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New Ford Landau 4- Pillared Hardtop shown with optional Landau Luxury fender skirts and electric rear window defroster. 

Ford introduces two new 
luxurious standar�size cars. 

So wel�made, 
Ford challenges you 

to look dose and compare. 
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1975 Ford LTD Landau. 
A logical alternative to longer, 
heavier, more expensive cars 
like Buick Electra Limited and 
Oldsmobile 98 Regency. 
We think that if you'll not only compare the 
workmanship in this new automobile but 
also compare it for size, comfort and luxury, 
you'll find that you can get features you 
want from more expensive luxury cars at a 
sticker price that's hundreds of dollars less. 

Of course, the main thing you don't get 
is hundreds of pounds of extra weight and 
almost a foot of extra length. 

1975 Ford LTD. 
Traditional LTD quality, 
value priced. 
"LTD Quality" is synonymous with a well
made, comfortable, full-size car. For 1975, 
the newly styled Ford LTD comes to you as 
the lowest-priced full-size Ford while re
taining a high level of LTD quality. 

Consider LTD's reputation for quiet ride. 
Consider its resale value. Consider its steel
belted radials and solid-state ignition. Con
sider the peace of mind you get from its 
solid construction. 

Designed and sticker-priced as it is, we 
think, it offers a great opportunity to buy a 
lot of automobile at a value price. 

In addition to LTD's standard equipment, 
here are the features that make LTD Landau so special. 

Compare them with more expensive cars. 
Exterior features 
• Hidden head lamps for distinctive styling 
• Wide color-keyed vinyl protective side molding 
• Front cornering lamps for improved side 

illumination. 

Interior comfort and convenience 
• Flight bench seat (with front center armrest) 
• Lush knit cloth and vinyl trim 
• Padded door panels 
• Color-keyed cut-pile carpeting 
• Right and left hand remore control mirrors 

for better visibility 
• Automatic parking brake release 
• Eleccric trunk lid release. 

What you get for your money. 
An impressive list of standard equipment 
and features. 
For basic value 
• Select Shift Cruise-O-Matic transmission 
• 351 ClD V-8 engine 
• Power steering 
• Power front disc brakes 
• Power ventilation 
For economy of operation 
• Solid-state ignition 
• Steel-belted radials 
For luxury details that make 
an LID an LID 
• Brocade cloth upholstery trim 
• Color-keyed cut-pile carpeting 
• And more. 

Landau Luxury Group option 
For those who want the little bit extra in comfort 
and convenience: 

• Split bench seat ,vith passenger recliner 

• Upholstery in new tWo nylon luxury cloth 
that feels and looks like cashmere. 

• 22 oz. shag carpeting. stylish and soil resistant 

• Front and rear door armrests 

• Front and rear door pull straps. 
front seat-back assist straps 
for easy access and exit 

• Quartz crystal digital clock for precise accuracy 

• And more. 

Everyonesaysconapare, 
we tell you how. 
The Ford "Closer You Look Book" (avail
able at your Ford Dealer) tells you how 
and what to look for in a _--'" 

well-made, durable car. And C�R whether you examine the .m standard LTD, the LTD I.AAJl'. 

Brougham or the luxurious � 
LTD Landau, we think you'll ...... -� 

f· d h T�'C':d� 
m a car t at measures up .�;:� 

in workmanship and detail. '----' 

FORD LTD 
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Freedom 
for the 
Press. 

American 

newspapers 

have long 

bee n c aug h t The Harris 2500 Newspaper System and Phototypesetters 

between 19th century production methods and 

20th century costs. Now, Harris electronic video 

typewriters, editing terminals, 

and high-speed phototypesetters 

are helping to set them free. 

Write: Harris Corporation, 

55 Public Square, Cleveland, Ohio 44113 

COMMUNICATIONS AND 

INFORMATION HANDLING 
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Numerous experiments suggest that it is even less reliable than one might expect. 
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WINE TALK 
by Austin, Nichols 

The white w ine of Chateau Olivier 
confirms the report of Thomas 
Jefferson. 

While serving as American Minister 
to France, Jefferson wrote, "the white 
wines of Graves are most esteemed at 
Bordeaux:' And now, as then, Graves is 
famous for the white wines produced 
from its gravelly soil (graves means 
gravel). 

But at Austin, NichDls, we know that 
even a centuries-old reputation cannot 
guarantee a fine wine. That's why we al
ways make sure a wine deserves its 
reputation, by tasting and then re-tast
ing every vintage. 

And in our view, one of the finest 
chateaux in Graves is Chateau Olivier, 
shipped by the distinguished Esche
nauer firm. Olivier's dry, soft and fruity 
white wine is justly renowned. 

Exceptional wine values such as 
Olivier white will always be "most es
teemed" at Austin, Nichols. That is 
what has made us the leading importer 
of fine chateaux wines from Bordeaux. 

· �OJ.:IV!![ 
1909 
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THE COVER 

The painting on the cover portrays a "hang" glider, which enables its pilot 
to fly with artificial wings, as Icarus did, but to do so with considerably 
more satisfactory results. (Icarus flew too close to the sun, so that the wax 
in the wings of his craft melted and he plunged to his death in the sea.) The 
craft on the cover was designed and built by Michael A. Markowski, an 
aerospace engineer of Marlboro, Mass. (see "The Amateur Scientist," page 
138) . Its principal features are a specially designed wing made of Dacron, 
a tubular aluminum frame, a control bar in the shape of an inverted Y and 
the harness from which the pilot hangs. On a typical flight the pilot takes 
off by running down a slope into the wind. With suitable wind conditions 
and sufficient flying skill he can stay aloft for a considerable period of time, 
making turns of as much as 180 degrees. The craft is named EAGLE-ill. 

TIlE ILLUSTRATIONS 

Cover painting by Ted Lodigensky 
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What would you do . 

with a Statistics and Number-Crunching Computer 
that starts at $�400; has 16K Hardwired Basic Language 

and 28 Major Peripherals? 

The new Wang System 2200 is a System. 
It gives you the raw power and the periph
erals you must have for a wide range of 
problem solving. For under $7,.500 you get 
a CPU with 16K bytes of BASIC language 
instructions hardwired into the electron
ics ... plus a 41< operating memory. You 
also get a big 16 lines (of 64 characters 
each) CRT display, a console mag tape 
drive and your choice of either alpha or 
BASIC Keyword keyboards. 

Some Words About Language: The hard
wired MOS ROM language in your Sys
tem 2200 finally ends your dollar trade
offs ... economy systems that are costly to 
program or very expensive systems that are 
relatively easy to program. Many, if not 
most, of your people already know BASIC. 
They'll be solving problems the day your 
system is delivered (and, we can deliver in 
about two weeks). Most of your budget 
will go into problem solving; not system 
support. 

