describing exactly how to move charge 
in such a way as to ensure that every 
vertex of positive charge in the resulting 
configuration must either belong to a re­
ducible configuration or be adjacent to 
one. Since the configurations signaled 
by this procedure must form an un­
avoidable set, if they are also reducible, 
then the four-color conjecture is proved. 
Of course, if not all of the resulting con­
figurations are reducible, then no real 
progress has been made. In fact. 
Kempe's unavoidable set can be consid­
ered to be the one resulting from the 
ineffective procedure of moving no 
charges at all. 

MAP OF THE EASTERNMOST STATES of the U.S, is normal, but 
the map of the entire continental U.S. is not: Utah, Colorado, Arizona 
and New Mexico meet at a single point. (Note that the 48 contiguous 

states do not even make a proper map because Michigan is made up 
of two pieces that are not connected.) The maps in the lower illus­
tration on page 111 are normal, but maps in top illustration are not. 
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SET OF FOUR CONFIGURATIONS was proved by Kempe to be "unavoidable," that is, 
every normal map includes as a part at least one member of this set. The configurations in the 
set are a country with two neighbors (0), a country with three neighbors (b), a country with 
four neighbors (c) and a country with five neighbors (t!). Of course, no country can have zero 
or one neighbor, since neither an island nor an enclosed country is allowed in a normal map. 

An example of a rather simple dis­
charging procedure and the associated 
unavoidable set may make these ideas 
clearer. Consider the proced ure that 
transfers 1/5 unit of charge from every 
degree-five vertex to each of its major 
neighbors [see top illustration on page 
121]. The corresponding unavoidable set 
consists of two configurations. One is a 

A B 

C 

pair of degree-five vertices joined by an 
edge and the other is a degree-five vertex 
joined by an edge to a degree-six vertex. 

These configurations are obtained as 
follows. A degree-five vertex can only 
end up positive in this procedure if at 
least one of its neighbors is not major, so 
that the vertex is forced to retain posi­
tive charge; the vertex either has a de-

A B 

C' 

KEMPE SHOWED that to prove the four-color theorem it is sufficient to prove that no mini­
mal five-chromatic map can exist. A minimal five-chromatic map is a map with the fewest 
countries that requires five colors, that is, any smaller map (any map with fewer countries) can 
be colored with four colors or fewer. Kempe tried to prove that no minimal five-chromatic 
map is possible by showing that none of the configurations in his unavoidable set can exist in a 
minimal five-chromatic map. Each planar map contains one of these configurations, so that if 
all Kempe's arguments had been correct, he would have proved the theorem. Kempe's cor­
rect proof that a country, D, with three neighbors (le!t) cannot be part of a minimal five-chro­
matic map is as follows. Combine D with one of its neighbors, C, to form a new country, C' 
(right). The new map has fewer countries than the original minimal five-chromatic map and 
so can be colored with four colors. Give all countries of the original map except D colors they 
would have in four-coloring of the smaller map. D can be colored with color not used for A, B 
or C. Therefore original map can be colored with four colors: it is not a minimal five-chromat­
ic map. Similar argument shows that no country with two neighbors can be part of minimal five­
chromatic map. Proof for country with four neighbors is described in illustration on page 116. 
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gree-five neighbor (the situation corre­
sponding to the first configuration in the 
set) or a degree-six neighbor (the second 
configuration). 

A degree-six vertex starts with no 
charge and therefore cannot receive 
any. A degree-seven vertex can only be­
come positive if it has at least six neigh­
bors that are degree-five vertices; if it 
has at least six such neighbors. two of 
them are joined by an edge (the first con­
figuration of the unavoidable set). A 
vertex of degree eight or higher cannot 
become positive even if all of its neigh­
bors are degree-five vertices. This can be 
seen by examining a degree-eight vertex. 
Its charge is minus two and the maxi­
mum positive charge it can receive is 
eight times 1/5. or 1%. Thus the two 
(nonreducible) configurations form an 
unavoidable set; that is, since these cal­
culations apply to any planar triangula­
tion (with no vertices of degree less than 
five) a member of the two-configuration 
set will be found in every such triangula­
tion of the plane. 

I
n 1970 one of us (Hakep) noticed cer­

tain methods of improring discharg­
ing procedures and began to hope that 
such improvements might lead to a 
proof of the four-color conjecture. The 
difficulties, however, still appeared to be 
formidable. One was that it was be­
lieved that very large configurations 
(with rings of neighbors containing as 
many as 18 vertices) would be included 
in any unavoidable set of reducible con­
figurations. This meant that the problem 
might be beyond the capabilities of ex­
isting computers because although test­
ing configurations of small ring size (up 
to about 1 1  vertices) for reducibility was 
reasonably simple on a computer, the 
computer time required increased by a 
factor of four for every unit increase in 
ring size. To make things worse, the 
computer storage requirements in­
creased just as quickly. When Dlirre's 
program was applied to a particularly 
difficult 14-ring configuration. it took 26 
hours to prove that the configuration did 
not satisfy even the most mechanical 
definition of reducibility (the definition 
stated with the fewest machine instruc­
tions). Even if the average time required 
to examine a 14-ring configuration were 
only 25 minutes. testing an average 18-
ring configuration would require 
44 X 25 minutes, or more than 100 
hours, of computer time and more stor­
age than was available on any existing 
computer. 

Another major difficulty was that no 
one really knew how many reducible 
configurations would be needed to form 
an unavoidable set. It seemed likely that 
the number of configurations would be 
in the thousands, but no upper limit had 
been established. Suppose that on a 
computer with sufficient storage it takes 
100 hours to show that an 1 8-ring con­
figuration is red ucible. If there are 1,000 
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18-ring configurations in the set, it 
would take 100,000 hours, or more than 
1 1  years, to prove them reducible on a 
very large computer. For all practical 
purposes if the set had been that large, 
the proof would have had to wait for 
computers much faster than those cur­
rently available. 

Even if the theorem could be proved 
by finding an unavoidable set of reduc­
ible configurations, the proof would not 
satisfy those who demand mathematical 
elegance. What would be even more up­
setting to many mathematicians, no one 
would be able to check the reducibility 
of all the configurations in the set by 
hand. By 1970, however, many experts 
on the four-color problem were quite 
pessimistic about finding a short proof. 
The problem had received a great deal 
of attention since its formulation more 
than 100 years earlier. Many ap­
proaches to the problem had been tried, 
but although some had led to important 
results in other areas of mathematics, 
none had ever led to a proof of the four­
color theorem. 

When we began our work on the prob­
lem in 1972, we felt certain that the tech­
niques available to us would not lead to 
a noncomputer proof. We were even 
quite doubtful that they could lead to 
any proof at all before much more pow­
erful computers were developed. There­
fore our first step in attacking the prob­
lem of finding an unavoidable set of re­
ducible configurations was to determine 
whether or not there was any hope of 
finding such a set with configurations of 
ring size sufficiently small that the com­
puter time for the proofs of reducibility 
would be within reason. By the very na­
ture of this question it was clear that we 
should not begin by examining the re­
ducibility of all the configurations con­
sidered; otherwise the time spent in mak­
ing the estimate would exceed the ex­
pected time needed for the entire task. 

Here a thought of Heesch's proved ex­
tremely useful. While he was testing 
configurations for reducibility he ob­
served a number of distinctive phenom­
ena that provide clues to the likelihood 
of successful reduction. For example, 
there are certain conditions involving 
the neighbors of vertices of a configura­
tion under which no reducible configu­
ration had ever been found. No reduc­
ible configuration had ever been found 
that contained, for instance, at least two 
vertices, a vertex adja6ent to four verti­
ces of the ring and no smaller reducible 
configurations. Although no proof is 
known that reducible configurations 
with these reduction obstacles could not 
exist, it seemed prudent to assume that if 
one wanted reducible configurations, 
one should avoid such configurations. 
Heesch found three major reduction ob­
stacles, including the one described 
above, that could be easily described 
[see bottom illustration on page 118]. 
No configuration containing one of them 
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REDUCIBLE CONFIGURATION is an arrangement of countries that cannot be part of a 
minimal five-chromatic map. To prove the four-color theorem Kempe tried to show that the 
four configurations in his unavoidable set are reducible. He failed because he could not prove 
that a country with five neighbors is a reducible configuration. The authors succeeded in prov­
ing the theorem by producing an unavoidable set of some 1,500 reducible configurations. The 
concept of reducibility is derived from Kempe's correct proof that a country with four neigh­
bors, say E, cannot be part of a minimal five-chromatic map. As in the case of a country with 
three neighbors (see bottom ilIustratioll 011 page 114), E can be combined with a neighbor to 
establish a four-COloring for all the other countries in the map (top). If the four neighbors of E 
are colored with fewer than four colors, an unused color can be assigned to E to show that the 
map is four-colorable. Otherwise consider the colors of a pair of countries on opposite sides of 
E. Either there is a path of countries colored with these two colors leading from one country to 
the other or there is no such path. In this example A and C are connected by a path of dark-col­
or and dark-gray countries, but no path of light-gray and light-color countries connects B and D. 
A theorem states that if both pairs of countries are joined by such paths, then the paths have a 
country in common. This is clearly impossible, since the common country would have to be col­
ored with two distinct colors. Therefore at least one pair of countries (here B alld D) will not be 
linked by a path of countries the colors of the pair. The light-gray and light-color countries that 
form a path from B are U, V, Wand X. Reverse colors of the countries in this group. In this 
case make the light-gray countries light color and the light-color countries light gray (bottom). 
Now uncolored country has neighbors colored with only three colors, so that it can be given the 
fourth color (light gray here) to produce a four-coloring for the minimal five-chromatic map. 
In other words, a country with four neighbors cannot be part of a minimal five-chromatic map. 
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has ever been proved to be reducible. 
It is easy to determine whether or not 

a configuration contains a reduction ob­
stacle. and configurations without re­
duction obstacles have a very good 
chance of being reducible. If there was a 
manageable unavoidable set of config­
urations free of reduction obstacles. we 
felt there would have to be an unavoid­
able set of roughly the same size contain­
ing only reducible configurations. 

W
e therefore decided to first study 
certain kinds of discharging pro­

ced ure in order to determine the types 
of sets of obstacle-free configurations 
that might arise. To gain an understand­
ing of what was needed. even for this 
study. we restricted the already restrict­
ed problem to what are called geograph­
ically good configurations: configura­
tions that do not contain the first two of 
Heesch's three obstacles. 

In the fall of 1972 we wrote a comput­
er program that would carry out the par­
ticular type of discharging procedure 
that seemed most reasonable to us. We 
were not ready to prove the theorem. so 
that the output of our program was not 
an unavoidable set but rather a list of 
the configurations that resulted from the 
most important situations. Although a 
computer program could not be expect­
ed to proceed as cleverly as a human 
being. the immense speed of the com­
puter made it possible to accept certain 
inefficiencies. In any event the program 
was written in such a way that its output 
could be easily checked by hand. 

The first runs of the computer pro­
gram in late 1972 gave us a great deal of 
valuable information. First. it appeared 
that geographically good configurations 
of reasonable size (with a ring size of no 
more than 16) would be found close to 
most vertices of ultimately positive 
charge. Second. the same configurations 
occurred frequentiy enough for it to ap­
pear that the list of configurations might 
be of manageable length. Third. as the 
procedure was originally organized the 
computer output was too large to han­
dle; similar cases repeated the same ar­
gument too often. Fourth. there were 
clearly some flaws in the procedure. 
since there were vertices of ultimately 
positive charge in whose neighborhoods 
no geographically good configurations 
could be guaranteed. Finally. the pro­
gram generated a tremendous amount 
of information in only a few hours of 
computer time. so that we knew it would 
be possible to experiment often. 

The program and certain aspects of 
the discharging procedure had to be 
modified to overcome the problems in­
dicated by'the first computer runs. Since 
we could preserve the basic program 
structure. the changes were not too diffi­
cult to make. and a month later we made 
a second set of runs. N ow that the major 
problems had been corrected. we could 
perceive subtler problems. After some 
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study we found solutions to these prob­
lems and again modified the program. 

The man-machine dialogue continued 
for another six months until we felt 

that our procedure would obtain an un­
avoidable set of geographically good 
configurations in a reasonable amount 
of time. At this point we decided to 
prove formally that the procedure 
would provide a finite unavoidable set 
of geographically good configurations. 
We had to put aside the experimental 
approach and describe the total proce­
dure. It was necessary to prove that all 
cases had been covered and that those 
cases that were not handled by the com­
puter program were as simple as they 
appeared to be. 

Much to our surprise this task proved 
extremely difficult and took more than a 
year. It was necessary to formulate gen­
eral definitions of terms and to prove 
abstract statements about them. Special 
cases. even those that were not likely to 
arise in practice. had to be examined in 
detail and often required complicated 
analyses. Finally. by the fall of 1974. we 
had a lengthy proof that a finite un­
avoidable set of geographically good 
configurations does exist. and we had a 
procedure for constructing such a set 
with precise. although much larger than 
desirable. bounds on the size of the con­
figuratio.s in the set. The procedure we 
had designed was extremely important 
to us because we intended to apply it in 
the proof of the four-color theorem. (A 
short time later Walter Stromquist. a 
major contributor to reduction theory 
who was then a graduate student at Har­
vard.  devised an elegant proof of the 
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existence of unavoidable sets of geo­
graphically good configurations. Since 
Stromquist's proof did not provide a 
method of actually constructing the 
configurations in the set . however. it ap­
peared unlikely that it would be imme­
diately applicable to the four-color con­
jecture itself.) 

When we had proved that our proce­
dure would work for geographically 
good configurations. we still did not 
know how complicated carrying out the 
procedure would be. We decided to try 
it on the restricted problem of triangula­
tions having no pairs of adjacent degree­
five vertices. This. of course. is a strong 
restriction. but the unavoidable set of 
geographically good configurations we 
obtained was quite small: only 47 con­
figurations and none of them of a ring 
size larger than 16. We guessed that the 
solution to the unrestricted problem 
might be 50 times more unwieldy (this 
turned out to be a bit optimistic). and we 
decided that there was good reason to 
continue. Early in 1975 we modified the 
program so that it produced obstacle­
free configurations rather than geo­
graphically good ones and forced it to 
search for sets in which more of the con­
figurations had small ring size. When we 
ran the modified program. certain flaws 
became evident but there was also a 
very pleasant surprise: Replacing geo­
graphically good configurations with 
obstacle-free ones only doubled the size 
of the unavoidable set. 

At this point the program. which had 
been absorbing our ideas and improve­
ments for two years. began to surprise 
us. When we had hand-checked the 
analyses produced by the early versions 
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of the program. we were always able to 
predict their course. but now the com­
puter was acting like a chess-playing 
machine. It was working out compound 
strategies based on all the tricks it had 
been taught. and the new approaches 
were often much cleverer than those we 
would have tried. In a sense the program 
was demonstrating superiority not only 
in the mechanical parts of the task but in 
some intellectual areas as well. 

B
y the summer of 1975 we believed 

that there was a good chance that 
we could find an unavoidable set of con­
figurations each of which would be ob­
stacle-free and likely to be red ucible. 
Such a set would certainly contain some 
irreducible configurations. but we felt 
that by some small change of procedure 
we would be able to ,eplace them with 
reducible configurations. Now for the 
first time we would have to test configu­
rations for reducibility. 

We began by writing a program to test 
for the most mechanical reducibility. 
working with the assembler language 
for the University of Illinois IBM 360 
computer. We had been joined the pre­
ceding fall by John Koch. a graduate 
student in computer science who chose 
to write a dissertation on the red ucibili­
ty of configurations of small ring size. 
(Frank Allaire of the University of 
Manitoba and Edward Swart of the 
University of Rhodesia were doing 
somewhat similar work of which we 
were unaware.) By the fall of 1975 Koch 
had written programs to check for the 
most mechanical reducibility in configu­
rations of a ring size up to 1 1  and had 
gone on to more general investigations. 
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A DUAL GRAPH (color) displays the countries and borders of the 
original map (/e!t). The dual graph is constructed by marking a ver­
tex in each country of the original map and then connecting the ver­
tices of each pair of neighboring countries with an edge across their 
common border. These edges can always be drawn as straigbt lines, 

so that they divide the plane into polygonal faces. When the original 
map is normal, these faces are triangles and the graph is called a tri­
angulation of the plane. The number of edges meeting at a vertex is 
called the degree of the vertex and is equal to the number of neigb­
bors of the country (in tbe original map) represented by tbat vertex. 