Plenty! 
Try To Out-Grow It: Main memory is 
field expandable in 4K increments (at $1,600 
per 41<). Up to 32K. You can choose from 
three kinds (and 7 price ranges) of print-
ers ... one even has a stepping motor for 
very precise 4-quadrant incremental plot
ting. Speaking of plots, we have a new, 
very large flatbed (31" X 48") for only 
$8,000 or a smaller one if you plot small. 
Both print alphanumerics and plot under 
full program control. Been appalled lately 
by disk prices? Starting at just $4,.500, we 
offer you our new "floppy" disk in single, 
double and triple disk configurations (.25, 
.50 and .75 MB's). For big disk power, you 
can have 1, 2 or 5 megabyte fixed/remov
able disk systems. All peripherals, includ
ing punched or mark sense hopper card 
readers, paper tape readers and on- line 
BCD or A5CII controllers are easily added
on in the field so your System 2200 will 
grow with your needs. 

The Wise Tenninal: If you are now or may 
soon be getting into terminals, we have 
several new products that will instantly up
grade your System 2200 for telecommuni
cations with any other System 2200 or a 
mainframe computer. Md, you still have 
a powerful stand-alone system. Another 
approach, of course, is to justify it as a 
powerful terminal and get a "free" stand
alone computer. Wise? 

We Do A lot For You: System 2200 is 
backed by over 250 factory-trained Wang 
Service Technicians in 105 U.5. cities. 
Naturally, we guarantee or warranty every
thing you buy from us. If you want, there 
are free programming/operating schools 
here in Tewksbury, Massachusetts, almost 
every week. We have a growing program 
library on a wide range of statistics and 
math/science applications. Our user group 
(with the unlikely name of "SWAP") could 
help you cut programming costs even fur
ther. We do a lot for you. 

• All prices U.s. List. If you're the entrepreneur type, we've just announced a new 7-module Basic Accounting System 
software package for the business end of your business like payroll, invoicing, inventory, receivables and some really 
fancy management reports. 

(WANG) 
Even if you call the Wang System 2200 a small system 
• • •  you have to admit it's a big idea. 

o Please send literature 

o Please have your representative phone me: ______ _ 

Name ____________ Title ______ _ 

Company __________________ _ 

Address _________________ ___ 

Gty ______________________________ __ 

State' ________________ ZL.ip, ___ _ 

Wang Laboratories, Inc., SA·12 

836 North St., Tewksbury, Ma. 01876, Tel. (617) 851-4111 
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MONSANTO REPORT NO. 4 ON CURRENT TECHNOLOGY 

SANTOTRAC: 
the new synthetic lubricant 
that increases traction 

coefficients 350/0-500/0. 

X
tute mechanical engineers are 

warming up their pocket cal
culators and ticking off com

puter runs to take a fresh 'look at 
power transmission and control with 
traction drives. Something new has 
entered the picture: an odd-ball cyclo
aliphatic molecule. It is an excellent 
lubricant - with grip. Patented by 
Monsanto and trademarked Santotrac� 
it gives lubrication a new dimension. 
It's a unique engineering tool that is 
putting a new gleam in the eye of 
design engineers. And forming storm 
clouds on the horizons of variable 
speed electric motors, complex gear 
boxes and conventional hydraulic 
drives. Because it's a lubricant with 
grip it makes traction drives work 
better, longer, and handle high loads 
never before possible. 

Traction Drives -
Virtues & Problems 

Early in any first course on power 
transmission devices, a budding 
machinery engineer is introduced to 
traction drives. Basically, they transmit 
power between two (or more) - driv
ing and driven - smooth rolling sur
faces. These rolling elements are held 
in contact by a force exerted normal 
to the relatively miniscule area of 
contact. The greater the traction at 
that point of rolling contact, the higher 
the power transfer efficiency. Ob
viously, metal-to-metal contact is ver-' 
boten. Lubrication is essential. So the 
power transmitted from the driver 

6 

roller to the driven boils down to: 
how much force can be applied at the 
point of contact and how does the 
lubricant there handle its job. It must 
protect the metal, fight slip, and not 
come' apart under the heat and 
pressure. 

A baker's dozen of ingenuous de
signs have been invented to step-up, 
step-down transmitted power and 
speed, but the basic elements of a 
traction drive are shown in the illustra
tion. 

Normal Force 

.. 

Restriction 

The basic elements of a traction drive. 
The principle of the driving force trans
mitted through smooth contact with 
driven elements prevail in all geometries 

for fixed or variable speeds. 

The virtues of traction drives are 
many: stepless, continuous speed 
changes made at full load: precise 
speed settings that change negligibly 
with load variations and take little 
power to change, plus rapid speed 
shifts limited only by external inertial 
loads. Add to these, noiseless opera
tion even at rolling speeds over 500 ft. 
per sec., and lower cost with com
ponents cheaper than complex gears. 
The uninitiate's first idea pops: ideal 
for automobiles! But the mechanical 
engineer sees much farther: textile 
machinery drives, variable load com
pressors, printing presses, shoe 
machinery . . .  In fact, traction drives 
are contenders for an y power system 
that requires varying levels of speed 
or torque power. 

But there's an IF. The if, up to 
now, has been the lubricant at the 
driver-driven contact point. 

'Santotrac' Works Here 

Glance at the arrow tagged Normal 
Force in the schematic illustration, 
the pressure that holds the driver 
against the drivee. The greater this 
force, the higher the efficiency in 
passing on the power. Obviously, to 
forestall wear and metal fatigue, the 
contact point cannot be metal-to-metal, 
nor pressured high enough to cause 
plastic flow. This contact point must 
be lubricated, and there's the rub
or lack of it. The slip and wear at 
this contact point is the stumbling 
block. Up to now, it hobbled wide-
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spread use of traction drives. What's 
needed at that tiny, hot, high pressure, 
enormous shear-stress point is a lubri
cant that doesn't slip! - a protective, 
high-strength film with drag. To up 
the power transmission efficiency, the 
contact point must have a film that 
tremendous pressure (Hertz Stress) 
cannot rupture, high shear can't de
grade, intense heat won't decompose. 

Enter Santotrac. 
Up to this point, the best traction 

drive lubricants were naphthenic oils. 
The traction coefficient was 5.5 to 
6.5%. Santotrac weighed in offering a 
traction coefficient of 9.6% or higher! 
Right off, this meant a power trans
mission boost for any existing traction 
drive on the order of 40 to 80%. 
Moreover, the pure and stable syn
thetic hydrocarbon shrugs off heat, 
works at 300°F, and takes tempera
tures that start carbonization in most 
petroleum stocks. 