1 1 7 
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EXAMPLE OF A PLANAR TRIANGULATION includes one degree-eight vertex (gray 
square), one degree-seven vertex (large gray circle), eight degree-six vertices (small gray cir­
cles) and 15 degree-five vertices (small black circles). Kempe proved that vertices of degree 
two, three and four are reducible, that is, they cannot occur in a minimal five-chromatic map. 
Therefore in order to disprove the existence of a minimal five-chromatic map the authors 
needed to consider only those triangulations with vertices of degree five or more. The "charge" 
(numerals in color) of a vertex is defined as six minus the degree of that vertex. Since the tri­
angulations under consideration have no vertices of degree four or less, the only vertices with 
positive charge are those of degree five. It is not difficult to prove that the total charge in any 
normal map equals 12. This fact implies that there will be positively charged (that is, degree­
five) vertices in every triangulation of the plane involved in the proof of four-color theorem. 

Over .the next few months, with Koch's 
aid.  we modified his work on I I -ring 
configurations to produce programs for 
checking the reducibility of 12-. 13- and 
1 4-ring configurations. Finally we fur­
ther modified these programs to apply 
a more general procedure for reduction 

that had been developed by Birkhoff. 
At this point our work on the dis­

charging procedure reached an impasse. 
Structural changes. not just adjustments 
of parameters and small additions, were 
required to improve the program. and 
each change would mean a major modi-

fication of it. We therefore decided to 
discard the program and implement the 
discharging procedure by hand. This 
would ensure greater flexibility and al­
low the procedure to be modified local­
ly whenever necessary. In December. 
1975.  we made an encouraging discov­
ery. One of the rules that defined our 
discharging procedure was too rigid. 
Relaxing the rule made the procedure 
considerably more efficient. 

With the new discharging procedure it 
looked as though we could build an un­
avoidable set whose reducible configu­
rations would be smaller than those pro­
duced by earlier procedures. The com­
puter time required for the proof would 
probably be less than previous estimates 
indicated. It was still evident. however. 
that a considerable computational effort 
would be required to produce even the 
best unavoidable set of reducible config­
urations. Edward F. Moore of the Uni­
versity of Wisconsin had developed a 
powerful method for constructing maps 
that contained no small reducible con­
figurations. For example, he had created 
a map in which the ring size of the small­
est reducible configuration is 12 [see il­
lustration on page 109]. Therefore any 
unavoidable set of reducible configura­
tions must have at least one configura­
tion of ring size 12. Moore's work pro­
vides a lower bound on ring size. but we 
now feel sure that a ring size of 13 is 
necessary. and it is quite likely that a 
ring size of 14 is also necessary. (Our 
proof demonstrates that no larger con­
figurations are needed.) 

I
n January, 1976. we began the con­

struction of an unavoidable set of re­
ducible configurations by means of our 
new discharging procedure. The final 
version of the procedure had one further 
advantage for ensuring the reducibility 
of the final configurations. The proce-
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THREE REDUCTION OBSTACLES were observed by Heinrich 
Heesch of the University of Hannover. These arrangements of ver­
tices seem to occur only in configurations that cannot be proved re­
ducible. Thus the authors could use the obstacles to jdentify potential 
problem areas in their proof. In the graphs shown here the configura­
tions are the arrangements of vertices joined by heavy solid lines. Thin­
ner solid Iiues connect the vertices of the ring, or outer boundary, of 

the configuration. Broken lines connect configuration vertices to ring 
vertices. Each configuration contains one of Heesch's reduction ob­
stacles: vertex V (left) has four neighbors on the ring of the configura­
tion; vertex W (middle) has three nonconsecutive neighbors on the ring 
of the configuration; vertices X and Y (right) form what is called a 
hanging pair, that is, these vertices are joined to each other and to 
ring vertices but have only one other neighbor in the configuration. 
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dure was essentially self-modifying; the 
program was designed to identify crit­
ical, or problem. areas-configurations 
that looked as though they would resist 
reduction efforts-and to modify itself 
to move positive charge to a different 
place. Since we were doing the discharg­
ing procedure without the computer. we 
knew that the procedure could be modi­
fied as we encountered critical areas. 

We began by making an approxima­
tion. a preliminary run o( our discharg­
ing procedure. We considered each pos­
sible case in which a vertex was forced 
to be positive. and in each case the 
neighborhood was examined to find an 
obstacle-free configuration. If none was 
found. the neighborhood was called 
critical, which meant that the discharg­
ing would have to be modified to avoid 
this problem. Even when an obstacle­
free configuration was found. however. 
we could not guarantee a reducible con­
figuration. The new reduction programs 
were used to try to find some obstacle­
free configuration in the neighborhood 
that was also reducible. If none was 
found. the neighborhood was also called 
critical. 

This method of developing an un­
avoidable set of reducible configura­
tions (as we perfected a discharging pro­
cedure) was only possible by another di­
alogue with the computer. To determine 
which neighborhoods were critical it 
was necessary to check for reducibility 
quickly. in terms of computer time and 
in terms of real time. Fortunately it was 
seldom necessary to wait more than a 
few days for results. even though often a 
considerable amount of computer time 
was needed. Since this intensive man­
machine interaction was indispensable 
to our work. we should explain the cir­
cumstances that made it possible. 

Although our arrangement for com­
puter usage seemed quite natural to us 
at the time. we have since discovered 
that we were indeed fortunate to be 
working at the University of Illinois. 
where a combination of a large comput­
ing establishment and an enlightened 
policy toward the research use 'of com­
puters gave us an opportunity that 
seems to be unavailable at almost any 
other university or research establish­
ment. Although we -could not guarantee 
that our work would lead to a proof of 
the four-color theorem. we were given 
well over 1.000 hours of computer time 
in what we feel was an admirable dis­
play of faith in the value -of pure mathe­
matical research. We were informed by 
the computer center that because the 
university's computers were not fully 
utilized at all times by class work and , 
other kinds of research we could be in­
cluded in a small group of computer us­
ers who were allowed to shate the sur­
plus computer time. We now know that 
this policy was essential to our success. 

In June. 1976. we completed our con­
struction of an unavoidable set of re-
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" I  would like to present to you the 1978 Cordoba, 
and to tell you about this extraordinary new automobile 

in greater detail than is possible in a 
television commercial." 
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ducible configurations. The four-color 
theorem was proved. We had used 1,200 
hours of time on three different comput­
ers. The final discharging procedure dif­
fered from our first approximation by 
some 500 modifications resulting from 
the discovery of critical neighborhoods. 
The development of the procedure re­
quired the hand analysis of some 10.000 
neighborhoods of vertices of positive 
charge and the machine analysis of 
more than 2.000 configurations. A con­
siderable part of this material. including 
the reduction of 1,482 configurations. 
was used in the final proof. Although the 
discharging procedure (without the re­
ductions) can be checked by hand in a 
couple of months. it would be virtually 
impossible to verify the reduction com­
putations in this way. In fact. when we 
submitted our paper on the proof to Illi­
nois Journal 0/ Mathematics, its referees 
checked the discharging procedure from 
our complete notes but checked the re­
ducibility computations by running an 
independent computer program. 

M
any mathematicians. particular­

ly those educated before the devel­
opment of high-speed computers. resist 
treating the computer as a standard 
mathematical tool. They feel that an 
argument is weak when all or part of it 
cannot be reviewed by hand computa­
tion. From this point of view the verifi­
cation of results such as ours by inde­
pendent computer programs is not as 
convincing as the checking of proofs by 
hand. Traditional proofs of mathemati­
cal theorems are reasonably short and 
highly theoretical-the more powerful 
the theory, the more elegant the proof­
and reviewing them by hand is usually 
the best method. But even when hand­
checking is possible. if proofs are long 
and highly computational. it is hard to 
believe that hand-checking will exhaust 
all the possibilities of error. Further­
more. when computations are sufficient­
ly routine. as they are in our proof. it is 
probably more efficient to check ma­
chine programs than to check hand com­
putations. 

If many mathematicians are disturbed 
by long proofs. it may be because until 
quite recently they only employed the 
kinds of methods that produce short 
proofs. We still do not know whether or 
not a short proof of the four-color theo­
rem can be found. Several new proofs of 
moderate length have been announced.  
but none of  them has survived expert 
scrutiny. Although it is conceivable that 
one of these proofs is valid. it is also 
conceivable that the only correct proofs 
will be based on unavoidable sets of re­
ducible configurations and that they will 
therefore require computations that 
cannot be done by hand. We believe that 
there are theorems of great mathemati­
cal interest that can only be proved by 
computer methods. Even if the four-col­
or theorem is not such a problem. it pro-
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DISCHARGING PROCEDURE generates an unavoidable set of reducible configurations 
by redistributing the positive charge of an arbitrary triangulation (with no vertices of degree 
less than five) so that positive charge occurs only in reducible configurations. Since there is 
positive charge in every map, an unavoidable set can be formed by choosing configurations 
occurring in every type of neighborhood of positive charge. If each configuration in the set is 
reducible, then there can be no minimal five-chromatic map and the four-color theorem is 
proved. An example of a simple discharging procedure is the transfer of l i S  unit of charge 
from each positively charged vertex to each of its negatively charged neighbors. In this process 
a degree-five vertex (black circles) ends with positive charge only if it haS (a) a degree-five 
neighbor or (b) a degree-six neighbor (gray circles), so that it is forced to retain charge. A de­
gree-six vertex never becomes positive because, having an initial charge of zero, it never re­
ceives positive charge. A degree-seven vertex finishes with positive charge only if it has at least 
six degree-five neighbors; then at least two of them will be adjacent (a). Vertices of degree 
greater than seven can never receive enough positive charge to overcome their initial negative 
charge. The unavoidable set generated by this discharging procedure consists of a degree-five 
vertex joined by an edge to another degree-five vertex (a) and a degree-five vertex joined by 
an edge to a degree-six vertex (b). These configurations are not reducible. If procedure is modi­
fied to transfer 1 13 unit of charge from each positively charged vertex to each of its negative­
ly charged neighbors, slightly better set (c, d) is generated. If 1 12 unit of charge is transferred, 
resulting set is close to one produced by early version of authors' discharging procedure. 

vides a good example of what might be 
done to prove one. There is no reason to 
believe that there is not a large number 
of problems calling for this different 
kind of analysis. 

Our proof of the four-color theorem 
suggests that there are limits to what can 
be achieved in mathematics by theoreti­
cal methods alone. It also implies that in 
the past the need for computational 

FOUR " COLORS 

SUFFfCE 1 

methods in mathematical proofs has 
been underestimated. It is of great prac­
tical value to mathematicians to deter­
mine the powers and limitations of their 
methods. We hope that our work will 
facilitate progress in this direction and 
that this expansion of acceptable proof 
techniques justifies the immense effort 
devoted over the past century to proving 
the four-color theorem. 

POSTAGE METER STAMP is used by department of mathematics at University of lIIinois at 
Urbana-Champaign to honor the solution of four-color-map problem by two of its members, 
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How the Iron Age Began 
Until almost the end of the second millennium B. C. bronze was 
the utilitarian metal of the Mediterranean world. Within a few 
centuries it was replaced by a new kind of metal: ((steeled" iron 

by Robert Maddin,]ames D. Muhly and Tamara S. Wheeler 

I
t is an old adage that necessity is the 

mother of invention. The many un­
anticipated inventions of modern 

times would seem to be counterexam­
ples. but over the span of human history 
the adage probably has a certain rough 
justice. A current investigation in the 
history of technology is providing a case 
in point: the appearance some 3.000 
years ago of a kind of steel as a substi­
tute for bronze. which until then had 
been the dominant metal of the civilized 
world. 

For some two millenniums. up to 
about 1200 B.C .• the civilizations of the 
Old World had satisfied their needs for 
a utilitarian metal-for tools. weapons. 
armor and many other durable arti­
cles-with various types and alloys of 
copper. including bronze. Toward the 
end of that era. known loosely as the 
Bronze Age. the civilizations of the east­
ern Mediterranean suffered a series of 
disturbances. Exactly what caused these 
disturbances is not known. but one fact 
about the ensuing centuries has become 
clear: the use of bronze rapidly dimin­
ished and the use of iron-specifical­
ly "steeled." or carburized. iron-in­
creased even more rapidly. 

Various items of evidence. necessarily 
fragmentary but diverse enough to in­
spire a degree of confidence. suggest the 
speed of the transition. Iron was known 
as a workable metal during most if not 
all of the Bronze Age. Nevertheless. 
Bronze Age sites in the eastern Mediter­
ranean and Southwest Asia representa­
tive of a 2.000-year span of history have 
yielded a total of fewer than 500 iron 
artifacts. most of them ornamental . The 
bronze artifacts recovered from the 
same sites are numbered in the scores of 
thousands. 

Contrast this picture with the number 
of knives and weapons made from both 
metals that have been found at sites in 
Greece representative of the period be­
tween 1050 and 900 B.C. A. Snodgrass 
of the University of Cambridge tabulat­
ed the relative abundance of bronze and 
iron as follows: bronze knives none. iron 
knives more than 15; bronze swords 
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one. iron swords more than 20; bronze 
spearheads eight. iron spearheads more 
than 30. 

This distribution is remarkable on 
two counts. First. bronze articles of this 
kind can be made by casting. a quick and 
easy production method. whereas simi­
lar iron articles must be individually 
shaped by forging. a comparatively ar­
duous process. Second. bronze. like its 
principal constituent. copper. is remark­
ably durable and can be scrapped and 
recast repeatedly. Why had the people 
at these sites substituted a complex 
process for a simple one? And what had 
become of the bronze articles they had 
made in earlier years? 

Future archaeological investigation 
may reveal why bronze went into a de­
cline. Among the causes could have 
been a breakdown of the trade in tin. the 
principal alloying ingredient in the arti­
cles of the later Bronze Age. With re­
spect to the rapid rise of iron as a substi­
tute metal the picture is a good deal 
clearer. Both archaeological investiga­
tions and studies of ancient inscriptions 
have in recent years substantiated much 
that was conjectural and revealed much 
that was entirely unknown. To present 
this information in context let us briefly 
describe copper and iron metallurgy as 
it was known in the last millenniums be­
fore the Christian Era. 

Copper is found both as a metal (in 
lumps of "native" copper) and as an 

ore that must be heated to yield the met­
al. For the purposes of this discussion 
native copper can be ignored. The oldest 
copper-smelting sites known are at loca­
tions in Iran and Israel and date from the 
fifth and fourth millenniums B.C. Cop­
per ores are found in modest abundance 
on Cyprus. in various parts of Turkey. 
in Iran and in Israel. The commonest ore 
is chalcopyrite. a complex copper iron 
sulfide that must be roasted in the open 
air to remove the sulfur before it can be 
smelted. Certain copper ores contain ar­
senic; when they are smelted they yield 
an arsenical copper alloy that can be 
characterized as "natural bronze." 

The early metalworkers of the eastern 
Mediterranean commonly smelted cop­
per by filling a stone furnace with alter­
nating layers of charcoal and ore com­
bined with a flux. The flux served the 
purpose of removing from the copper 
ore the constituents the metalworker did 
not want in his finished product. These 
constituents are collectively known as 
gangue (a word originally derived from 
the Greek for a vein of ore) . In the hot 
furnace the flux tended to combine with 
the gangue and remove it from the met­
al. In many ores of the eastern Mediter­
ranean the gangue was silica: any one of 
a number of silicon oxides. The appro­
priate flux for these ores was the iron 
oxide hematite; the heat of the furnace 
combined the silicon and iron oxides to 
form an iron silicate. 