'Santotrac' Becomes 

A Transitory Solid 

To mechanical engineers, the physi
cal phenomenon of the Santotrac lubri
cant's action at a rolling point of con
tact, figuratively speaking, is nothing 
less than mouth-watering. The higher 
the pressure, the more viscous the fluid 
film becomes. At pressures in the range 
of 200 to 400,000 psi - the film vir
tually turns into a glassy solid! But 
only for the fleeting millionth-of-a
second under pressure. Then it in
stantly reverts to its normal viscosity 
at that particular temperature. There 
appears to be no practical limit to the 
contact pressure it withstands or re
sistance to degradation from shear 
stress. Tests show the film still sep
arates metal-to-metal contact and 
maintains its integrity at 500,000 psi. 
And piling-it-on performance-wise, de
spite giving excellent lubrication the 
traction coefficient of Santotrac drops 
negligibly at rolling speeds between 
I to 10,000 ft./min. The relative 
slip with Santotrac compared to 
mineral oils is in the range 50 to 75% 
less at a given torque transmission. 
In a ball and disk traction drive with 
two rolling surfaces operating at an 
output torque of 10 ft./lbs. - the total 
slip through the transmission using a 
standard naphthenic oil is 4.0%; with 
Santotrac 50, slip drops to 1.0%. To 
quantify this improved margin - when 
slip between individual rolling con
tact surfaces exceeds about 2%, the 

driven member grinds to a halt. 
The horizon this performance opens 

before machinery designers is a glow
ing blue indeed. Long-wearing trac
tion drives can now be built to attain 
power transmission efficiencies in the 
range of 85 to 95%. Noiseless traction 
drives can offer higher shaft speeds 
that are immune to shock, with mo
mentary overloads absorbed by slip. 
In short, the continuous power flow 
of the more efficient traction drive can 
provide the best match of torque/ 
speed requirements for turbine and 
rotary engine power sources. It is this 
happy marriage that promises a gear
less car-of-the-future. 

Smaller, Quieter, Cheaper 

The size of a traction drive is in
versely proportional to the traction 
coefficient. As traction coefficient goes 
up, size can come down . While a 
multitude of new designs will doubt

·less evolve to supplant variable-speed 
electric motors; gear-, chain-, and belt 
drives; and fluid power trains - the 
odd-ball molecule can add 50 to 100% 
more load capacity to traction drives 
currently operating. Plus greater power 
transmission efficiency and longer wear 
life. The basic compound is non
corrosive to metal, compatible with 
paints and seals. It has been formu
lated to three levels of liquid viscosity 
and to a high temperature and multi
purpose NLGI # 2 grease (with a 
traction coefficient of 11.5%). 

Excluding traction drives, the po
tential value in lubricating a variety 
of other equipment with Santotrac
from railroad car journal boxes to 
factory machinery running on ball- or 
roller bearings - is intriguing. All 
rolling contact components have a use
life limited by fatigue failure. Micro
scopic cracks are the precursor of 
break-down from cyclic stressing of 
the contact areas. In laboratory wear 
tests, Santotrac delivers a bearing 
wear-life approximately double that of 
other lubricants of like viscosity. 
Monsanto researchers hypothesize this 
as the reason: the chameleon lubri
cant must fill the high stress, hairline 
cracks, solidify under the high con
tact pressure and inhibit the crack 
propagation. That could explain why 
bearings last twice as long. 

As with any multi-faceted tech
nological development - commercial 
evaluation is a trackless forest. The 
fluid grip, the lubrication values, 

and bearing preservation of Santotrac 
lubricants are significant in thousands 
of applications, in scores of industries. 
They increase coefficient of friction in 
clutch packs and one-way roller 
clutches, raise the load capacity and 
extend wear life of linear ball bear
ings, improve performance of high
force positive roller feeds on machine 
Jool drives. As a wire rope lubricant, 
they even reduce slip on elevator 
drives. 

Santotrac is not cheap - but as a 
life-time single fill or the missing ele
ment that permits an engineering 

Hydrodynamic I [laSlo-hydrodynamic Boundary 
lubrication I lubricatIOn lubncahon 

I 
��g:s��tlrr��':�h��:e 

more power I sa1\\Q\(at 
conladpressure • 

..... � 
q 

I � I petroleum oil ,g 
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advance it is a bargain. A relatively 
high cost per pound lubricant is 
positively prudent when weighed eco
nomically against the alternatives. 

The application range for the 
lubricant-with-grip is wide indeed. 
For more idea-generating information 
and specific data, request a copy of 
our new bulletin: Santotrac Lubricants. 

To receive a copy of Santotrac 
Lubricants, address inquiries to: 

F. H. Langenfeld 
Monsanto Co. 
800 N. Lindbergh Blvd. 
St. Louis, Missouri 63166 

Telephone: (314) 694-2523 

tHMonsanto 
e sCience 
company. 

7 

© 1974 SCIENTIFIC AMERICAN, INC



Problems can be 
opportunities in disguise. 

The twin dilemmas of energy and the 
environment may, in the long run, provide man with 
his best chance to reassess some old assumptions and 
reorder his priorities for a safer, more pleasant life. 

Even before these problems reached crisis 
proportions, Chiyoda-Japan's leading engineering 
firm-was developing technology that will help ensure 
both environmental integrity and efficient energy 
production. 

For example, to minimize air pollution and 
alleviate the shortage of low-sulfur fuels, Chiyoda has 
built about half the fuel oil desulfurizers in Japan. 
We've developed an indoor fume con troller to collect 
the most harmful fume, consisting of particles of less 
than 3.0 microns. And we've introduced the Chiyoda 
THOROUGHBRED series of pollution control systems: 
new processes for flue gas desulfurization, the 
simultaneous removal of sulfur dioxide and nitrogen 
oxides, and waste water treatment. 

These days "technology assessment" has become 
a fashionable expression. In our fields, we've been 
practicing it for years. 

RESPONSIBLE, GLOBAL ENGINEERING � CHIVODA CHEMICAL ENGINEERING 
Yokohama, Japan. T�I:xONS���;�IONJ��'i;�· 

Overseas Offices: U.S.A.: Chiyoda International Corporation 1300 Park Place Building, 1200 6th Ave., Seattle. Wash. 98101 England: Chiyoda Representative 
Office 16th Floor. St. Alphage House, Fore Street, London E.C. 2 Singapore: Chlyoda Singapore (Pte.) Ltd. a·E, Chia Ping Road, Jurong Town, Singapore 22 
Iran: Chiyoda Iran Co. (Private) No. 56 Takhte Jamshid Avenue, Teheran 
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LETTERS 
Sirs; 

Urie Bronfenbrenner, in his article 
"The Origins of Alienation" [SCIENTIFIC 
AMERICAN, August], states that today 
the number of children living in single
parent homes is almost twice as many as 
a decade ago, and that the number of 
working mothers has increased so much 
that a third of the mothers of preschool 
children are now employed outside the 
home. He appears to attribute the aliena
tion of our young people to their lessened 
contact with their parents, or any other 
Significant adult. 

However, the evidence of this aliena
tion which he cites in the article, namely 
the significant increase in the arrest rate 
amongst teenagers for drug abuse and 
for juvenile delinquency is based on sta
tistics on the young people who were 
preschoolers a decade ago or more. 
Many of these young people were born 
during the postwar baby boom of the 
1950's to two-parent families where the 
mother was a full-time homemaker. 

Also the experience of the kibbutzim 
in Israel, where children are raised in 
community nursery schools that are more 
isolated from their parents than in this 
country indicates there is less rather than 
more juvenile delinquency. The prob
lems with drugs that occur in Israel are 
usually with young people from other 
countries. 

BETTY SIEGEL 

Detroit 

Sirs; 
Dr. Bronfenbrenner explores changes 

that have taken place in the American 
family, without recognizing the most dis
ruptive force present in the home; tele
vision. He refers to it only in the context 
of physical environment. 

The causes of juvenile delinquency 
remained fairly constant until this pow
erful new medium was introduced into 
American homes. Because "of the em
phaSis on crime, television has become a 
prime cause of the enormous increase in 
juvenile delinquency and crime .... 

To "rebuild and revitalize the social 
context" requires that we stop permitting 
the constant image of violence that is 
before our children's eyes. Since it is un
realistic to expect parents, themselves 
unaware or absent, to turn off the sets, 

the broadcasters of crime for entertain
ment must be pressured to stop their mis
use of the public airwaves. This will hap
pen faster if people like Dr. Bronfen
brenner, who study the results and 
seflrch for causes, will sit down for a few 
days and watch the images that are 
brainwashing the children .... 

ELIZABETH LIVINGSTON 

Fort Myers, Fla. 

Sirs; 
Urie Bronfenbrenner's article is an 

absurd example of historical ignorance. 
Anyone who has read Dickens-not to 
mention Mayhew or Victor Moberg
knows that the material, social and psy
chological condition of the poor has im
proved immensely in the last 100 years 
in America. 

I do not wish to suggest that we live 
in Utopia and, in fact, strongly favor at
tempts to improve the quality of life 
from its present often unsatisfactory 
state. But please, let us not distort the 
case! This is not the Apocalypse. 

BRUCIA WITTHOFT 

Framingham State College 
Framingham, Mass. 

Sirs; 
Ms. Siegel appears to assume that 

parental absence affects the child only 
during his early years. Studies of juve
nile delinquency, drug abuse, school 
drop-outs and other forms of alienated 
behavior reveal, however, that a dispro
portionate number of teenagers engag
ing in such acts come from homes in 
which one or the other parent is missing 
or frequently absent during the adoles
cent years. 

At such later ages parental absence is 
even more pronounced than in the pre
school years. Thus in 1973, compared to 
12 percent for youngsters under six, 15 
percent of all family-reared children be
tween six and 18 were living in single
parent families. According to figures re
leased after my article went to press, by 
1974 the percentage of all children un
der 18 raised by only one parent reached 
an all-time high of 16 percent (one out of 
every six children), and the gain over the 
past four years was twice that for the en
tire preceding decade (1960-1970). With 
respect to Ms. Siegel's second point, the 
popular impression that children in the 
kibbutz are not raised by their parents 
and have minimal contact with them is 

Tell her 
you love her. 

Everyday. 
An enduring reminder. 

Lady Sheaffer'!1 
as precious as it is practical. 

The "Ladv Sheaffer" collection 
of high fashion gifts. 
Give her a keepsake. 

From $5.00. 
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western Electric 
Reports: 
Laser drilling. 
We do it 
with mirrors. 

T
hin-film circuit boards in high capacity 
telephone transmission systems often 
require hundreds of connections to 

power and ground sources. 
Plated through-holes have proven an 

efficient way to make these connections. Coated 
with conducting material, they connect the 
circuitry carried on one side of a ceramic substra�te�;;;;;;;;;;;;;;;1S;;;;�;;�::i� 
with power and ground on the other side. 

These holes could be punched in the 
ceramic before it is fired. But shrinkage 
during firing can move the positions of the holes. 

And because of component density, the 
precise placement of each hole is critical. 
It can't be more than two mils off. 

Eng ineers at Western Electric's Merrimack 
Valley Works in Massachusetts recently 
developed a high-speed method of drilling 
these holes after firing by using a 
conventional C02 laser. 

A complex of mirrors on an x-y 
positioning table is shifted to play the laser 
beam across a stationary ceramic substrate 
in a predetermined pattern. The mirrors direct 
the beam from the laser head enclosure to the 
positioning table and manipulate it in the 
x-y axes. An optical drilling head coupled 
to the table focuses the beam onto the 
ceramic. The system is controlled by a mini 
computer coupled with an automatic 
send-receive terminal. Pattern storage 
on a cassette tape allows easy 
changeover and storage. 

Benefit: Laser drilling of ceramic 
substrates after firing has greatly 
improved positioning accuracy of 
plated through-holes. And computer 
controlled laser drilling has 

Laser drilled 
through-holes 

doubled the production rate over 
conventional laser systems-
up to five holes a second in 

supply power 
and ground 

to active devices 
on completed 

hybrid integrated 
circuit. 

FOCUSED 
LASER 
BEAM 

t 

closely spaced patterns. 

@ 

Coaxial air flow in 
optical drilling 
head protects 

focusing lens. 
cools substrate 

and aids exhaust. 

Western Electric 
We make things that bring people closer. 
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LASER 

X-y positioning table 
is isolated from work 

area and kept under 
positive pressure 

to avoid contamination 
by abrasive 

ceramic waste. 

OPTICAL 
DRILLING HEAD 
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grossly in error. The importance accord
ed to the parental role is reflected in the 
fact that on the kibbutz all work stops in 
the late afternoon to enable parents to 
be at home in order to engage in activi
ties with their children. Children are also 
frequently involved with their parents 
and other adults as they visit and take 
active part in the work of the kibbutz. 

The effect of such living patterns is 
reflected in systematic research. For ex
ample, for the past four years, together 
with colleagues at Cornell University 
and the University of Tel Aviv, I have 
been conducting a research project com
paring child-rearing among kibbutz and 
conventional families in Israel. In a large 
sample of 12-year-olds, kibbutz young
sters rep9rted spending an average of 
two hours a day in some activity with 
both of their parents, a figure about 
equal to that for home-reared children 
in Israel and appreciably higher than the 
average for their American age-mates. 

Ms. Siegel is correct in saying that 
there is less juvenile delinquency and 
drug use in Israel than in the U.S., and 
our results suggest that greater contact 
with parents and other adults in the for
mer setting may be one of the factors 
contributing to this difference. 

In reply to Ms. Livingston's letter, I 
would agree that the growth of television 
has contributed significantly to changes 
in American family life and has become 
a major "disruptive force present in the 
home," but for reasons that go beyond 
the impact of television violence. In an 
earlier version of my article I had includ
ed the following passage: 

"And even when the parent is at 
home, a compelling force cuts off com
munication and response among the fam
ily members. Like the sorcerer of old, the 
television set casts its magic spell, freez
ing speech and action and turning the 
living into silent statues so long as the 
enchantment lasts. For example, one 
study reports that 78 percent of viewers 
indicated no conversation while the set 
was on (except briefly during commer
cials). The primary danger of the televi
sion screen lies not so much in the be
havior it produces as the behavior it pre
vents-the talks, the games, the family 
festivities and arguments through which 
much of the child's learning takes place 
and his character is formed. Turning on 
the television set can turn off the process 
that transforms children into people." 