When the metalworker had filled his 
furnace. he ignited the charcoal. In 
some furnaces the heat of the fire was 
increased by the natural draft provided 
by a flue; in others air was forced into 
the top. sides or bottom of the furnace 
through clay pipes. As the charge in the 
furnace got hotter the charcoal was oxi­
dized to carbon monoxide; the hot gas 
flowed upward through the mixture of 
ore and flux. chemically reducing both. 
Reduction took place at about 1. 100 
degrees Celsius. and the molten cop­
per trickled down to form a puddle at 
the bottom of the furnace. leaving the 
gangue behind as a slag. The early met­
alworkers could not have accurately 
predicted or measured the furnace tem­
perature; presumably if no puddle. of 
copper appeared. they let the furnace 
cool off and started over again with a 
different charge or more draft. 

If the ore happened to contain more 
than a few percent of arsenic what the 
metalworker found was a puddle of nat­
ural bronze. The bronze had the advan­
tage of being harder than copper. Even 
if the puddle was merely soft pure cop­
per. however. the cast metal could be 
made harder by hammering. Working 
the copper in this way made it possible 
for metalworkers to fashion reasonably 
durable copper articles during a pre-
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Bronze-Age period that varied in its du­
ration in different \Jarts of the eastern 
Mediterranean and Southwest Asia. 

Arsenical copper ores eventually 
came to be widely smelted because of 
the greater hardness of natural bronze. 
It was later discovered that copper com­
bined with tin instead of arsenic was also 
hard. It may be that the toxicity of arse­
nic led to the replacement of arsenical 
bronze by tin bronze. In the eastern 
Mediterranean and Southwest Asia tin 
bronze first appeared around the begin­
ning of the third millennium B.C.; by the 
early years of the second millennium the 
production of tin bronze had surpassed 
that of arsenical. 

Late in the second millennium B.C. up­
heavals in the eastern Mediterranean, 
some of them attributed in Egyptian 
texts of the time to the activities of inter­
lopers known collectively as the "Peo­
ples of the Sea, " led to the collapse of 
local authority in a number of areas. In 

the centuries that followed, described by 
students of the ancient world as a dark 
age, iron soon replaced bronze as the 
metal most commonly used for tools, 
weapons and other articles. Since 
bronze had been satisfactory for the 
same purposes for several thousand 
years and iron did not appear to be as 
useful, it must be inferred that iron was 
not suddenly adopted as a result of tech­
nical innovation but rather that bronze 
suddenly became scarce. The further in­
ference is that the scarcity resulted from 
an interruption in the supply of tin and 
even of copper to the bronze smelters of 
the eastern Mediterranean. Where the 
tin had been coming from is not known. 
The source may have been such relative­
ly nearby mining areas as the Balkans or 
the Eastern Desert of Egypt; it may even 
have been such distant areas as Corn­
wall or eastern Iran. 

The early metalworkers produced iron 
from ores, mostly hematite and mag-

netite, by a smelting process much like 
the one used to produce copper. There 
was, however, an important difference. 
Iron does not melt at temperatures be­
low 1.537 degrees c., and the highest 
temperature that could be reached in a 
primitive smelter appears to have been 
about 1,200 degrees. Smelting iron ore 
at that temperature yields not a puddle 
of metal but a spongy mass mixed with 
iron oxide and iron silicate. These non­
metallic substances, which collectively 
represent slag, arise from the combina­
tion of ferrous oxide and silica gangue 
in the reduction process. 

The commonest of the nonmetal­
lic substances is fayalite, which re­

mains viscous at temperatures down 
to 1. 177 degrees C. The metalworker 
therefore withdrew a mass of spongy 
iron from the furnace, reheated it in 
a forge and quite literally squeezed 
the fayalite out of it by hammering. 

SPONGY STRUCTURE of bloomery iron is revealed in this scan­
ning electron micrograph which shows a modern sample of iron that 
was smelted at a temperatnre below its melting point. To produce the 
sponge a very pure oxide of iron was reduced in an atmosphere of he-

Iium and carbon monoxide; the result is seen magnified 2,400 diam­
eters. With a sample of ordinary iron ore the interstices of the sponge 
would be filled with slag, which could be expelled by hammering. The 
sample was prepared by Y. K. Rao of the University of Washington. 
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IRON SMELTER, seen here in a speculative reconstruction based 
on the remains of European Iron Age furnaces, was first filled with 
a mixed charge of ore, usually hematite or magnetite, and charcoal 
(left). The charge was ignited and the furnace temperature was raised 
to about 1,200 degrees Celsius by a draft. Because iron does not melt 

below 1,537 degrees C. the product of the smelting process (right) was 
the spongy mixture of nonm etallic wastes and iron (color) known as a 
bloom. The blacksmith reheated the bloom on a forge to above 1,170 
degrees C., making the wastes viscous. The smith then removed the 
wastes from the iron by hammering. What remained was soft iron. 

The hammering at the same time turned 
the porous iron "bloom" into a con­
tinuous network of iron grains inter­
spersed with a few stringers of slag that 
had not been eliminated. The bloom 
was the blacksmith's raw material; the 
iron articles were made by heating and 
hammering the bloom further. 

What the blacksmith had to work with 
was a poor substitute for bronze. 
Bloomery iron is a soft metal; its tensile 
strength is about 40.000 pounds per 
square inch. only slightly more than the 
strength of pure copper (about 32.000 

p.s.i.) . Work-hardening, that is. contin­
ued hammering, will bring the strength 
of iron up to almost 100,000 p.s.i. A 
bronze containing 1 1  percent tin. how­
ever. has a tensile strength after casting 
of some 60.000 p.s.i. and a strength after 
cold-working of as much as 120.000 
p.s.i. Bronze was clearly a better materi­
al than bloomery iron for the manufac­
ture of weapons and tools. 

contammg 11 percent tin begins to lose 
fluidity when it cools to 1.000 degrees 
C .. and it is completely solid at 83 1 de­
grees. Since pure iron does not melt be­
low 1.537 degrees. it could not be cast. 
When iron is alloyed with large amounts 
of carbon. say 4 percent, it can be made 
to melt at about 1. 150 degrees. The reso­
lidified metal, however. is very brittle. In 
any event iron was not cast before the 
middle of the first millennium B.C . . when 
the process was pioneered by the Chi­
nese in the Far East. 

Bronze had other major advantages 
over iron. Since it melted at tempera­
tures that the early metalworkers could 
attain, it was suited to casting. A bronze The casting methods used in the 
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EFFECT OF STEELING, the carburization of bloomery iron by al­
loying the metal with carbon, is to strengthen the metal until its yield 
strength is substantially greater than the yield strength of bronze. The 
addition of 1 percent of tin to copper produces a bronze alloy (black) 
with a yield strength of 30,000 pounds per square inch and the addi­
tion of 5 percent tin produces a bronze alloy with a yield strength of 
50,000 p.s.i. The addition of .4 percent carbon to iron produces a car­
burized alloy (color) with a yield strength of more than 50,000 p.s.i. 
An iron that contains 1 percent carbon, in turn, is more than 10,000 
p.s.i. stronger than a bronze that contains as much as 8 percent tin. 
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CARBURIZATION OF IRON results from the diffusion of carbon 
into the iron from a charcoal fire. The diffusion rate depends on the 
heat of the fire and the length of time the iron is in the forge. At a tem­
perature of 920 degrees C. the amount of carbon diffused to a depth 
of half a m illim eter below the surface of the iron in an hour (top bars) 
is nearly .5 percent by weight (black) but only .02 percent of the car­
bon has penetrated to a depth of 1.5 mm. (color). As the middle and 
bottom bars show, prolonged exposure increases the percentage of 
carbon diffused to depths of one mm. (gray) and 1.5 mm. below the 
surface of the iron without greatly increasing percentage at .5 mm. 
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THE CLASSIC 
GRAY'S ANATOMY 

3 POUND.,I., 257-PAGE 
COLLECTOR'S 

DELUXE EDITION 
NOW ONLY $6.95! 

AN EXTRAORDINAR Y PUBLISHING TRIUMPH - (ORIGINAL 1901 EDITION WORTH $200.00 OR MORE IF YOU CAN FIND ONE !) 

For today's men and women truly interested in their own body and its functions. For students, 
artists and the medically curious-for everyone. The most fascinating book ever published! 

I
F you ever wanted to know how any part of 
your body really works, if you want to ex­
perience the same magic feeling a young 

medical student feels as the mysteries of the 
body are revealed for the first time, then this 
landmark edition of Gray's Anatomy is for 
you. 

Considered one of the greatest texts of 
our time, Gray's Anatomy has been used by 
nearly every living physician and every phy­
sician has been exposed to it. But its appeal is 
not only to physicians, but to everyone, in­
cluding students, artists, and collectors of 
classic books. Dr. John Crocco, Chief of 
Pulmonary Services, St. Vincent's Hospital 
and Medical Center of New York, writing in 
his new I ntroduction states: 

. 

"This stellar book represents the acme of 
anatomical description over the last century 
and will probably still be the premier text in 
anatomy over the next one hundred years." 

Just what is Anatomy? Anatomy is the 
gateway to medicine and the queen of basic 
sciences, It is the parts and the whole of the 
human body and a prerequisite for entry into 
the field of human biology. In this, his master­
piece, Henry Gray unquestionably found the 
best method of imparting this knowledge to 
other minds, 

To those interested, we say that this is 
an unprecedented opportunity to acquire a 
magnificent classic at the fantastically low 
price of only $6.95. 

The book itself is divided into 16 main 
sections, with hundreds of major subdivisions. 

The text includes: 

The Male Organs of Generation. 14 
pages on the prostate glands, penis, testes, etc. 

The Female Organs of Generation. 15 
pages on the clitoris, vagina, ovaries, preg­
nancy, etc. 

The Surgical Anatomy of Hernia. 20 
pages including scrotal and femoral hernia. 

General Anatomy or Histology. 73 pages 
on the animal cell, nutritive fluids, blood, 
the skin, secreting glands and much more. 

Embryology. 66 pages on the embryo, 
fetus, ovum, and development of a baby. 

The above list of contents is by the limi­
tation of space just a mere summation. The 
actual content of Gray's Anatomy is so mas­
sive that the table of contents in the book 
needs 16 entire pages with 1,932 separate 
category entries. And the index of this master· 
work covers 41 pages with 8,541 separate 
listings. 

Again, as Dr. Crocco states, "There have 
been many imitations. there have been ana· 
tomical narratives, dissection manuals and 

The Skeleton. 181 pages covering all 
aspects of the 200 bones of the body. 

The Articulations. 76 pages describing 708 movements of joints, ligaments, cartilages, etc. 

III t to The Muscles. 158 pages covering every US ra IOnS 
muscle from the tiniest in the eye to the largest 

° th 172 in leg with every detail of their action and use. WI 
The Blood-Vascular System. 167 pages 

° F 11 describing circulation, arteries and veins. A In U 
veritable book within a book. C 1 The Lymphatics. 14 pages on every 0 or 
lymph gland in the body from sex glands to 
neck and face glands. 

The Nervous System. 171 pages on the 
brain, the extremities, the spinal cord, etc. 

The Organs of Special Sense. 56 pages on 
the tongue, nose, eyes and ears. 

The Organs of Digestion. 85 pages start­
ing with the teeth and including the salivary 
glands, stomach, intestines, liver, etc. 

The Organs of Voice and Respiration. 67 
pages on the larynx, trachea, lungs, etc. 

Fig. 283-Surgical anatomy of the arteries of the 
neck, showing the carotid and subclavian arteries. 

pictorial atlases with exquisite photographs. 
However, there is only one Gray's Anatomy. 
Gray's is the book all students turn to." 

The medical contents alone makes this 
book invaluable, but the writing style makes 
it a true literary masterpiece. It combines 
both technical genius with a beautiful prose­
like quality usually associated with a great 
novel. The 708 illustrations, including 172 
original full color plates have never been sur­
passed for their authenticity and clarity. 

Originally published more than 100 years 
ago. this classic edition is now available 
complete and in a new format that is out­
standing for both its visual beauty and the 
unprecedented low price of only $6.95. 

---------- ----------, 
CANBRIDGE BOOKS. Dept. 81 
6 Commercial Street, Hicksville. N.Y. 11801 

Gentlemen. Please send me ____ copies 
of the Classic Collector's Edition of Gray's 
Anatomy at the introductory prices shown 
below. I endose check or money order for 
$-----

" 
eo 

_Copies of Deluxe Heavy Laminated Soft 
Cover Edition @ only $6.95 each plus 
75� for postage and handling. 

_Copies of Special Hard Cover Library 
'" 
.;: .0 C '" 
V 
r­
r-
'" 

Edition @ only 58.95 each plus 75� post­
age and handling. 

Name ____________________________ _ 

.<: Address __________________________ _ 

.1:' City ____________________________ __ 
i5: 
o State ZiD =:-T::::--� L __ .!i.;!: .• R:s .. �d.d_A.fe.'��!! J��!�x.. __ J 
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Announcing ... 

The Library of Math 
the only book club devoted to mathematics. 

Birkhoff ... Knuth ... Ulam .. . 
Magnus ... von Neumann .. . 
yes, you'll find all the people who have changed-and are changing­
mathematics represented in this new book service. The Library of 
Mathematical Sciences is designed to bring you all the most useful, most 
important books in this fast-changing field-and at money-saving prices 
too. Here are the books you need to keep up on new mathematical tools and 
techniques ... evolving interdisciplinary studies ... emerging concepts and 
methods in computer sciences. Books that will spur your enjoyment of 
mathematics. Ideas that will excite your students. Problems to challenge 
you. Join The Library of Mathematical Sciences today, 
and see for yourself. 

Take any 3 books 
all for only $3.95 
(values to $66.95)111 you will join lor a trial period and agree to take 3 more 
books - at handsome discounts - within !he next 12 months. 