In response to Ms. Witthoft's letter, as 
one who has read Dickens but not Victor 
Moberg or Mayhew (three volumes was 
too much), I call on Mr. Bumble as a 
witness. Oliver has just escaped the 
workhouse and its starvation diet to be-

come an apprentice to Mr. Sowerberry, 
the coffinmaker. He now has something 
to eat, but, exploited and abused, he 
fights back in revolt. 

"'Oh, you know, Mr. Bumble, he must 
be mad: said Mrs. Sowerberry. 

"'It's not Madness, Ma'm: replied Mr. 
Bumble, after a few moments of deep 
meditation. 'It's Meat.' 

" 'What?' exclaimed Mrs. Sowerberry. 
"'Meat, M'am, meat: replied Bumble, 

with stern emphasis. 'You've overfed 
him, Ma'm. You've raised a artificial 
soul and spirit in him, Ma'm, unbecom
ing a person of his condition. . .. What 
have paupers to do with soul or spirit? 
It's quite enough that we let 'em have 
live bodies. If you had kept the boy on 
gruel, Ma'm, this would never have hap
pened.' 

" 'Dear, dear!' ejaculated Mrs. Sower
berry, piously raising her eyes to the 
kitchen ceiling: 'This comes of being 
liberal!' " 

I plead guilty to the charge. 

URIE BRONFENBRENNER 

Cornell University 
Ithaca, N.Y. 

Scientific American, December. 1974; Vol. 231. 
No.6. Published monthly by Scientific American, 
Inco, 415 Madison Avenue, New York, N.Y. 10017; 
Gerard Pie!, president; Dennis Flaungau. vice· 
president; Donald H. Miller, Jr., vice· president 
and secretary; George S. Conn, treasurer; Arlene 
Wright, assistant treasurer. 

Editorial correspondence should be addressed to 
The Editors, SCIENTIFIC AMERICAN. 415 Madisoll 
Avenue, New York. N.Y. }0017. Manuscripts arc 
submitted at the author's risk and will 1I0t be 
returned unless accompanied by postage. 

Advertising correspondence should he addressed 
to Harry T. Morris. Advertising Director, SCIEN
TIFIC AMERICAN, 415 Madison Avenue. New York. 
N.Y. 10017. 

Offprint correspondence and orders shouJd hI' 
addressed to W _ H. Freeman and Company, 660 
Market Street, San Francisco. Calif. 94104. For 
each offprint ordered please enclose 30 cents. 

Change of address (or other subscription cor· 
respondence) should be addressed to Circulation 
Manager, SCIENTIFIC AMERICAN, 415 Madison 
Avenue, New York, N.Y. 10017. Please notify us 
four weeks in advance of change. If possible, 
kindly furnish an address imprint from n recent 
issue. Send both old and new addresses or com
plete and mail Post Office Form 3578. 

o Please enter change of address. 

o Please enter subscription. 
U.S. and Canada: 

01 year, 812 02 years, 822 03 years, S30 
All other countries: 

01 year, SIS 02 years, 827 03 years, 537 

NAME 

NEW ADDRESS 

OLD ADDRESS 

O 
Not just practical. but 
a truly luxurious ball
point for a gift - $8.00 

to $28.00. The Bal/pix proudly 
carries the Montblanc emblem 
made world famous by the 
Diplomat and Masterpiece 
fountain pens priced from 

$19.00 to $92.00. 

Weighted for proper balance 
for easy, tireless writing. You 
must try the pen to appreciate 
this. 

Lever in clip automatically 
retracts ballpoint when 
inserted in pocket. 

Deep-cut fluted design (illus
trated) or matte finish. In 
chrome, rhodium or gold plate; 
also matte-black finish models 
with brushed chrome or gold 
plated ferrule and clip. 

Giant ink cartridge, almost V. " 
diameter, writes many times 
longer than conventional 
cartridges. Refill cartridge 
only $1.45. 

Tungsten carbide ballpoint. 
Smooth-gliding, even flowing. 

All in exquisite gift boxes. 

�OHTO IiBLAHCII -
a piX 

At your favorite store or pen shop. 
Or write for names of retailers in 
your area who feature Montblanc 
prestige writing instruments. 

Koh-I-Noor Rapidograph, Inc., 
202 North St., Bloomsbury, 
New Jersey 08804. 
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For good reason, 
Atnerica has rediscovered 

the six-cylinder engine. 
Introducing the ne\V 280S Sedan. 

Possibly your best reason to discover 
Mercedes--Benz. 

Now Mercedes�Benz adds a subtle new dimension 
to 6�cy1inder efficiency and economy with the new 280S. 

Discover everything this car has to offer 
and you may well decide that here is the Mercedes� Benz 

you've been waiting for. 
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To start with the obvious, con
sider the engine. It's a double 

overhead camshaft six, with a tran
sistorized ignition system and a 
Solex compound carburetor. That 
engineering bulletin translates into 
the following: 

• An overhead camshaft config
uration is a sophisticated design 
which requires fewer moving parts 
and allows more precise valve op_· 
eration than traditional engines. 
Result: Better durability and 
smoother performance. 

• The transistorized ignition sys
tem helps reduce stress and wear 
on contact breaker points. Result: 
Better starting performance. 

• The compound carburetor pro
vides two-stage optimum fuel/air 
mixture at all speeds. Result: Good 
fuel mileage. 

This efficient power plant is 
complemented by a 4-speed auto
matic transmission with torque 
converter-and by an aerodynam
ic silhouette and steel-belted radial 
tires. 

Lessons from a classic 
In every detail save power train, the 
new 280S is the direct descendant 
of the now classic 450SE Sedans. 

The eXClmples abound: Suspen
sion is fully independent. Handling 

The Mercede.\-Ben� cirJ1<!Jle otICrhead calm/wft 
six. Efficienr /Jower {){ant of the new 280:;, 

is simply superb, with extraordinary 
directional stability. You get quick 
response and surefooted road feel. 
You are in control-and you know 
that you are. 

The power-assisted disc brakes 
on all four wheels sweep an area of 
451 square inches. You . stop again 
and again smoothly, securely and 
without disconcerting fade. 

The all-welded, unitized body 
is almost rattle-proof. And enor
mously strong. The roof alone can 
stand up to five tons of pressure. 

The complete sedan 
The 280S is fully equipped. Quite 
I iterally, it's a com/)iete automobile. 