81475. SURREAL NUMBERS. Donald Knuth. 
Mathematical creativity is explained and taught in this 
unique mathematical novelette. Sojbound. 53.95 

61530. MATHEMATICS DICTIONARY. 4th Edi· 
tion. Edited by Robert James and Edwin Beckenbach. 
More than 8 ,000 definitions. $17.95 

39745. COMPANION TO CONCRETE MATH, �
a
�I��/t�e:;;::��1 Techniques and Various :I"t.� 

61310. MATHEMATICAL IDEAS, MODELING 
AND APPLICATIONS. Z. A. Mel�ak. The accom­
panying volume to CO"'/;'JOfl,iOIi 10 Conaete Math. Vol. 
J. COIlIIIS as 2 ofyollr 3 oaks. $29.95 

69396. PLAYING WITH INFINITY/ARITH­
METICAL EXCURSIONS. Two books to have fun 
with. First, Peter Rozsa concentrates on the concept of 
infinity. then Henry Bowers jeals with little known facts 
concerning magic squarl!s and other diversions. 
Softbound. The 2 count as I book. $6.25 

61535. MATHEMATICS FOR ECONOMISTS. 2nd 
Edition. Taro Yamane. All the basic mathematical 
techniques currently employed by economists. $14.95 

39540. COLLEGE MATHEMATICS WITH BUSI­
NESS APPLICATIONS. 2nd Edition. John Freund. 
Basic business mathematics including elementary cal­
culus, probability, linear programming, declsion­
making. $14.95 
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66061. ORDINARY DIFFERENTIAL EQUA­
TIONS. V.I. Arnold. $17.50 

50263. A GEOMETRIC INTRODUCTION TO TO­
POLOGY. G. T. Wall. No knowledge of general topol­
ogy assumed. Instead Wall works with point-sets in 
Euclidean space. $11.95 

63860. THE NATURE AND GROWTH OF MOD­
ERN MATHEMATICS. Edna Kramer. From origins 
of digital computers in a Sumerian folk tale to future ra�t:matics, a lively history. Counts as 2 of $24�

9
� 

32300. ADVENTURES OF A MATHEMATICIAN. 
S. M. Ulam. The birth and childhood of the Atomic Age 
written by a man who was intrumental in creatin..g both 
the A- and the H-bombs. $14.95 

83820. THEORY OF GAMES AND ECONOMIC 
BEHAVIOR. John Von Neumallll and Oskar Mor­
ganstern. The classic exposition of the theory of games. 
Counts as 2 of your 3 books. $25.00 

61300. MATHEMATICAL MAGIC SHOW. Martill 
Gardner. America's master of mathematical amusement 
presents his eighth array of puzzles, diversions, and 
arithmetical esoterica. Includes reader repartee and 133 
drawings. $8.95 

60760. THE MATHEMATICAL CARNIVAL. Mar­
tin Gardner. More brain ticklers, bizarre games, and 
wonderfully wacky sleight-of-mind tricks. $8.95 

(Publishers' Prices shown) 
39837. THE COMPLEXITY OF COMPUTING. 
John E. Savage. An emerging discipline in applied 
mathematics. Spells out the trade·offs between computa· 
tional resources. $22.95 

60670. MATHEMATICS APPLIED TO DETER­
MINISTIC PROBLEMS IN THE NATURAL SCI­
ENCES. C. C. Lin and L.A. Segel. Construction, ��:�

i
s�s

;c
f;�

c
!�terpretation of the mathematical $�.�� 

s0051. GAME THEORY AND POLITICS/DECI­
SION ANALYSIS. Ste"ell Brams applies game theory 
to treat problems in political science, then Howard 
RaiJJa shows how courses of action are selected under 
conditions of uncertainty. Softbound. 514.90 

42010. THE DESIGN AND ANALYSIS OF COM­
PUTER ALGORITHMS. Aha. Hopcroft. Ul­
man. $18.95 

73191. QUEUEING SYSTEMS. Vol. U, Computer 
Applications. Leo�lQrd Kleinrock. How infonnation· 
processing systems are used to solve real .. world prob­
lems relating to computers and computer networks. 
COUIllS as 2 of your 3 books. $25.00 

52292. A HANDBOOK OF NUMERICAL AND 
STATISTICAL TECHNIQUES. J. H. Pollard. 
Counts as 2 of your 3 books. $24.95 

50560. GRAPH THEORY. N. L. Biggs, E. K. Lloyd 
and R.J. Wilson. An introduction to and history of graph 
theory. $22.50 

53903. HOW TO USE POCKET CALCULATORS. 
Pierre R. Schwob. How to get the most out of a cal­
culator. $9.96 
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00470. VAN NOSTRAND'S SCIENTIFIC ENCY­
CLOPEDIA. 5th Edition. Remarkable one-volume 
reference COnlains more than 2 million words. COllI/IS as 
3 o/yollr 3 books. $67.50 

39835. COMPLEX VARIABLES AND APPLICA­
TIONS. 3rd Edition. Ruel Churchill. James Brown. 
Roger Verhey. Emphasis is on conformal mapping in 
boundary value problems and to aspects relating to im­
portant applications. $1 J.95 

84396. TOPICS IN ALGEBRA. I. N. Hersteill. 
Stimulating explorations of advanced algebra. $17.SO 

81490. A SURVEY OF MODERN ALGEBRA. 4th 
Edition. Garrett Birkhof/ and Saunders MacLane. 
Linear algebra, abstract algebra, Boolean-algebra and 
lattice theory. $13.50 

39585. COMBINATORIAL GROUP THEORY. 
Wilhelm Magnus, Abraham Karrass, and Donald Soli­
ter. Factor groups, subgroups, Nielsen transformations, 
commutator calculus and more. $6.00 

56260. INTRODUCTION TO FINITE MA TH­
EMATICS. 3rd Edition. John G. Kemeny. J. Laurie 
Snell, Gerald Thompson, Hundreds of problems, exer­
cises, charts, tables. $14.95 

50576. GRAPHS, MODELS AND FINITE 
MATHEMATICS. Joseph Malkevitch alld Walter 
Meyer. Delightful introduction to practical finite 
mathematics, using current examples (mail routes to 
predator-prey interaction). $12.50 

70350. AN INTRODUCTION TO PROBABILITY 
THEORY AND ITS APPLICATIONS, Vol I. 3rd 
Edition. William Feller. Broad array of practical prob­
lems and latest techniques for solving them. $15.00 

70190. PRINCIPLES OF OPERATIONS RE­
SEARCH. 2nd Edition. Harvey Wagner. Complete 
overview of all the fundamental concepts. $21.50 

80530. STATISTICAL METHODS FOR DIGITAL 
COMPUTERS. Edited by Kurt Enslein. Antholl Y 
Ralston, and Herbert Wilf. 19 outstanding experts focus 
on multivariate methods. $19.95 

41610. DATA ANALYSIS FOR SCIENTISTS AND 
ENGINEERS. Stuart Meyer. The statistical methods, 
concepts and techniques that experimental scientists 
need to deal with data. $19.95 

MEMBERSHIP BENEFITS. You begin by 
choosing any three of these exciting books for only 
$3.95 as your introductory offer. • You keep sav· 
ing substantially on the books you buy. Savings 
range up to 30% and occasionally even more. - If 
you continue your membership past the trial period, 
you will be eligible for our B onus Book Plan-an 
Irnp:trtant way to save more, at least 70% off pub­
lishers' prices. - At 3-4 week intervals (l5 Urnes 
per year) you will receive the Book Club News, 
describing the coming Main Selection and Alternate 
Selections. together with a dated reply card. In addi· 
tion, ur to 4 times a year, you may receive offers of 
specia selections, always at substantial discounts. If 
you want the Main Selection, do nothing and it will 
be sent to you automatically . If you prefer another 
selection, or no book at all, simply indicate your 
choice on the card, and return it by the date speci­
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Bronze Age, as indicated by actual 
molds that have survived or as inferred 
from written references, were remark­
ably diverse. There were one-piece, two­
piece and multipiece molds made of 
earth, clay and stone. Some molds had 
cores, and the lost-wax process made it 
possible to cast the bronze in complex 
shapes and with elaborate surface deco­
ration. Iron, except for the brittle high­
carbon metal, was useless for any of 
these processes, which turned out not 
only utilitarian articles but also a great 
number of purely ornamental objects 
such as figurines and jewelry. Bronze 
had one further advantage. It corrodes 
slowly, and the characteristic green pati­
na is considered decorative. Iron cor­
rodes rapidly, and in the process often 
suffers considerable damage. 

How, then, could iron become a satis­
factory substitute for bronze as the 

second millennium B.C. drew to a close? 
The answer is that if bloomery iron is 
treated in a certain way, it can be trans­
formed into an alloy that is for most 
purposes far superior to bronze. That 
treatment is steeling, and its initial dis­
covery was probably accidental. What 
happened was as follows. When the 
blacksmith reheated the iron bloom in 
order to hammer out the slag, he did so 
with a charcoal fire in the forge. He 
needed to heat the bloom to 1,200 de­
grees C. to make the slag viscous, and he 
probably did not let the temperature go 
much below 800 degrees until the work 
was finished. The bloom was in direct 
contact with the white-hot charcoal and 
with the hot carbon monoxide evolved 
by its combustion. In that temperature 
range a small amount of carbon from 
both sources slowly diffused into the 
iron, in effect converting it into carbon 
steel down to a certain depth below the 
surface. 

The time required for carbon to dif­
fuse into iron follows simple physical 
laws. For example, if one plots carbon 
concentration and depth of penetration 
at a temperature of 950 degrees C., one 
finds that after nine hours the concentra­
tion at a depth of 1..5 millimeters below 
the surface is .5 percent. At higher tem­
peratures the carbon atoms diffuse into 
the iron more rapidly; at 1, 150 degrees 
C. after nine hours the concentration at 
the same depth can reach 2 percent. 

In modern metallurgical terms car­
burized iron at a temperature higher 
than 910 degrees C. has the microstruc­
ture of the form of steel known as aus­
tenite. When the temperature falls be­
low 727 degrees C., the austenite breaks 
down into two components. One is fer­
rite, or pure iron. The other is the iron 
carbide known as cementite. Called the 
eutectoid reaction, this two-phase 
breakdown gives rise to the microstruc­
ture of the form of steel known as pearl­
ite: alternating layers of ferrite and 

PEARLITE, a characteristic microstructure of carbon steels, has a layered pattern at high mag­
nifications. This scanning electron micrograph enlarges the sample 1,250 diameters. It shows a 
gOld-covered replica of the corroded surface of a steeled-iron blade found at a site in Israel: Tel 
Fara South. Although the iron is oxidized a relic pearlite microstructure is preserved. The blade 
was made available for study by the Institute of Archaeology of the University of London. 

IRON SPIT from a site in Greece is seen in longitudinal section at a magnification of 200 di­
ameters, The narrow dark areas are stringers: fragments of slag in the

'
original iron bloom that 

were deformed but not expelled by the hammering preparatory to the forging of the spit. The 
iron artifact was made available for study by the staff of the Numismatic Museum in Athens. 
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METALLURGICAL SKILL in the fourth century D.C. is indicated in this micrograph. Shown 
at a magnification of 300 diameters is a section of an adze blade une�rthed at AI Mina, the ruins 
of a Greek trading colony on the coast of Turkey near Syria. The blacksmith who made the im­
plement used a sheet of carburized iron for the working face of the adze but economized by 
using soft iron for the other face. The micrograph, showing the juncture between fine-grained 
steeled iron and coarse-grained uncarburized iron, is clear proof of the blacksmith's mastery. 

cementite. Reflected in this microstruc­
ture is the proportion of carbon in the 
metal. If the iron is free of carbon, no 
pearlite will be present. If the alloy con­
tains as much as .8 percent carbon, the 
microstructure that is formed will be 
toO percent pearlite. 

It is illuminating to compare the ten­
sile strengths of carburized iron and 
bronze. A carbon content ranging from 
.2 to .3 percent gives the steeled iron a 
strength equal to that of unworked 
bronze: about 60,000 p.s.i. If the carbon 
content is raised to 1.2 percent, the 
steeled iron has a tensile strength of 
140,000 p.s.i., which is somewhat great­
er than the strength of cold-worked 
bronze. If the blacksmith then cold­
hammers the steeled iron, its tensile 
strength can be increased to 245,000 
p.s.i., or more than twice the strength of 
cold-worked bronze. 

The accidental discovery of steeling 
must have encouraged experimenta­

tion, because in due course the early 
blacksmiths could control the process 
well enough to develop properties in the 
metal appropriate to the function of the 
object they were making. It is possible 

that future metallurgical studies (and 
even some that are now in progress) will 
help to trace the progression from acci­
dental steeling to purposeful steeling. 
For example, carbon can get into iron 
by pathways other than carburization. It 
can be trapped in the pores of the iron 
bloom; forging would then form the 
trapped carbon into stringers within the 
metal. In a polished metallographic sec­
tion of such an accidentally steeled 
piece the stringers would appear as un­
even streaks. Entirely accidental carbu­
rization through exposure to charcoal 
in the course of heating and forging, al­
though more difficult to detect micro­
scopically, should leave some trace. The 
carbon content would probably be low 
and the concentration would be uneven. 
It is incontrovertible proof of deliberate 
steeling, however, when one finds an 
iron object consisting of layers with dis­
similar percentages of carbon. The 
blacksmith would have no reason to 
make such an object unless he under­
stood the different properties of the dif­
ferent layers. The earliest-known object 
of this kind is an Egyptian iron knife 
that was probably made between 900 
and 800 B.C. 
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On the basis of our research and that 
of others it seems evident that by the 
beginning of the 10th century B.C. black­
smiths were intentionally steeling iron. 
Very few iron artifacts of the 12th cen­
tury B.C. or earlier have been metallur­
gically analyzed, so that the prevalence 
of steeling in that period remains uncer­
tain. Nevertheless, a 12th-century knife 
from Idalion, a site on Cyprus, was cer­
tainly carburized to improve its hard­
ness. A site on Mount Adir in northern 
Israel has yielded an iron pick in associ­
ation with 12th-century pottery. One 
would hesitate to remove a sample from 
the pick for analysis, but it has been pos­
sible to test the tip of it for hardness. The 
readings averaged 38 on the Rockwell 
"C" scale of hardness. This is a reading 
characteristic of a modern hardened 
steel. 

Unlike the Mount Adir pick, many of 
tht, ancient iron artifacts that have sur­
vived in eastern Mediterranean sites are 
badly corroded, a condition that com­
plicates metallurgical study. Several 
techniques, however, make it possible to 
detect pearlite even in objects that are 
totally oxidized. In one such technique a 
polished surface is prepared for study 
under the microscope at magnifications 
greater than 1,000 diameters. Since the 
ferrite layers of the pearlite differ from 
the cementite layers in their chemical 
composition, it is sometimes possible to 
detect them even in iron oxide. An even 
more promising technique makes use of 
the scanning electron microscope. Here 
it is not the polished surface that is ex­
amined but a gold-plated thin-film repli­
ca of it. The ferrite layers are softer than 
the cementite ones, even in a corroded 
artifact, and they stand out clearly when 
the replica is tilted to accentuate the dif­
ferent levels of the two constituents. The 
presence of pearlite in an iron artifact is 
a clear indication that the artifact has 
been carburized. 

After 900 B.C. the production of iron 
implements rapidly increased. Even 
though at this time tin again became 
available in the eastern Mediterranean, 
bronze did not replace iron. Sites dating 
from the 10th century B.C. to the sixth 
have yielded great hoards of iron imple­
ments. At Hasanlu in northwestern Iran 
a University of Pennsylvania expedition 
unearthed iron weapons numbering in 
the thousands. At Gordion, the capital 
of ancient Phrygia, another University 
of Pennsylvania expedition discovered 
one of the largest collections of iron arti­
facts ever found in the eastern Mediter­
ranean. At Nimrud in Iraq, the excava­
tions of Max Mallowan of the Universi­
ty of Oxford uncovered another major 
iron assemblage. 

The evidence for the growing popu­
larity of iron goes beyond archaeologi­
cal finds. Neo-Assyrian and Neo-Baby­
Ionian writings reflect a world techno­
logically quite different from that of the 
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period before 900 B.C. References are 
made to iron axes, iron hoes, iron picks. 
iron saws, iron arrowheads, iron scis­
sors, iron fetters and even iron furniture 
and iron lamps. Iron also became the 
metal of choice for knives and daggers. 
A passage from the corpus of Babyloni­
an "wisdom literature" strikes a sour 
note to this effect: "A woman is a pitfall. 

a 

b 

c 

a hole , a d itch, a woman is a sharp iron 
dagger that cuts a man's throat. "  

We have not yet mentioned a second 
process that significantly enhanc­

es the quality of carburized iron. This is 
quenching: quickly cooling a hot piece 
of metal by plunging it into water. An 
article of steeled iron that is left to cool 

FOUR IRON IMPLEMENTS made in the Near East come from sites of late in the second mil­
lennium B.C. to late in the first millennium B.C. The largest (a) is a 39-centimeter pick from 
northern Israel that was found in association with pottery of the 1 2th century B.C. Its tip, test­
ed for hardness, yielded an average reading characteristic of a modern hardened steel. The chis­
el (b), from AI Mina, is almost 13 centim eters long; it was cleverly quenched to make its matrix 
hard without leaving its cutting edge brittle. The small adze (c), from AI Mina, is almost 1 2  
centim eters long. I t  may have been made from the same bloom o f  iron a s  the chisel and per­
haps by the same blacksmith. Its microstructure is shown in the illustration on page 1 26. 
The fourth tool (d), 25 centim eters long, comes from the ruins of Nimrud in northern Iraq. 
Under microscopic examination it shows the pearlite structure characteristic of carburized iron. 
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by itself in the open air develops a mi­
crostructure of coarse pearlite . If the 
blacksmith instead waves the finished 
article in the air. accelerating the proc­
ess of cooling, the pearlite microstruc­
ture is much finer . Even faster cooling 
by quenching can suppress the develop­
ment of pearlite altogether; the steeled 
material has a quite different micro­
structure and is known as martensite . 
Martensite is significantly harder than 
pearlite, although it is quite brittle. 

When one displays the results of 
quenching graphically , it appears that 
different rates of cooling-from the tem­
perature of the furnace or forge, about 
1 ,200 degrees C o o  to the temperature of 
transformation, about 700 degrees­
give rise to different microstructures. In 
an iron containing . 8  percent carbon, if 
the cooling period is approximately 60 
seconds,  coarse pearlite will form. To 
produce fine pearlite the cooling period 
should be only two or three seconds. To 
produce martensite the temperature 
must be reduced from the forge level to 
below 220 degrees C. in less than a sec­
ond ; only quenching can cool the mate­
rial so quickly . One may assume that for 
small objects such as arrowheads hard­
ness would be important and brittleness 
could be tolerated.  If such small objects 
were made from iron with a .8 percent 
carbon content quick quenching would 
make them martensite . The same could 
have been accomplished with the sur­
face layers of larger iron objects where 
hardness was important and brittleness 
could be tolerated,  even though the inte­
rior of the object, being slower to lose 
heat, would remain pearlite . -

It is not possible to estimate when the 
quenching process was invented ;  like 
steeling, it could easily have been dis­
covered accidentally . One item of liter­
ary evidence. however , clearly indicates 
that blacksmiths of the eastern Med iter­
ranean were familiar with the process in 
the eighth or seventh century B.C. The 
passage is in the ninth book of the Odys­
sey. Trapped in the cave of Polyphemus, 
the one-eyed giant,  Odysseus and his 
men manage to get the giant drunk. 
They decide to blind him by snatching a 
burning olive trunk out of a fire and 
thrusting it into his eye. Our translation 
follows Richmond Lattimore 's :  

"As when a man who works as a 
blacksmith plunges into cold water a 
great axe or adze which hisses aloud, 
'doctoring' it, since this is the way that 
steel is made strong , even so Cyclops '  
eye sizzled about the beam of the olive . "  

The description could only have been 
written by someone who had watched a 
blacksmith quench hot iron and knew 
that the quenching was done to increase 
the hardness of the metal . It also sug­
gests that quench-hardening was some­
thing of a novelty in the Greek world at 
that time . . . 'Doctoring' it" is a free ren­
dering of the Greek word pharmasso; the 
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STRENGTH AND HARDNESS of carburized iron both increase as the percentage of car­
bon in the alloy rises. Degrees of hardness here are measured on the Rockwell "C" scale. If the 
speed of cooling is not rapid, the steel microstructure that develops is coarse pearlite (black). Re­
gardless of its carbon content, coarse pearlite steel is less durable than fine pearlite steel (color). 
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EFFECT OF QUENCHING on the microstructure of carburized iron is shown on this graph 
in terms of the length of time required to lower the temperature of the iron from its forging 
heat (about 1,200 degrees C.). If cooling requires less than one second (a), the microstructure 
that forms is martensite, tough but somewhat brittle. If up to three seconds is required, the re­
sulting microstructure is fine pearlite (b). Cooling as quick as this calls for quenching. Pro­
longed cooling, in excess of 10 seconds, forms a third kind of microstructure: coarse pearlite (c). 
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implication is that the iron was being 
treated in some magical way, as if by 
means of drug potions. Perhaps Homer 
was puzzled by the fact that whereas 
water softened or even dissolved many 
materials, it turned carburized iron into 
a metal harder than any that had been 
known before. 

It is more difficult to obtain evidence 
of deliberate quenching than evidence 
of deliberate steeling. For one thing, wa­
ter quenching could have been done 
simply to cool a forged object quickly, 
perhaps to be able to use it immediately 
or perhaps to avoid having too many. hot 
objects around the smithy. For another, 
with an object of any size it is the outer 
layer that consists of martensite, and it is 
this layer that is most likely to have been 
removed by corrosion over the centu­
ries. Nevertheless, some meager evi­
dence of deliberate quenching exists. 
For example, so far 11 iron artifacts 
from Nimrud have been analyzed met­
allurgically. Although all are heavily 
corroded, five of them show possible in­
dications of quenching. The rest show 
signs of some carburization but evident­
ly were not quenched. 

Athird technique of ironworking aris­
es directly from quenching. This is 

the process of tempering, a practice that 
reduces the brittleness induced by 
quenching. The early blacksmiths must 
have realized soon that quenching made 
their products brittle. The quenching 
would have left cracks along the edges 
of many articles, and users would have 
complained of breakage. Tempering, 
that is, reheating up to but not above the 
temperature of transformation (727 de­
grees C.), affects the iron carbide that 
quenching forces into the microstruc­
ture of iron so as to give rise to martens­
ite. The carbide precipitates and then 
coalesces by diffusion. Both the exact 
temperature attained and the time that 
the article is held at that temperature 
determine the amount of iron carbide 
that coalesces and hence the final hard­
ness and ductility of the metal. As duc­
tility increases, hardness decreases. 

For the blacksmiths of antiquity tem­
pering was probably never done inten­
tionally. There is no change in the color 
of the hot iron at the critical range of 
temperatures and thus no obvious way 
of gauging the correct heat in the forge. 
A method was devel()ped early in the 
fourth century B.C. , however, that sur­
mounted the difficulty of achieving true 
tempering and at the same time pro­
duced carburized-iron tools that were 
both hard and durable. Our evidence for 
this statement is a stonecutter's ch isel 
unearthed at the Greek trading colony 
of Al Mina, a site in coastal Turkey near 
the Syrian border. The chisel has a ma­
trix composed largely of martensite but 
containing nodules of pearlite that in­
crease in density toward the tip of the 
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tool. rather than toward the interior as 
one would expect. Laboratory experi­
ments suggest that this reverse distribu­
tion was achieved by covering the tip of 
the tool with some kind of insulating 
material. such as clay , heating the piece 
and then quenching it. Clay would crack 
off as soon as the tool hit the water, but it 
would nonetheless slow the cooling rate 
enough to reduce the amount of martens­
ite formed at the cutting end of the tool . 
It was evidently by some cheap and sim­
ple means such as this one that the 
blacksmith of Al M ina created a chisel 
with a strong body and a durable edge.  

Another example of innovative 
smithing was found at Al M ina. Analy­
sis of the elements present in an adze 
uncovered with the chisel suggests that 
both tools were made from the same 
bloom of iron and thus perhaps even 
made by the same smith. The adze was 
formed by hot-hammering two sheets of 
iron together. One sheet was carburized 
and the other was not. The combined 
sheets were forged into shape,  and the 
finished adze was air-cooled rather than 
quenched .  The blacksmith, if he was the 
same man who made the chisel .  evident­
ly appreciated the fact that a woodwork­
ing adze need not have as hard an edge 
as a stoneworking chisel .  He adjusted 
the manufacturing process accordingly , 
probably at a net saving in time and ef­
fort. The moment when smiths were first 
able to control the ironworking process 
so that the properties of the products 
were suited to their end uses is clearly a 
significant one in the history of technol­
ogy. Such a moment may well .be what 
we see in the finds at Al M ina. 

To sum up, by the beginning of the 
seventh century B.C. at the latest the 
blacksmiths of the eastern Mediterrane­
an had mastered two of the processes 
that make iron a useful material for 
tools and weapons : carburizing and 
quenching. And by the beginning of the 
fourth century B.C. at the latest a method 
had been found to overcome the disad­
vantages of brittle steel while preserv­
ing the advantage of its hardness.  The 
smiths' quest had involved hundreds of 
years of experimentation and uncount­
able hours at the furnace and the forge. 
All the craftsmen of antiquity-potters,  
masons,  stonecutters ,  weavers ,  carpen­
ters and smiths of bronze, copper and 
precious metals-shared the black­
smith's  empirical approach to their 
work, but none of them faced as large a 
challenge as he did. To be made strong 
and d urable iron needs sophisticated 
treatments. The blacksmith could not 
have understood ,  at least at first, why 
these treatments improved the iron, but 
his tenacity, pragmatic knowledge and 
skill in the centuries following the end of 
the second millennium B.C. enabled the 
peoples of the eastern Mediterranean to 
take the momentous step from the 
Bronze Age to the Iron Age. 
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Hallucinations 
These false perceptions, which can occur in any of the senses, turn 
out to be much alike from one person to another. Apparently 
they have their roots in excitations of the central nervous system 

A motorist who drives alone at night n in a state of extreme fatigue may 
well perceive things that are not 

there: people. animals. vehicles or 
strange forms. Such a percept is charac­
terized as a hallucination. Although the 
definition of the word (which comes 
from the Latin hallucinari. meaning to 
prate. to dream or to wander in mind) is 
far from precise. one that is widely ac­
cepted in psychiatry is: "A false sensory 
perception in the absence of an actual 
external stimulus. May be induced by 
emotional and other factors such as 
drugs. alcohol and stress. May occur in 
any of the senses." 

By this definition it is likely that ev­
eryone has had a hallucination at one 
time or another. Lonely explorers. iso­
lated hunters in the Arctic and prisoners 
in dark cells have reported experiencing 
them. Some people seek out the experi­
ence by taking hallucinogenic drugs. 
Under the right social circumstances the 
perceptions may be regarded as valid. 
Joan of Arc became a saint because of 
her visions. and the flashes of light per­
ceived by the astronauts were taken 
quite seriously. (They were actually 
cau�ed by cosmic rays.) On the other 
hand. negative evaluations are applied 
to similar perceptions by inmates of cor­
rectional institutions. All such reports. 
however. are necessarily subjective. 
When one has a hallucination. one does 
so alone. in the privacy of one's mind. 

Do the hallucinations of one person 
have anything in common with those of 
another? My colleagues and I in the 
Neuropsychiatric Institute of the Uni­
versity of California at Los Angeles 
have attempted to answer the question 
by means of experiment. We find that 
hallucinations do have a great deal in 
common. Moreover. the experiments 
point to underlying mechanisms in the 
central nervous system as the source of a 
universal phenomenology of hallucina­
tions. 

One of the earliest classifications of 
hallucinations was offered in 1853 by 
Brierre de Boismont of France. He 
found that hallucinations occurring in 
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by Ronald K. Siegel 

states of insanity. delirium tremens. 
drug intoxication. nervous disorders. 
nightmares. dreams. ecstasies and fevers 
were all characterized by excitation and 
the prod uction of images from memory 
and the imagination. His countryman 
Jacques Moreau described hallucina­
tions as being similar to dreams in which 
imagined visual, auditory and tactile 
stimuli seem to be real. Foretelling what 
future neurophysiological research 
would reveal, he maintained that hallu­
cinations resulted from excitation of the 
brain. Moreau's technique. which he de­
scribed in 1845. was to take hashish. 
which put him in a hallucinatory state 
while leaving him able to report his ex­
periences. (Moreau also tried to per­
suade his medical colleagues and friends 
to take hashish. His colleagues were hes­
itant because they did not view the tak­
ing of hashish as an acceptable form of 
objective experimentation. The Bohe­
mian artists and writers of 19th-century 
Paris were more receptive. One of them. 
the novelist Theophile Gautier. went on 
to organize the Club des Haschichins. 
whose members included Balzac. Bau­
delaire. the younger Dumas and Victor 
Hugo. Some of the club members' writ­
ings testify to the richness of the imag­
ery induced by hashish.) 

In Germany and the U.S. early stu­
dents of hallucinations followed a simi­
lar course of self-experimentation and 
focused mainly on visual hallucinations. 
Using mescaline. a hallucinogenic alka­
loid derived from the peyote cactus 
Lophophora williamsii. Heinrich Klu· 
ver began a series of investigations at the 
University of Chicago in 1926. He re­
ported that mescaline-induced imagery 
could be observed with the eyes either 
closed or open and that with the eyes 
open it was impossible to look at a 
blank wall without seeing it as being 
covered with various forms. 

Among these forms Kluver found 
four constant types. One he described 
with terms such as grating. lattice. fret­
work. filigree. honeycomb and chess­
board. A second type resembled cob­
webs. A third was described with terms 

such as tunnel, funnel, alley. cone and 
vessel. The fourth type consisted of spi­
rals. The form constants were further 
characterized by varied and saturated 
colors. intense brightness and symmetri­
cal configurations. The visions seemed 
to be located at reading distance. They 
varied gre'atly in apparent size. In gener­
al they could not be consciously con­
trolled. 

Kluver made the crucial observation 
that these form constants appear in a 
wide variety of hallucinatory condi­
tions. He listed a number of the condi­
tions. and other investigators have add­
ed to his list. which now includes falling 
asleep. waking up. insulin hypoglyce­
mia. the delirium of fever. epilepsy. psy­
chotic episodes. advanced syphilis. sen­
sory deprivation. photostimulation. elec­
trical stimulation. crystal gazing. mi­
graineheadaches. dizziness and of course 
a variety of drug intoxications. 

Most of the drugs that give rise to 
such imagery are classifed as hallucino­
gens. Other drugs and substances can 
give rise to similar effects. however. and 
so most psychoactive compounds (to 
the extent that they cause the mind or 
the attention to wander) can be regarded 
as hallucinogens. In this category are al­
cohol, carbon dioxide. cocaine. cortisol. 
digitalis. scopolamine and even tobacco 
with a high concentration of nicotine. 

The form constants appear in the first 
of two stages of drug-induced imag­

ery. The images of the second stage. 
which are more complex but can incor­
porate the simple constants. include 
landscapes. faces and familiar objects 
and places. The complex images. which 
are perhaps the most dramatic aspect of 
the hallucinatory experience. are usual­
ly regarded as an activation of images 
already recorded in the memory. 

One would expect the forms and 
scenes of complex imagery to be almost 
infinitely diverse. Actually constants ap­
pear even at this stage. Indeed. a review 
of more than 500 hallucinations in­
duced by lysergic acid diethylamide 
(LSD) revealed that whereas between 62 
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and 72 percent of the subjects experi­
enced the simple form constants. more 
than 79 percent reported quite similar 
complex images. They included reli­
gious symbols and images (72 percent) 
and images of small animals and hu­
man beings (49 percent). most of them 
friendly and many in the nature of car­
toons and caricatures. 

Most of the investigators and the sub­
jects did not describe the complex imag­
ery in detail. Moreover. before KlUver's 
classic work little was said about the ge­
ometry of even simple hallucinatory im­
ages. KlUver attributed this omission to 

the novelty of the visions. expressing the 
view that many hallucinating people are 
so overwhelmed by the color or bright­
ness of the images that they do not artic­
ulate the basic forms. It was this inartic­
ulateness that challenged KlUver to de­
scribe the simple first stage of hallucina­
tory imagery. The apparent complexity 
of the second-stage images challenged 
us to do the same for them. We believed 
the study of such phenomena might 
point to a common visual imagery un­
derlying hallucinations and so might 
help us understand the origin of these 
percepts and related ones. 

Our first experiments were designed 
to see if the hallucinatory phenomena I 
have described appeared when halluci­
nations were induced in untrained sub­
jects by drugs. Each subject was given 
either a standard dose of a hallucinogen 
(usually marihuana or its active princi­
ple. tetrahydrocannabinol) or an inac­
tive placebo. (The subject did not know 
which substance he was receiving.) He 
was then asked to lie on a bed in a light­
proof and soundproof chamber and to 
report his experiences. We recorded the 
reports on tape and analyzed them ac­
cording to the frequency of different 

HALLUCINATORY SHAPES AND COLORS are represented in 
this yarn painting made by a member of the Huichol Indian group 
in Mexico. The picture was made to show visions of the kind experi­
enced in hallucination brought on by taking peyote. The Indian at the 

left is carrying a basket of freshly harvested peyote and viewing a 
vision that is exploding with color and streaks and Hashes of light. 
The peyote cactus is represented at the right. The picture was made 
by putting beeswax on wood and then pressing yarn into the beeswax. 
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forms, colors, movements and complex 
images. 

The results showed that normal imag­
ery (that is, imagery not induced by 
drugs) is characterized by amorphous 
black-and-white forms (sometimes in­
cluding lines and curves) that move 
about randomly in the visual field. Any­
one who closes his eyes or goes into a 
dark room is likely to experience a base­
line imagery of this kind. Indeed, one 
can induce similar imagery, some of it 
brightly colored and geometric, by gent­
ly rubbing one's closed eyelids. 