A full list of the features of the 
280S is nothing short of an engi
neering tour de force. Key among 

these features: Self-clearing side 
windows and rear lights. Cruise 
control. Closed-circuit fuel system 
to avoid fuel evaporation. A cen
tral locking system that, at the tum 
of a key, locks all four doors ... and 
the trunk.. .and the gas filler port. 
Anatomically designed seats. A 
multipurpose lever that lets you 
control the tum signals ... and high 
and low beams .. . ancl the wind
shield wipers all without taking a 
hand off the wheel. 

Safety first 

The total Mercedes-Benz commit.
ment to safety is abundantly evi
dent in the new 280S. The safety 
elements designed into the 280S 
represent the latest Mercedes-Benz 
technology. They derive from dec
ades of meticl1lous research and 
development. 

By any measurement-effi
ciency, safety, craftsmanship, 6-cyl
inder economy -the new 280S is a 
car well worth your close attention. 

Contact your local 
Mercedes-Benz Dealer 
and schedule a test 
drive today. 

Mercedes ... Benz 
Engineered like no other car 

in the world. 

Significant safety developments in the 280S. All are standard equipment. 
1. Crushable extremities/rigid 

passenger cell 
2. Collapsible steering column 
3. Variable ratio, servo-assisted 

steering 
4. Steering box location 
5. Safety steering wheel 
6. Deformable steering hub 

7. Articulated windshield wipers 
8. Double overhead camshaft 

engine, 4-speed auto-transmission 
9. Halogen fog lights 

10. All-welded construction 
11. Aerodynamic rain channels 
12. 4-wheel disc brakes 
1 3. Radial tires 

14. Zero steering offset 
15. Independent suspension 
16. Steel-encased fuel tank 
17. Side safety filler neck 
18. Self-clearing rear glass 
19. Safety cone door locks 
20. Fully padded interior 
21. Self-clearing rear lights 
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50 AND 100 
YEARS AGO 

DECEMBER, 1924: "There is suspi
cion that our resources of coal and oil are 
being wasted, that their exhaustion is no 
more than around the corner of the next 
century, and that our civilization is 
threatened, in consequence, with an ear
ly and disastrous end. There is talk of 
possible power from the waves and the 
winds, and of the stores of power that 
some scientists believe may be obtain
able from the atoms of matter. Before 
considering these alternatives, however, 
we must first take stock of what resources 
we have. That was done during the past 
summer at the World Power Conference 
in London. Hundreds of engineers and 
experts met to report on the power re
sources of their respective countries. The 
conference resulted, among other things, 
in the most complete and accurate sur
vey of world power resources ever made. 
The total coal of the world, for example, 
was found to aggregate 7,397,553,000,-
000 metric tons. At the present rate of 
use this is enough for some 4,000 years. 
Of course, the rate of use is increasing." 

"It is a common charge that American 
aviation, while successful in securing 
speed records and developing fighting 
qualities, has lagged seriously behind 
Europe in the perfection of commercial 
craft. The charge is not really justified. 
At a recent air meet in Dayton, Ohio, 
more than 200 airplanes flew in from 
other airports carrying visitors to the fair. 
There were only two or three forced 
landings. A Stout airplane flew from De
troit with a pilot, mechanic and six pas
sengers. Furthermore, there is no doubt 
that speed records can be still further in
creased. At the beginning of the war the 
maximum speed of airplanes was about 
100 miles per hour; last year at St. Louis, 
Lieutenant AI Williams flew at a speed 
of more than four miles a minute over a 
120-mile course, and records of 300 miles 
per hour or even more seem quite within 
our reach." 

"With the microscopic study of the cell 
and its constituent parts and the redis
covery of Mendel's law in 1900, two for-

14 

merly independent lines of investigation 
have converged strikingly and have rein
forced each other. We now know that 
living cells are not mere drops of jelly; 
each contains a complexity of parts, one 
of which is the easily dyed speck called 
the nucleus. The nucleus in turn contains 
a number of highly important micro
scopic constituents called chromosomes, 
of which each species of plant or animal 
possesses a characteristic number. Al
though the nature and behavior of these 
little chromosome particles are not fully 
understood, it is quite evident that they 
have very much if not everything to do 
with determining the great facts of he
redity." 

"During the past year there ha\'e bcen 
two vigorous attacks on the Einstein 
Theory of Relativity, one by Professor T. 
J. J. See, the other by Professor Charles 
L. Poor. Professor See's attack can be 
easily dismissed. He believes that Ein
stein's mathematical calculations are 
wrong; in fact it is See who is wrong. 
The argument of Professor Poor is a 
much stronger one. He disputes two of 
the famous proofs of the Einstein theory: 
the deviation of light rays that pass closc 
to the sun and the explanation of the 
slight irregularity in the motion of the 
planet Mercury. Professor Poor points 
out that the deviation of light rays past 
the sun is a very difficult matter to mea
sure with accuracy, and that the data 
obtained are susceptible to other inter
pretations. As to the irregularity of Mer
cury, he suggests that it is equally well 
explained by the assumption of some dis
tributed matter in space, an assumption 
for which there is much other evidcnce. 
Neither professor considcrs, howeyer, 
that evidence for the essential correct
ness of the theory lies not only in astron
omy but also in atomic physics, where 
the successes of the thcory sllow its grcat
est strength." 

DECEMBER, 1874: "With regard to 
the constitution of the sun's central core, 
the opinion that now generally prevails, 
though not without some dissent, is that 
it is gaseous. According to the best de
terminations, the sun is about 320,000 
times as heavy as the earth, and a million 
and a quarter times as large; it follows 
that its average density is less than one
fourth that of the earth. It is to be re
membered also that since the force of 
gravity at the sun's surface is 28 times as 
great as on the earth, the effect of the 

weight of the strata near the surface in 
compressing and increasing the density 
of the central parts must be correspond
ingly more powerful. As things stand, 
then, there seems to be no possibility of 
admitting that the substances that com
posc the sun are mainly in the solid or 
liquid state, for in that case the mean 
density must almost necessarily far ex
ceed that of the earth; yet the theory 
that they are in a gaseous state is not 
without difficulties. A few years ago it 
would have been urged with great plau
sibility that under such a pressure as 
must obtain at the center of the sun ev
ery gas would be liquefied. The recent 
researches of Andrews have shown, how
ever, that a vapor or a gas, if above a 
certain critical temperature, refuses to be 
liquefied by any pressure whatever. In
stead it grows denser and denser under 
the pressure, but still retains its gaseous 
characteristics. " 

"The manufacturers of firearms in this 
coun try are as busy as bees in clover 
time. Large orders from foreign govern
ments are now being executed. Turkey is 
having 600,000 of the Peabody-Martini 
rifles made, Prussia lots of guns, Russia 
100,000 of Smith and Wesson's pistols, 
while Spain calls for all that can be made 
of the vVinchester and other breech
loaders." 

"Professor Tyndall has dropped for the 
nonce the role of physicist for that of 
physician, and he deals in a recent pub
lication with the subject of typhoid fever. 
He asserts positively that the weight of 
evidence is in favor of the view that the 
disease, like smallpox, arises wholly from 
contagion, and not spontaneously from 
fecal fermentation. He holds that the 
body is the seat of the development of 
the germ, and that the latter is not origi
nated from noxious effluvia." 

"The new and celebrated painting of 
the 'Roll Call' is now nightly exhibited 
in London to large audiences, by means 
of the oxyhydrogen light, or lime light, 
and all the colors of the picture are 
brought out with marvelous brilliancy, in 
fact with the same perfection as by day
light. The idea of illuminating art gal
leries in the evening by the lime light is 
an excellent one. The yellow color of the 
ordinary gas flame has the effect of re
vealing only a portion of the colors of the 
paintings. The reds and yellows are seen 
well enough, but the blues and greens, 
and their various tints, are sadly distort
ed, and the artistic effect lost. The use of 
the lime light or the electric light obvi
ates such difficulties." 
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The Effects of Ice on Scotch 
How fast a drink of Scotch whisky over rocks loses its flavor depends on 

the proof of the Scotch and the richness of its blend. These two factors are 
optimized for "on the rocks" Scotch drinkers in 90-Proof Famous Grouse, 
a venerable old brand from Scotland only recently introduced to America. 

In countries where Scotch has been 
consumed for centuries, ice and whisky 
rarely mingle. But on this side of the 

Atlantic, the picture is quite different. 
While a small percentage of American 
Scotch drinkers take it neat, better than 

35% drink it "on the rocks." The rest of us 
add varying amounts of water, club soda, 
etcetera. And ice. Always plenty of ice 
- the great American drink requisite. 

It would seem then that the American 
Scotch devotee, particularly our on-the

rocks fancier, has a right to raise a serious 
question: Is the Scotch I drink ideally 

suited to enjoyment over ice? 

Pursuing a Perfect Proof 

Let's turn our attention first to the proof at 
which Scotch whisky is bottled. Consider 
the hypothesis that there is indeed a better 
proof for on·the-rocks Scotch drinking than 
that of the brand you currently favor. 

Practically every Scotch sold in this 
country is bottled at 80, 86, or 86.8 Proof. 
So at the instant you pour Scotch over ice, 
it contains between 40% and 43.4% alco
hol by volume. (Proof is double the per
centage of alcohol. ) The chilling effect of 
the ice is accompanied by dilution. And 
when your drink has been properly cooled 
- in 30 seconds to a minute-you achieve 

what one Scotch connoisseur refers to as 
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DILUTION IlY ICE OF SCOTCH AT 
THREE DIFFERENT PROOFS p2°FI. 
- 80 Proof _ 86.8 Proof _ 90 Proof 

by Allen Mac Kenzie 

"the ideal sip." From then on, the Scotch 
drinker's enjoyment typically runs down
hill, as the drink loses its freshness. 

While there is no way to preserve that 
fresh Scotch flavor indefinitely, we submit 
that you can sustain the freshness sub
stantially longer with 90-Proof Famous 

Grouse. If you have never heard of this 
brand, we are not surprised. It is a well 
established name in Scotland, but only 
recently introduced to America. So far as 
we know, Famous Grouse is the only Scotch 
now available in this country at 90 Proof. 

A Revealing Experiment 

To demonstrate the merits of a slightly 
higher proof, we performed a simple exper
iment: 50 millilitres of Scotch (about 1.7 
ounces) was chilled with 100 cc of ice. The 
ensuing dilutions at 80,86.8 and 90 Proof 
are charted in the graph at left. 

You'll notice that after 15 minutes on 
the rocks, the proof of Famous Grouse is 
diluted to a level which occurs after 121/, 
minutes when the Scotch is 86.8 Proof, 
and after 9 minutes when it is 80 Proof. 
In essence, the Famous Grouse brand has 
remained about 2Y, minutes fresher than 

86.8-Proof Scotch (Interval A on graph), 
6 minutes fresher than 80-Proof Scotch 
(Interval B). If you "nurse" a drink beyond 
15 minutes, the advantages of 90 Proof 
Scotch are even more pronounced. 

Proof. of course, is not the only influ
ence on the flavor of a blended Scotch. 
The proportion of malt to grain whiskies, 

origins of the malts. aging methods - these 

are also important factors determining 
the relative richness of Scotch flavor. 

The makers of Famous Grouse

Matthew Gloag & Son of Perth, Scotland 
-have been producing Scotch in the same 
family [or six generations. And they have 
performed their most noble feat in the rich 
blend they created for Famous Grouse 

Scotch. Its flavor -so remarkable at the 
outset-holds firmly to its character dur
ing prolonged contact with ice. 

Knowledge of Scotch, however, cannot 
be indefinitely pursued in the abstract. 
Your learning process must ultimately in
clude a leisurely sip of Famous Grouse on 
the rocks. For Scotch drinking is one of 
those pleasures enjoyed most, not in the 
pursuit, but in the conquest. Scotland's 
greatest bard, Robert Burns, said it best: 

"Gie me a spark 0' Natures fire. 

Thatsa'the [desire." 
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Announcing a new generation 
of International Paper Supertrees. 

And not a moment too soon. 

Do you h,1\'e any idea 
how much paper and wood 
the average American will 
use by the year 2000? 

Over a ton a year. 
Now Illultiply that by 

264.4 m.illilln Americans, 
and ask yourself where on 
earth all that paper and 
lumber will come from. 

At International Paper, 
we're working hard to 
come lip with some answers. 

Like Supertrees. 
The a ,·erage Su pertree 

grows faster, taller, straighter, 
and healthier than ordinary 
pine trees. 

It produces more vvood 
fiber for more paper. And like 
all trees, a Supertree is a renew
able resource. 

The best of the best. 
How do you breed cham

pionship animals? Simply 
explained, you find two cham
pions and mate them. 

At International Paper, 
we've been doing the same 
thing with our Supertrees. 

After years of testi ng, we've 
IT1ated the best of our original 
Supertrees, and now we're be
ginning the second-generation 
selections. These new Su per-

By 1980, [Iltematiollal Paper will have plallted 
two Supertrees for every persoll ill AlIlerica. 

trees will be even straighter. 
Even taller. Even healthier than 
thei r paren ts. 

T here will be more Super
trees, too. In fact, by 1980, lnter
national Pclper will have planted 

. two Su pertrees for every ma n, 
woman and child in the country. 

We've been working to 
build the world's fiber supply 
for decades. And not just with 
Su pertrees. 

Other things we're doing. 
We've developed the Land

owner Assistance Program, to 
help small landowners do a 
better job of ma nagi ng their 
forests. 

We're finding ways to get 
more wood fiber from our trees. 
For example, we're experiment-

ing with a new machine 
tha t hclrvests ta p roots tha t 
used to be left in the 
ground. 

We're moving ahead 
on projects like cooperative 
nurseries. Tree farm pro
grams. Forest research. 