With hallucinogenic drugs, however, 
the number of images reported by the 
subjects rose sharply. The consensus 
was that the imagery resembled what 
one would see in a motion picture or a 
slide show. A number of the subjects 
had difficulty in describing the imagery, 
but they agreed that there were many 

geometric forms in it. The imagery was 
characterized by a bright light in the 
center of the field of vision that ob­
scured details but allowed images on the 
periphery to be observed. 

The location of this point of light cre­
ated a tunnel-like perspective. The sub­
jects reported viewing much of their im­
agery in relation to a tunnel. According 
to their reports, the images tended to 
pulsate, moving toward the center of the 
tunnel or away from the bright light and 
sometimes moving in both directions. 

When the images appeared in color, 
all colors were reported, although the 
incidence of reports that the color was 
red increased as the dosage of the drug 
increased. Geometric forms frequently 
combined, duplicated and superim­
posed. At times the flow of imagery was 
so rapid that most subjects found it diffi­
cult to maintain a running commentary. 

The geometric forms were soon re­
placed by complex imagery. The com­
plex images reported included recogniz­
able scenes, people and objects, many in 
cartoon or caricature form, with some 
degree of depth and symmetry. The 
images were often projected against a 
background of geometric forms. 

In listening to these reports we en­
countered certain difficulties. The sub­
jects differed widely in their choice of 
words. Moreover, the reports were rid­
dled with idiosyncratic experiences. We 
therefore decided to facilitate the ease 
and accuracy of reporting by training 
our subjects to use a standard descrip­
tive code. 

Efforts along this line had previously 
been made at Harvard University 

by the psychologists Ogden R. Lindsley 
and Timothy Leary. They employed the 

LATTICE FORMS, one of several form constants reported dnring 
drug-induced hallucinations, are depicted in four samples of Huichol 
Indian embroidery. The patterns illustrate designs commonly found 

in the hallucinatory visions induced by peyote. Some pictures made 
by schizophrenics exhibit a similar preoccupation with geometric de­
signs, which are often distorted and repeated in symmetrical patterns. 
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operant key press as a reporting device; 
each key was equated with the occur­
rence of a subjective state. A hallucinat­
ing subject who wanted to report that 
he "saw" or "heard" something would 
press a given key for each condition. 
Lindsley and his colleagues had already 
demonstrated that the key-pressing 
technique provided a continuous and 
objective method for the study of gross 
behavior in altered states of conscious­
ness. 

Nevertheless. a method for obtaining 
detailed information on subjective phe­
nomena was not developed until Lind­
sley and Leary devised the "experiential 
typewriter." This apparatus consisted of 
a 20-key typewriter connected to a re­
cording instrument. The keys served to 
code various subjective states. including 
modes of perception. internal images. 
external images. images seen with the 
eyes closed and with the eyes open. hal­
lucinations. colors and so on. Training 
consisted of having the subjects memo­
rize the categories and the correspond­
ing keys. When a subject felt a bodily 
sensation such as "pain." he pressed a 
specific key to signify the event. A hall u­
cination with oscillating colors could be 
signified by pressing a different key. 

In tests with the hallucinogens LSD 
and dimethyltryptamine Leary found 
that the muscular discoordination asso­
ciated with those drugs interfered with 
pressing the keys. The problem could 
have been avoided with lower doses. 
and the key press could have been re­
placed by a verbal report. (Leary had 
found that verbal reporting was not dis­
rupted by the drugs.) Therefore we de­
cided to develop a verbal code for re­
porting drug-induced hallucinations. 

On the basis of the previous results we 
constructed a list of eight forms (ran­
dom. line. curve. web. lattice. tunnel, 
spiral and kaleidoscope). eight colors 
(black. violet. blue. green. yellow. or­
ange. red and white) and eight patterns 
of movement (aimless. vertical, hori­
zontal, oblique. explosive. concentric. 
rotational and pulsating) for subjects to 
employ in describing visual imagery. 
We then selected a group of subjects and 
trained them with slides illustrating the 
different categories. For example. in 
training related to the tunnel form we 
showed hundreds of different slides of 
tunnels so that the subjects would have a 
broad concept of the tunnel form. In this 
way new instances of the form. which 
might not have been perceived before. 
could be appropriately classified on the 
basis of common features. The subjects 
were trained to recognize all three cate­
gories (form. color and movement) in 
displays projected for eight millisec­
onds. with a one-second pause between 
displays. Our aim in making the displays 
brief was to simulate the rapid changes 
of imagery in hallucinations. 

WHITE LIGHT seen during the early stages of intoxication with a hallucinogenic drug is 
portrayed. The visual imagery is reported to explode from the center to the periphery. Pattern 
app ears initially in black and white, but bright colors may develop as the experieuce progresses. 

SPIRAL TUNNEL is another of the early form constants in drug-induced hallucination. The 
main patterns of movemeut accompanying the form are reported as pulsation and rotation. 
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LATTICE-TUNNEL FORM CONSTANT is depicted in a painting made to show a pattern 
that is often reported during the early stages of intoxication from marihuana and tetrahydro­
cannabinol (the active principle of marihuana). It is possible that the blue color is related to the 
initial lowering of the body temperature and to the absorption of blue light by hemoglobin in 
"Hoater" cells in the retina. Colors tend to become red with time and with increasing dosage. 

All the subjects. including some who 
were untrained so' that we could see if 
their reports of visual experiences were 
comparable to those of the trained sub­
jects. then participated in a series of 
weekly test sessions in each of which 
they received either a hallucinogen. a 
stimulant. a depressant or a placebo. No 
subject knew what he was receiving. 
Both high and low doses were tested. 
The subjects were tested in the light­
proof chamber I have mentioned. All 
the subjects were instructed to report 
what they "saw" with their eyes open. 
but the trained subjects were restricted 
to the descriptive code. In the middle of 
the session the trained subjects were 
tested with slides of real images to en­
sure that the drugs and dosages were not 
impairing the skills they had acquired in 
training. (We found no indication of im­
pairment.) 

The results were intriguing. We found 
that the trained subjects could keep 

abreast of the rapid flow of imagery and 
could readily classify most of the im­
ages into the categories of the reporting 
code. These subjects averaged 20 re-
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ports per minute; the untrained subjects 
reported only about five times per min­
ute. (The duration of a typical session 
was six hours.) 

The imagery associated with place­
bos. the stimulant d-amphetamine and 
the depressant phenobarbital was de­
scribed as black-artd-white random 
forms moving about aimlessly. The hal­
lucinogens tetrahydrocannabinol, psilo­
cybin. LSD and mescaline induced dra­
matic changes. Here the forms became 
less random and more organized and ge­
ometric as the experience progressed. 
The black-and-white images began to 
take on blue hues. and movement be­
came more organized and pulsating. At 
30 minutes after the administration of 
the drug the subjects reported a signifi­
cant increase in lattice and tunnel forms 
and a slight increase in kaleidoscopic 
forms. By 90 and 120 minutes most 
forms were lattice-tunnels. Concomi­
tantly the colors shifted to red. orange 
and yellow. Movement continued to be 
pulsating but became more organized. 
with explosive and rotational patterns. 

Complex imagery usually did not ap­
pear until well after the shift to the lat-

tice-tunnel forms was reported. There­
after complex forms constituted from 
43 to 75 percent of the forms reported 
by trained subjects who had received 
hallucinogens. The complex images first 
appeared in the reports as overlying the 
lattice-tunnels and situated on the pe­
riphery of those images. 

Common complex images included 
childhood memories and scenes associ­
ated with strong emotional experiences 
that the subjects had undergone. These 
hallucinatory images were more than 
pictorial replicas; many of them were 
elaborated and embellished into fantas­
tic scenes. This constructive aspect of 
imagery can be illustrated by a simple 
exercise. Recall the last time you went 
swimming in the ocean. Now ask your­
self if this memory includes a picture of 
yourself running along the beach or 
moving about in the water. Such a pic­
ture is obviously fictitious. since you 
could not have been looking at yourself. 
but images in the memory often include 
fleeting pictures of this kind. Our sub­
jects often reported equally improbable 
images. such as aerial perspectives and 
underwater views. 

It has not been established where such 
constructions arise. but contributions 
are probably made in the encoding. stor­
age and retrieval stages of the memory 
process. Much of the content of com­
plex imagery can also be influenced by 
environmental stimuli. Since our sub­
jects were in an isolated chamber. most 
of their images came from their memo­
ry. Occasionally. however. we escorted 
the subjects (at the peak of the halluci­
natory experience) to a botanical gar­
den. There they wore goggles through 
which they could not see. lay on the 
grass and reported what they "saw" with 
their eyes open. At these times the imag­
ery from memory was reduced signifi­
carttly. and reports of birds. airplanes. 
trees and so on increased. In other ex­
periments we have shaped and guided 
drug-induced imagery by giving the sub­
jects suggestive words or music. Never­
theless. even these primed complex im­
ages were usually reported as appearing 
in lattice-tunnel arrangements and mov­
ing in explosive or rotational configura­
tions. 

During the peak hallucinatory peri­
ods the subjects frequently described 
themselves as having become part of the 
imagery. At such times they stopped us­
ing similes in their reports and asserted 
that the images were real. This point 
marked the transition from pseudohal­
lucination to true hallucination. Highly 
creative and fantastic combinations of 
imagery were reported. sometimes with 
as many as 10 changes of image per sec­
ond. The subjects frequently reported 
feeling dissociated from their bodies. 

The remarkable constancies of drug­
induced hallucinations lead natural­

ly to an inquiry into how universal they 
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UNUSUAL PERSPECTIVES are reported in hallucinatory images 
that seem to be drawn from the memory. Characteristic perspectives 
include a distant scene (with abundant detail) often recognized as an 
event that was experienced in childhood (upper left), a lattice-tunnel 

pattern with complex memory images at the periphery (upper right), 
a scene viewed as if the subject were under water, looking up toward 
and through the surface (lower left) and an aerial perspective (lower 
right), which may be accompanied by sensations of floating and flying. 

137 

© 1977 SCIENTIFIC AMERICAN, INC



may be. Some of them are strikingly 
similar to the primordial or archetypal 
forms (such as the mandala, the mystic 
symbol of the universe employed in 
Hinduism and Buddhism as an aid to 
meditation) that the psychoanalyst C. 
O. J ung described as part of man's col-
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lective unconscious. Moreover, as many 
anthropologists have noted, the halluci­
nogen-inspired art of many primitive 
peoples often contains constants of 
form, color and movement. 

We examined this phenomenon by 
traveling to the Sierra Madre of Mexico 
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to study a group of Huichol Indians who 
take peyote. They have remained rela­
tively isolated since Aztec times. We in­
terviewed them during their peyote cer­
emonies, eliciting reports on their visual 
imagery. The images proved to be virtu­
ally identical to the symmetrical. repeat-
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VISUAL HALLUCINATIONS seen during controlled intoxication 
with cocaine were drawn by people who served as subjects in the au­
thor's experiments. The patterns were usually seen with the eyes open 
in a dark room; they appeared as transitory black-and-white spots in 

the periphery of the visual field. Patterns c, e,f, g, i, k and I are virtually 
identical to the patterns seen in the hallucinations accompanying mi­
graine attacks. Indeed, pattern I is the "fortification illusion" that is 
frequently reported by people who are suffering migraine headaches. 
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low and slow. They 
But nothing worked. In one series of 178 mock battles, the F-15 won 176. 

In others it won them all. Again and again, often outnumbered, it defeated some 
of the world's hottest pilots flying the planes that were (until the Eagle 
arrived on the scene) the best in the Free World's arsenal. 

The same thing happened when the Eagle/was sent out to stop pilotless 
drones flying as high and as fast as the best planes any potential enemy could 
use against us. The Eagle stopped them. Again and again and again. 

The U.S.AF. Eagle. At any altitude and at any speed, in all kinds of weather 
night and day, it has earned its title F:f� r .�GLE 
as America's "air superiority fighter." � J:::.l'W ' 
It's the one fighter plane this nation 1heworlds best fighter fY/ 
cannot do without. IHCDONNELL DOUGLA� 

EOUAL OPPORTUNiTY IN PROFESSIONAL CAREERS. SEND RESUME BOX 14526, ST. LOUIS, MO. 63176 
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It looks like several different whirlpools, with lots of spirals divided 

up into checks. It's pretty black. There's purple and green glowing areas in the 

middle of the spirals, kind of clouds around. There are lines going from top to 

bottom, kind of a grid, but the lines squiggle around. There's odd shapes, but still 

lots of right angles in them. Seems really bright . . • •  There's like an explosion, 

yellow in the middle, like a volcano gushing out lava, yellow, glowing. There I s a 

black square with yellow light coming behind it. There I s a regular pattern 

superimposed on everything, lots of curlicues, with dots in the middle. Lot of 

little paisley things that fill up the spaces between the patterns of triangles, 

squares, or crown-shaped things. And there's a little white star that floats around 

the picture and sometimes goes behind what I s on the screen and illuminates from behind. 

Now there's a kind of landscape. Very flat, flat country. The picture is 

very narrow. In the middle part a tree at the left and then flat with green grass 

and blue sky above. There are orange dots, oranges hanging all over, in the sky, on 

the tree, on the ground. A bicycle! Oh, my! It's headed down, not horizontal, like 

someone's holding it up on end . • . .  There's a checkerboard superimposed on everything, 

like the flags they wave at the races. 

I can see the street out there .... Well, it's old--golly--interesting! It's 

like in the forties, I guess, or maybe the fifties.... And there are people riding 

their bicycles, and there are, like, boys, in plaid vests and those funny kind of 

hats.... I was at the side walking on the sidewalk, so it wasn I t like I was in the 

middle of the street and (laughter) you can I t laugh very long in the middle of the 

street in the city, so that image kind of went away (laughter). 

PARTIAL TRANSCRIPT of the remarks made by a subject who had taken 20 milligrams of 
the hallucinogen psilocybin shows an increasing complexity of imagery. The first paragraph is 
from an initial segment of the experience, which began about 2S minutes after the subject had 
taken the drug. The simple geometric forms are supplemented several minutes later (second 
paragraph) by complex images. They are later replaced (third paragraph) by dreamlike scenes. 

ing patterns found in Huichol weaving 
and art. 

In attempting to explain the origin of 
the simple hallucinatory constants a 
number of investigators have described 
them as the product of events within the 
eye resulting from the visualization of 
certain structures when light strikes the 
eye in a particular way. For example, 
horizontal bands are said to be due to 
folds in the corneal epithelium that 
change with motion of the eyelid, and a 
black lace work seen against a red back­
ground is attributed to shadows cast on 
the rods and cones by blood vessels of 
the retina. 

Since such causes require light, they 
cannot have figured prominently in our 
experiments, which were conducted in 
darkness. Light is not necessary, how­
ever, for the production of phosphenes, 
which are visual sensations arising from 
the discharge of neurons in structures of 
the eye. Phosphenes can include spots, 

. disks, concentric arcs or circles and 
checkerboard patterns. 

The constants are also highly similar 
to the patterns found in hallucinations 
accompanying migraine attacks. Mi­
graine patterns include lines, grids, con-

centric circles and the "fortification illu­
sion," which is a horseshoe-shaped area 
consisting of bright zigzag lines appear­
ing at an expanding outer edge. Mi­
graine hallucinations can also be bright­
ly colored and explosive and can include 
complex images of people and objects. 
The most plausible explanation of mi­
graine phenomena is that they reflect the 
electrical excitation of organized groups 
of cells in the visual cortex of the brain. 
Indeed, the work of Wilder Penfield and 
his colleagues at McGill University has 
shown that the direct electrical stimula­
tion of the visual cortex or the temporal 
lobes gives rise to moving colored lights. 
geometric forms, stars and lines. 

Most of the investigators undertaking 
to explain complex hallucinatory 

imagery have described the images as 
the result of an excitation of the central 
nervous system. As early as 1845 Mo­
reau was maintaining that hallucinations 
resulted from cerebral excitation that 
enabled thoughts and memories to be­
come transformed into sensory impres­
sions. Recent electrophysiological re­
search has confirmed that hallucinations 
are directly related to states of excita-
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tion and arousal of the central nervous 
system, which are coupled with a func­
tional disorganization of the part of the 
brain that regulates incoming stimuli. 
Behaviorally the result is an impairment 
of the discrimination normally based on 
external stimuli and a preoccupation 
with internal imagery. 

This hallucinatory process has been 
described by such terms as "memory 
flashback" and "involuntary reminis­
cence." Certain psychoanalysts have 
postulated that it is the result of a gener­
al regression to primitive or childlike 
thinking. coupled with the emergence 
of repressed information and memories. 
Students of psychedelic phenomena 
have postulated that hallucinogens re­
lease normally suppressed information 
and memories. 

Perhaps the most integrated explana­
tion has been provided by the percep­
tual-release theory of hallucinations, 
which was formulated by the British 
neurologist Hughlings Jackson in 193 1. 
As recently brought up to date by Louis 
Jolyon West of UCLA. the.hypothesis 
assumes that normal memories are sup­
pressed by a mechanism that acts as a 
gate to the flow of information from the 
outside. An input of new information 
inhibits the emergence and awareness of 
previous perceptions and processed in­
formation. If the input is decreased or 
impaired while awareness remains. such 
perceptions are released and may be dy­
namically organized and experienced as 
hallucinations. dreams or fantasies. 

West has offered an analogy to illus­
trate the process. Picture a man in his 
living room. standing at a closed win­
dow opposite his fireplace and looking 
out at the sunset. He is absorbed by the 
view of the outside world and does not 
visualize the interior of the room. As 
darkness falls outside. however, the im­
ages of the objects in the room behind 
him can be seen reflected dimly in the 
window. With the deepening of dark­
ness the fire in the fireplace. illuminates 
the room. and the man now sees a vivid 
reflection of the room, which appears to 
be outside the window. As the analogy is 
applied to the perceptual-release hy­
pothesis, the daylight (the sensory input) 
is reduced while the interior illumina­
tion (the general level of arousal of the 
central nervous system) remains bright. 
so that images originating within the 
rooms of the brain may be perceived as 
though they came from outside the win­
dows of the senses. 

Through such research and hypothe­
ses we have begun to understand the na­
ture of hallucinations as stored images 
in the brain. Like a mirage that shows a 
magnificent city. the images of halluci­
nations are actually reflected images of 
real objects located elsewhere. The city 
is no less intriguing and no less worthy 
of study because it is not where we think 
it is. Further experiments will help lo­
calize it. 
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THE AMATEUR 
SCIENTIST 

The salt fountain and other curiosities 
based on the different density of fluids 

by Jead Walker 

T
he fact that salty water is denser 
than fresh water provides a basis 
for a number of experiments. 

some of them quite surprising. For ex­
ample, one might suppose that if a layer 
of salty water was put above a layer of 
fresh water. the salty water would sim­
ply sink. If the layering is done in a cer­
tain way. however, the result is not so 
simple. What one finds is that the system 
starts to oscillate and may continue to 
do so for a remarkably long time. 

Pour cold tap water into a tall clear 
glass until the glass is nearly full. Put a 
hole in the bottom of a paper cup or a 
plastic cup with the point of a safety pin 
or something of similar size. Make a 
salty solution (about equal to half the 
volume of the cup) from cold tap water 
and a teaspoon or so of salt. taking care 
that the salt dissolves fully. Add a bit of 
food coloring to the solution so that lat­
er. when the experiment is under way. it 
will be easy to distinguish the salty wa­
ter from the fresh. 

Now start lowering the cup into the 
glass, simultaneously pouring the salty 
solution into the cup. You want the cup 
to reach a depth where the fresh water 
outside it is about halfway up the sides 
of the cup. and you want the salty solu­
tion in the cup to be at about the same 
level as the fresh water outside. At that 
point. since the effect is sensitive to jos­
tling. you should fasten the cup. I fas­
tened it with a beaker clamp attached to 
a ring stand of the kind used in chemis­
try laboratories. but you might try tap­
ing the cup to two flat kitchen knives 
laid across the top of the glass. 

One would suppose that in this situa­
tion the dyed salty water would stream 
through the hole into the fresh water 
until the level of the salty water was re­
duced enough so that the pressure at the 
level of the hole was the same in both 
bodies of water. whereupon the stream 
would grow thinner and finally stop. In­
deed. you will see these events over a 
period of several minutes. but do not 
turn away. In a short time the stream 
will begin flowing again' Thereafter. 
with a period of from 15 to 20 seconds. 
the stream will begin abruptly. wane. 
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disappear and then start up abruptly 
again. 

What is happening is that during the 
time when the dyed stream is not visible. 
fresh water is streaming upward into the 
cup through the hole. The system is os­
cillating. This effect was discovered in 
1970 by Seelye Martin of the University 
of Washington [see "The Amateur Sci­
entist." June. 1971]. 

The period of oscillation depends 
mainly on the size of the hole and to a 
lesser extent on the concentration of salt 
in the cup. My oscillator continued 
overnight with approximately the same 
period in spite of the continuous reduc­
tion in the concentration of salt due to 
mixing. Martin's oscillator. which was 
in a tin can instead of a paper cup. con­
tinued for four days. He also ran a test 
with a hypodermic syringe replacing the 
cup: with this system he obtained a peri­
od of about four seconds and a lifetime 
of 20 cycles. 

It is easy to understand the first part of 
the flow. The salty water was initially as 
high in the cup as the fresh water outside 
the cup. Since the salty water was denser 
than the fresh water. the pressure at the 
hole was higher from the salty water 
than from the fresh water. The salty wa­
ter therefore poured through the hole 
until the pressures equalized. The puz­
zle is why the salty water did not merely 
stabilize then as the downward flow 
slowed to a stop. 

In spite of the equalization of pres­
sures at the hole a layer of denser fluid 
overlying a layer of lighter fluid is unsta­
ble and subject to any small. random 
disturbances to the system. Any such 
disturbance creates a small wave on the 
interface between the two types of fluid. 
The wave grows in amplitude exponen­
tially with time. at least initially. be­
cause of the density difference. As a re­
suh some of the lighter fluid protrudes 
upward across the old interface and 
some of the denser fluid protrudes 
downward. This instability to small dis­
turbances and the resulting intrusion of 
each fluid on the other's domain are re­
sponsible for the oscillation in the salt 
oscillator. 

The fresh water protruding upward 
accelerates through the hole because it 
finds itself lighter than the salty water at 
the same level on the other side of the 
hole. Apparently the fresh-water stream 
pinches off the salt-water stream soon 
thereafter, and there is then a single up­
going stream of fresh water moving 
through the hole. This addition of water 
to the cup gradually increases the height 
of the fluid in the cup and thus the water 
pressure at the level of the hole. The loss 
of water from the glass, however. barely 
lowers the water level there because the 
glass is wider. Eventually the pressure 
from the salt-water side becomes great 
enough at the level of the hole to over­
whelm and halt the upgoing stream of 
fresh water. We are then essentially 
back at the start of the cycle. There is 
too much water in the cup, and a stream 
of salt water emerges downward for a 
while. Gradually the flow of the stream 
decreases as the pressures once again be­
come equal at the level of the hole. Then 
some random disturbance sets up a 
wave on the interface that once again 
sends up a stream of fres!]. water. With a 
rate depending on the diameter of the 
hole and of the cup and on the viscosity 
of the water, the streams alternate up 
and down. You have a salt oscillator. 

The instability at the interface be-

The basic salt oscillator 
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Setting the Standard 
in Biochemistry 
Biochemistry 
Lubert Stryer, Stanford University 

"This must be one of the best biochemistry books on the 
market. It is certainly the easiest to read and study. The 
text is lucid and digestible. The figures complement the 
text in a way which is not normally found in books at this 
level ... For me, difficult concepts in biochemistry (those 
which I've always avoided) were made so simple it was a 
pleasure revisiting tricky grounds ... " -Bios 
"One can open this book almost at any page and discover a 
brilliant example of artistic expression used to illuminate 
scientific concepts. But in addition, the author has an 
attractive style of writing; and most important, he has 
something new to say." -Biochemical Education 
"Professor Lubert Stryer has succeeded in producing an 
introductory biochemistry textbook that will probably be 
the standard text for life science, biochemistry, and medical 
students for many years to come." 
- Yale Journal of BiologV and Medicine 
1975,877 pages, 626 illustrations, 55 tables, 

ISBN 0-7167-0174-X, $22.00 

The Stryer slide series is a teaching aid that will enhance 
the student's understanding of biochemistry. 

Molecular Architecture 
This collection of 50 full-color 35mm slides, selected from 
the illustrations in Lubert Stryer's Biochemistry, is organ­
ized to illustrate the theme of molecular architecture. Price 
$50.00 

Energy Generation and Storage 
A new addition, these 90 full-color 35mm slides illustrate 
processes related to the generation and storage of metabolic 
energy, including glycolysis, the citric acid cycle, photo­
synthesis, glycogen metabolism, fatty acid metabolism, the 
pentose phosphate pathway, amino acid degradation, and 
the urea cycle. Price $90.00. 

Special offer to adopters 
Each department that adopts 50 or more copies of Stryer's 
Biochemistry is entitled to receive both sets of slides at no 
cost. 

I. 

Physical Biochemistry 
Applications to Biochemistry and Molecular Biology 
David F reifelder, Brandeis University 

With clear descriptions, a wealth of practical examples, and 
a de-emphasis of mathematical derivations, David Freifelder 
describes the wide range of techniques employed in the 
modern study of the physical properties of biological 
macromolecules, including separation and identification, 
hydrodynamic methods, and spectroscopy. Readers will 
appreciate the review of filtration techniques, pH measure­
ment, and other basic laboratory procedures. Observational 
methods such as light and electron microscopy and auto­
radiography are also included. 

Readers will come away from this book able to read, 
understand, and judge the work reported in contemporary 
scientific literature. They will also gain a better under­
standing of general principles, since many of the techniques 
discussed were originally used to establish major principles 
of modern biochemistry. 
1976,570 pages, 304 illustrations, 28 tables, 

cloth: ISBN 0-7167-0560-5, $16.95 

paper: ISBN 0-7167-0559-1, $10.95 

w. H. Freeman and Company 
660 Market Street, San Francisco, CA 94104 

58 Kings Road, Reading, England RG1 3AA 
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An oscillation begins 

A rising stream of fresh water pillches off the descending stream of salt water 

tween a denser fluid overlying a lighter 
fluid. when the interface is otherwise in 
hydrostatic equilibrium. is called a Ray­
leigh instability (or sometimes a Ray­
leigh-Taylor instability). The salt oscil­
lator is an example of a system that os­
cillates after exciting itself. in this case 
through the Rayleigh instability and the 

consequent rapid growth of a distur­
bance on the interface between the two 
fluids. 

Apparently Martin's paper is the only 
one that has been published on salt oscil­
lators. and you might be interested 'in 
doing more work on them. For example. 
how does the period of oscillation de-

Shapes of the falling stream 
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pend on the diameter of the hole? Mar­
tin's use of a hypodermic syringe and 
needle is advantageous because needles 
of different radii could be easily inter­
changed. the radius of each was well 
known and the needle was certainly 
more circular in cross section than my 
pinholes. Nevertheless. you can estab­
lish the general dependence of the peri­
od on the diameter of the hole with a 
range of pinholes. 

The dependence of the period of oscil­
lation on the concentration of salt can be 
checked by adding salt to an initially 
weak concentration of salt in the cup. 
Take care. however. that the added salt 
does not merely clog the hole. 

You might also try other fluids. They 
do not have to mix. All that is req uired is 
that they differ in density and that the 
denser fluid be in the cup. I tried water 
and Karo light corn syrup (a clear syrup 
used in cooking or on pancakes). dyeing 
the syrup a light red before I poured it 
into the cup. With a hole of suitable size 
the oscillations of the viscous red fluid 
and the clear fresh water were almost 
majestic. The upward plume was much 
easier to see in the corn-syrup oscillator 
than in the salt-water oscillator. I lightly 
dyed the fresh water blue and could then 
easily see the upward plume of fresh wa­
ter periodically break through the hole. 
push its way up through the syrup and 
then lie on top of it. 

When the downward stream begins 
during the cycle of a salt-water oscilla­
tor. the dyed salt water appears to burst 
downward. taking the form of an invert­
ed umbrella. During the part of the cy­
cle when the flow is steadier. and in 
steady flow without oscillations. the 
stream may fall several centimeters and 
then separate into ring vortexes. The 
rings behaved much as my grandfather's 
rings of cigar smoke did on those quiet 
days in Aledo. Texas. when his ring­
blowing was our only amusement. The 
rings would race after each other. wrap 
themselves about each other and then 
race away. This play is easier to see in 
the rings of dyed water if you use a 
round glass container. such as a large tea 
glass. because the curved surface magni­
fies the image. 

Another example of Rayleigh insta­
bility can be observed in a common par­
lor trick. Partly fill a glass with water. 
place a piece of paper over the mouth 
and. while holding the paper in place. 
invert the glass of water. Now remove 
your hand from the paper. The water 
stays in the glass thanks to two effects. 
First. surface tension between the water 
and the paper and between the water 
and the rim of the glass helps to hold the 
paper in place. Second. in larger glasses 
the water column falls somewhat and 
thus reduces the pressure in the air still 
trapped in the glass. The difference in air 
pressure between the top and bottom of 
the column of water also helps to hold 
the water in place. 

Suppose the paper were to disappear 
suddenly without disturbing the water 
surface. What would happen? Common 
sense tells you that the water would fall 
out. If the water surface could remain 
perfectly undisturbed. however. there is 
no reason why the water should fall. The 
pressure difference between the top and 
the bottom of the column should still 
maintain the water in the glass. 

The water does fall. though. because 
it cannot remain undisturbed. Soon af­
ter the paper is removed a small wave 
will develop on the bottom surface be­
cause of some small random distur­
bance to the water. The wave will grow 
in amplitude. at first exponentially with 
time. exactly as we have seen at the in­
terface in the salt oscillator. because 
once again we have a Rayleigh instabili­
ty. A bubble rises up on one side of the 
column of water as part of the water 
begins to descend on the other side. and 
then we rather quickly have a wet floor. 

Salt fingers involve a layering of salti­
er water over fresher water. similar to 
the layers in the salt oscillator. Although 
the fingers do not have the fascination of 
an oscillation. they are important in the 
microstructure of the ocean. Consider a 
layer of hot salty water over a layer of 
cooler fresh water. The salt makes the 
top layer denser than the bottom layer. 
but the difference in temperature more 
than compensates to give a net situation 
where the top layer is less dense than the 
bottom one. 

One would suppose that if a small dis­
turbance sends part of the top layer 
downward and part of the bottom layer 
upward. the difference in overall densi­
ties should restore the original bounda­
ry. For example. the hot salty water in­
truding downward would find itself less 
dense than its surroundings in the cool 
fresh water and would be buoyed back 
upward. 

Doring the intrusion from the initial 
disturbance on the boundary. however. 
heat is exchanged relatively quickly be­
tween the hot water and the cool water. 
The hot water releases heat as it moves 
downward. The cool water absorbs heat 
as it moves upward. As a result the in­
truding salt water suddenly finds itself 
more dense than its surroundings rather 
than less. and instead of being buoyed 
back it is accelerated downward. Simi­
larly. the intruding fresh water quickly 
becomes warm. finds itself less dense 
than the surrounding hot salty water and 
is accelerated upward. The initial distur­
bance to the interface between the two 
layers is therefore enhanced to produce 
fingers of salty water stretching down­
ward and fresh water stretching upward. 
The fingers eventually stretch them­
selves to the point where they turn over 
to create a layer of mixed water with a 
salinity and temperature intermediate to 
those in the top and bottom layers. 

The salt fingers are not themselves di­
rectly observable in the ocean. but the 

MAMMALS! 
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Incompatibility and stress have been 
known to cause rifts in many an otherwise 
perfect union. 

Take polypropylene, for instance. This 
thermoplastic is of­
ten wedded with in­
organic fillers such 
as talc or kaolin to 
increase heat resis­
tance and stiffness. 

But the result­
ing union responds 
poorly to the stress 
of impact. Shock 
waves tend to start 
cracks around the 

filler particles-mostly because the plastic 
doesn't cling to the filler. It just surrounds it. 

Our polymer scientists here at the 
General Motors Research Laboratories set out 
to. strengthen the plastic-filler composite by 
introducing a compatible, shock absorbing 
interface. The trick was to get the interface 
material to stick to the filler. 

How did they do it? First they adsorbed a 
monomer, 2-ethylhexyl acrylate, on the filler 
particles. Then they irradiated the coated fil­
ler, under vacuum, with high energy electrons 
(photo above). 

The radiation did two things: It polymer­
ized the monomer coating. And it chemically 
linked this coating to the filler, as revealed by 
thermogravimetric analysis and carbon-14 tracer 
techniques. 5oo r;=========il 

As a result, some 
* plastics are now able � 
E400 COATED TALC 

to bond tightly to fil- gj . . 
� 

lers through an elas- I 

tic interface. In the 
b 300 �OLYPROPYLENE WITH 
z • UNCOATED TALC w 

case of polypropylene 
a: 

""-. l-
V> 
I-

and talc, that means �200 
�. about twice the im- ::! 

pact strength as be- 100 
fore (see graph). 

10 20 30 
PERCENT TALC BY VOLUME 

We call this experimental technique "radi­
ation grafting on fillers:' It's only one of the 
approaches we're exploring to help make plas­
tic products live happily ever after. 

Making 
plastic-filler 
marriages last 
longer. 

General Motors 
Research Laboratories 
Warren, Michigan 48090 
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Atmospheric pressure 

The illl'erled-glass Irick 

resulting temperature and salinity pro­
files have been detected [see "The Mi­
crostructure of the Ocean," by Michael 
C. Gregg; SCIENTIFIC AMERICAN, Febru­
ary, 1973]. For example, the warm salty 
water of the Mediterranean sets up the 
conditions for salt fingering as it flows 
through the Straits of Gibraltar and 
over the fresher, cooler water of the 
Atlantic. Probes measuring the salinity 
and temperature as functions of the 
depth show steplike profiles where the 
salinity and temperature decrease with 
depth. Such a step has one layer of high­

.er salinity and temperature than the lay­
er below, with a layer between the two 
having intermediate values. 

You can produce salt fingers quite 
easily in your kitchen by carefully pour­
ing hot salty water (dyed with food col­
oring� over cooler fresh water. In pour­
ing you want to minimize the initial tur-

Top layer 

De.l1sity profi Ie 
(temperature) 

Bottom layer 

IlIIereosin,! density 
.. 

I 

The illlerplay of air alld water causillg Ihe waleI' 10 fall 

bulent mixing of the two types of water. 
If the container is a standard drinking 
glass, I tilt it so that the poured water 
falls only a centimeter or less. With a 
bigger container I can lower the contain­
er of salty water to nearly the level of 
the fresh water to accomplish the same 
thing. You can instead float a thin piece 
of wood on the surface of the fresh wa­
ter and then pour onto the wood. 

At first the interface between the dyed 
hot salty water and the clear fresh water 
merely indicates some mixing. After a 
few minutes the salt fingers, from one to 
five centimeters long and about a milli­
meter wide, develop at the interface, 
lasting from several minutes to several 
hours. I find that the fingers are easier to 
see if I shine a flashlight through the 
water somewhat toward my eyes. 

The key to the salt fingering is the dif­
ference in the rate of diffusion of heat 

+ 

DenSity profile 
(salinity) 

Il1creasi�'I del1sity 

and salt. The heat that made the top lay­
er lighter in spite of its salt concentra­
tion moved to the cooler fresh water 
about 100 times faster than the salt. The 
rather quick transfer of heat is what 
made the downward-intruding salt wa­
ter suddenly find itself heavier than its 
surroundings and what made the up­
ward-intruding fresh water suddenly 
find itself lighter than its surroundings. 

You can accomplish the same sort of 
convective fingering with solutions of 
sugar and salt. Make the sugar solution 
less dense than the salt solution by put­
ting somewhat less sugar than salt in a 
given amount of water. Dye the sugar 
solution so that you can follow the mo­
tion, and gently put the sugar solution 
over the salt solution in a container. 
(Since both solutions are at the tem­
perature of cold tap water, this salt fin­
gering is easier to do in the kitchen 

Net density profile 

Hot salty 
woter 

Cold fres� 
water 

IVlereasil1'1 deVl5ity 

Dellsity profiles when hot sally water overlies cold fresh waleI' 
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RESEARCH REPORTS ON 
ELECTRIC POWER 

TECHNOLOGY 
NOW AVAILABLE 

A broad and authoritative electric 
energy technical information resource 
in now available through the Research 
Reports Center (RRC) of Palo Alto, 
California. 

More than 400 technical reports de­
scribing R&D work sponsored by the 
Electric Power Research Institute 
(EPR!) can now be purchased from 
RRC. These reports describe R&D re­
sults relating to electric power produc­
tion from nuclear sources, fossil fuels, 
and advanced systems; electric power 
production and distribution; and a 
broad spectrum of energy and 
environmental concerns. New techni­
cal reports are being produced by EPRI 
at a rate of more than five a week. 

Founded in 1972 and now head­
quartered in the Stanford Industrial 
Park, EPRI is funded by the nation's 
public and private utility industry. Its 
research budget for 1977 is $180 mil­
lion. 

lists of available reports and prices 
can be obtained through the Research 
Reports Center, Dept. SA77 , P.O. 
Boxl0090 , Palo Alto, Cali fornia 
94303. 
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Ellhancement of the wave as heat diffuses faster thall salt 

than the preceding experiment, where 
rapid cooling of the hot water can be a 
problem. ) 

Once again, as with the arrangement 
of hot salty water and cold fresh water, 
the layers of sugar solution and salt so­
lution should be stable because the top 
layer is the less dense one. As before, 
however, any initial disturbance is en­
hanced because of a difference in the 
rates of diffusion: Salt diffuses faster 
than sugar. Thus when the initial distur­
bance sends a small amount of sugar 
solution downward, the salt from the 
surroundings moves into that intruding 
bulge faster than the sugar can move 
into the surroundings. The bulge. with 
salt added. suddenly finds itself denser 
than its surroundings and is accelerated 
downward to produce a finger. Similar­
ly. a small bulge of salt water intruding 
upward loses its salt faster than it gains 
sugar. finds itself lighter than its sur­
roundings and is accelerated upward to 
prod uce a finger. 

The interaction of salt and heat on the 
density of seawater and the difference in 
their rate of diffusion also lead to a curi­
ous "perpetual" fountain you can simu-

late in the kitchen. In a tropical ocean 
the water near the surface can be rela­
tively warm and salty whereas the water 
near the bottom is relatively cold and 
fresh. Imagine a pipe lowered vertically 
almost to the bottom and a pump initial­
ly used to bring bottom water to the sur­
face. Theoretically the pump could be 
removed and the flow would continue 
by itself. Since a single pipe would hard­
ly alter the characteristics of the ocean. 
this flow would continue "forever." 

To understand how the flow continues 
to pump itself consider a small parcel of 
water beginning its journey up the pipe. 
As that bit of cold water rose, it would 
gradually gain heat from the warmer 
water outside the pipe at the same depth. 
The parcel of water would then be light­
er than the saltier water at the same 
depth and temperature just outside the 
pipe. As a result the parcel of water 
would accelerate upward. Assuming the 
parcel is always warmed in this manner 
throughout the trip upward. it would al­
ways find itself lighter than the outside 
water and would continue to accelerate. 
In principle the water would spurt as 
much as a couple of meters above the 
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The personal 
computer 
age is here. 
Join Byte's 110,000 sub­
scribers and catch up on 
the latest developments 
in the fast-growing field of microprocessors. Read 
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surface of the ocean, forming a perpetu­
al fountain. 

Henry M. Stommel of the Massachu­
setts Institute of Technology tried some 
years ago to set up such a fountain in 
the deep ocean near Martinique. With 
about 1.000 meters of flexible hose 5/8 
inch in inside diameter he and his col­
leagues obtained a fountain some 24 
inches high, but they are doubtful that it 
resulted from differences in density. The 
top of the hose was attached to a float, 
which rose and fell with the waves, 
stretching the upper part of the hose and 
creating a sort of pumping action. Stom­
mel thinks the pumping action may have 
created the fountain. 

To simulate the perpetual fountain in 
your kitchen partly fill a wide container 
with tap water. Punch a hole in the bot­
tom of a paper or plastic cup and then 
put the cup in the water upside down. 
Now pour warm water carefully onto 
the cold water outside the cup. Try to 
avoid any excessive mixing of the two 
layers. Continue pouring until the addi­
tion of the warm water has forced the 
cold water up into the inverted cup to 
the level of the hole. 

Now pour a thin layer of hot salty 
water over the top of the warm water 
and thus also over the top of the cup, 
again being careful to avoid excessive 
mixing. Place one or two drops of dye 
just over the hole in the inverted cup. 
The dye indicates that a slow fountain of 

water spreads from the hole through the 
top water, a simulation of the oceanic 
salt fountain. The water rising through 
the cup is warmed to about the same 
temperature as the water at the same 
depth outside the cup, but it lacks the 
salt that the outside water has and is 
therefore lighter than the outside water. 
Hence the water in the cup is forced up­
ward through the hole. This kitchen 
fountain will continue until the heat and 
salt are more evenly distributed. 

As a final note on effects due to the 
difference in densities of salty and fresh 
water, let me describe the push a ship 
receives when the gates of the last lock 
in the Panama Canal open. As a ship 
approaches the Pacific end of the canal 
it is progressively lowered through locks 
to sea level. The water in these locks is 
mostly fresh water fed by rain-filled 
lakes in Panama. In each lock the ship 
must wait until the water level is low­
ered to that of the next lock. Then the 
water pressure on the two sides of the 
gate separating the two locks is equal. 
and the gate is easily pulled open. 

In the last lock the water on the other 
side is the salty ocean water. Since salti­
er water is denser than fresher water, 
equilibrium pressure on the gate is 
reached when the fresh water is still a bit 
higher than the ocean level. As the gate 
swings open, this extra height of fresh 
water flows seaward, carrying the ship 
along with it on a brief but free ride. 

Arrallgemellt for gelleratillg a salt foulltaill 
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Complete this simple questionnaire, and befriend a needy child through Save the Children. For only 
fifty-two cents a day, your money, combined with that of other sponsors, can breathe new life into an 
impoverished village ... help hard-working people in their fight for dignity .. �turn despair into hope for a 
child who has known only disaster. Fifty-two cents may not buy much where you live. But for the poorest 
of the poor where the need is so desperate, it can work miracles. SA 10/7 

My Name Is 
(please print) 

Address ______________________________________________________________ __ 

City _________________________ State _____________________ Zip __________ _ 

Tell us how you want to help, by answering these questions: 
1. What kind of child would 

you like to help? 
o Boy 0 Girl 0 No preference 

2. What geographical area are you 
interested in? 
Urgent need exists in all the areas listed below, especially 
overseas. If you have a strong preference for a particular 
location, check the area of your choice. If not, won't you 
please let us assign a child where the need is greatest? 

o Certainly. Choose a child for me in an area 
of greatest need. 

I strongly 0 Dominican 0 Inner Cities (U.S.) prefer: Republic 0 Israel 
o Appalachia 0 Honduras 0 Korea 

(U.S.) 0 Indian (Latin 0 Lebanon 
o Bangladesh America) 0 Mexico 
o Chicano (U.S.) 0 Indian (U.S.) 0 Rural South (U.S.) 
o Colombia 0 Indonesia 0 Upper Volta 

3. Would you like a picture of your 
sponsored child? 
Shortly after we select a child for you, we can 
send you a photograph and brief personal 
history, if you desire. 

DYes oNo 

4. Would you like to exchange 
correspondence? 
If desired, correspondence can 
build a meaningful one-to-one 
relationship and provide a unique 
educational experience for the 
sponsored child. In areas where 
illiteracy is high, a village 
representative will keep you 
informed of the progress your 
child is making. Translat1ons, 
where necessary, are 
supplied by Save the 
Children. 

DYes oNo 

5. Would you like information about 
the child's community? 
Several times a year you can receive detailed reports on 
the activities and projects being undertaken in the com­
munity to benefit your sponsored child. These community 
reports show how your money is being used most effec­
tively for permanent improvements to the child's 
environment-for health care, education, food produc­
tion, nutrition, and community training. Would you like to 
receive such information? 

DYes 0 No 

6. How do you wish to send your 
sponsorship contribution? 
Enclosed is my check for $"'---____ _ 
o Monthly, $16 o Semi-annually, $96 
o Quarterly, $48 o Annually, $192 

7. Do you wish verification of 
Save the Children credentials? 
Save the Children is indeed proud of the handling of its 

funds. Based on last year's audit, an exceptionally 
large percentage (78.1 %) of each dollar spent 

was used for program services and direct aid 
to children and their communities. Due to 

volunteered labor and materials, your do­
nation provides your sponsored child 
with benefits worth many times your total 

gift. Would you like to receive an in-
formative Annual Report (including 

a summary financial statement)? 

DYes 0 No 
(A complete audit statement is avail· 
able upon request.) 
8. Would you rather 

make a contribu­
tion than become a 
sponsor at this 
time? 

o Yes, enclosed is my 
contribution of ... $ ------

o I'm not ready to make a 
commitment at this time. 
Please send me additional 
information. 

® 
50 ¥\Cjlton Road,Westpo.rt, 

YMENTS AND CONTRIBuTlf),NS ARE U.S. INCOME TAX DEDUCTIBLE 
Estaolished 1932. The 

I 
I 
I 
I 

I 

L ______ _ 

agency. Member of the American Council of Voluntary Agencies for Foreign Service. 
photo: Judge Bentley Kassal I ---�-----------------� 
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The roomy 1978 Ford LTD. 
It could be just the car your family needs. 

FORD Anyone who needs 
the roominess and 
comfort of a family-:e= 

w ��� 
size car should con­

Ford puts � on wheels. 
sider the 1978 rord 

LTD. Here are three good reasons why: 

6-passenger comfort 

You've come to expect luxury from 
the 6-passenger Ford LTD. And the 
1978 Ford LTD is no exception. You'n 
find luxury details everywhere. 

Then try the LTD ride with its wide 
stance-and luxurious stretch-out space 
for six! There's more hip-and-shoulder 
room than in Chevrolet Impala and 
Chevrolet Caprice Classic. 

Roomier trunk 

What 's more , Ford LTD once again 
has a roomier trunk than a Chevrolet 
Impala or Caprice. It's a spacious deep­
wen trunk that accommodates eight 
pieces of luggage (including four men's 
2-suiters) and two sets of golf clubs! 

Greater rated towing capacity 
For those who do heavy towing, 

here's good news: Ford LTD with the 
optional towing package has a rated 
towing capacity of 7,000 pounds-l,OOO 
pounds more than Chevrolet. 

So this year more than ever, con­
sider a Ford LTD _ You can put more into 
it, and get more out of it. 
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DEWAR'S®PROFILES 
(Pronounced Do-ers "White Label") 

JIM SIMON 
HOME: North Hollywood, California 

AGE: 30 

PROFESSION: Film animation producer, 
director and designer 

HOBBIES: Music, painting, handball. 

MOST MEMORABLE BOOK: "The Hobbit" 
by J.R.R. Tolkien 

LATEST ACCOMPLISHMENT: Winning 
the U.S.A. Film Festival Award for "The 
Strike," a five-minute animated film produced 
for the Black Psychiatrists of America. 

QUOTE: "Animation is a great deal more than 
funny characters. Because of its unique ability 
to bridge the gap between fantasy and reality, 
its potential is, in many ways, almost limitless." 

PROFILE: Outgoing and genuinely friendly. 
Has an infectious enthusiasm for being alive, 
which he injects into the outrageous 
characters he creates. 

SCOTCH: Dewar's "White Label� 

BLENDED SCOTCH WHISKY' 86.8 PROOF' © SCHENLEY IMPORTS CO .• N.Y .• N. Y. 
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