Will all this be enough 
to keep the world's fiber 

supply going strong? 
It will help. But more 

must be done. 
At International Paper, we 

believe forest products com
panies, private landowners and 
the Government should work 
together to find more solutions. 
To make better use of existing 
land. To abandon wasteful 
habits. And to develop better 
scientific management tech
niques, so all our forests can 
reach thei r full poten tial. 

If vou'd like more informa
tion ab�ut what has to be done 
to assure the world's fiber 
supply, just write Public Rela
tions Department, Perspective, 
International Paper Company, 
220 East 42nd Street, New York, 

NY 10017. @ INTERNATIONAL 

'1 PAPER 
COMPANY 

220 EAST 42NO STREET NEW YORK NEW YORr<: 10017 

© 1974 SCIENTIFIC AMERICAN, INC



My name is Masakazu Fukushima, 
and here I am trumping some neigh
bors at contract bridge. I play every 
chance I get. It beats watching tele
vision. 

Not that I've got anything against 
watching television, mind you. 
Watching is fine. What really bothers 
me is the bulk of the sets themselves. 
You get a big-screen color TV in your 
living room and it's like you parked a 
small car in there. An ugly small car. 

The fact is I work for a company 
that makes a lot of TVs ... Hitachi. 
I do electronics research, so I thought 
I'd try and do something to make 
color TVs easier to live with. 

All people really want from a color 
TV is a good picture. So we figured 
the set should be shaped like a pic
ture. Flat. To be hung on the wall. 

We figured it out, then went into 
the lab and put it together. We came 
up with what we wanted ... the 
world's first working prototype for a 
fiat-profile color TV. It came out even 
better than we thought it would. 

II 

Not only is this new TV fiat, the 
way it's designed is such that the 
screen can be just about however big 
you want it. There could be whole 
TV walls, say, in schools. 

It opens up a lot of new, better 
possibilities for television, and that 
makes me happy. By doing myself a 
favor- by helping to invent some
thing I'd enjoy-I've made something 
that can benefit an enormous num ber 
of people. 

I am you. 

�H�!�9,I�1 
Hitachi America, Ltd. 
Head Office: 437 Madison Avenue. New York, N.Y. 10022 

Tel: 12121758·5420 
Branch Offices: San Francisco. Chicago. Atlanta . 

• Power Generation & Tran�mi�:,ion Equipment Indllstrial .\lJchint'ry. Transportation EQu ipnH'nt • Communicllions Equipment. E 1 cnron ic� 8.: IIUllll' .\pplianc('� 
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THE AUTHORS 
ROBERT BUCKHOUT ("Eyewitness 

Testimony") is associate professor of psy
chology and director of the Center for 
Responsive Psychology at Brooklyn Col
lege of the City University of New York. 
"I was born in Brooklyn," he writes, "and 
after leaving with a vow never to return, 
1 am back-minutes away from where 1 
was born. My career as a psychologist 
began as a major subject chosen after 
minoring in mistakes. After taking a mas
ter's degree at North Carolina State Uni
versity 1 spent four years in the Air 
Force. I went to Ohio State University, 
obtaining my Ph.D. In 1963 I began 
teaching at Washington University and 
getting involved in the social problems 
of the time." Buckhout adds that he 
owes "more than I can express in words" 
to a group of undergraduates who 
helped him with the research on which 
his article is based. They include Andrea 
Alper, Susan Chern, Robinsue Froh
boese, Richard Harwood, Daryl Figue
roa, Ethan Hoff, Carolyn Hogan, No
reen Norton, Vincent Reilly, Betti Sachs, 
Glenn Silverberg, Miriam Slomovits and 
Lynne Williams. He writes that he is 
"also indebted to Leo Branton and How
ard Moore, attorneys, who taught me 
to present psychology in English to a 
jury." 

KIP S. THORNE ("The Search for 
Black Holes") is professor of theoretical 
physics at the California Institute of 
Technology and adjunct professor of 
physics at the University of Utah. He 
was graduated from Cal Tech in 1962 
and received his master's and doctor's 
degrees from Princeton University in 
1963 and 1965 respectively. "Eighteen 
months ago," he writes, "my brother and 
my wife built a small cabin on Palomar 
Mountain, a mile and a half from the 
nearest habitation. I have spent much 
of the past year there, amidst the solitude 
and beauty of the wilderness, reading, 
thinking, calculating and writing about 
relativistic stars, gravitational waves and 
Cygnus X-I. Once every few days, in 
the evening, 1 walked over to the Ob
servatory to consult a few books and re
charge my electronic calculator. It was a 
great year!" 

ALFRED GIERER ("Hydra as a 
Model for the Development of Biological 
Form") is director of the microbiology 
division of the Max Planck Institute for 
Virus Research in Tiibingen. He was 

graduated from the University of Got
tingen in 1953 and obtained his Habili
tation degree, which qualified him for a 
professorial appointment, at the Univer
sity of Tiibingen in 1958. From 1958 to 
1964 he was successively lecturer in and 
professor of biophysics at Tiibingen. 

GOVINDJEE AND RAJNI GO
VINDJEE ("The Primary Events in 
Photosynthesis") are at the University of 
Illinois at Urbana-Champaign; Govind
jee is professor of botany and acting 
head of the department of botany and 
Rajni Govindjee is research associate in 
the department of physiology and bio
physics. Govindjee, who uses only one 
name (it was his given name; his last 
name, Asthana, was dropped by his fa
ther as a protest against the caste system 
in India), obtained his bachelor's degree 
in 1952 and his master's degree in 1954 
at the University of Allahabad. After 
teaching plant physiology there for two 
years he went to Illinois, where he ob
tained his Ph.D. (in biophysics) in 1960. 
Rajni Govindjee obtained her master's 
degree (in plant phYSiology) from Al
lahabad in 1955 and her Ph.D. (for 
work in photosynthesis) from Illinois in 
1961. 

MERTON C. FLEMINGS ("The So
lidification of Castings") is Abex Profes
sor of Metallurgy at the Massachusetts 
Institute of Technology. All his degrees 
are from M.LT.: his bachelor's degree in 
1951, his master's in 1952 and his doc
torate in 1954. He worked for two years 
for the Abex Corporation and then re
turned to M.I.T., where he has been a 
member of the faculty since 1956. Flem
ings also works as a consultant to indus
try. "My interests in metallurgy," he 
writes, "lie almost entirely at the inter
face between theory and practice and 
particularly in the area of process inno
vation through the application of the
ory." He describes himself as "a dabbler" 
in other fields, including "educational 
innovation at the junior-college level, 
techniques of sculpture, tennis and 
climbing." 

WILLIAM T. KEETON ("The Mys
tery of Pigeon Homing") is professor of 
biology at Cornell University, where he 
also serves as chairman of the section of 
neurobiology and behavior of the divi
sion of biological sciences. He was grad
uated from the University of Chicago in 
1952 and obtained his master's degree 
four years later at the Virginia Polytech
nic Institute. His Ph.D. (in entomology) 
is from Cornell, and for a year after re
ceiving it in 1958 he taught entomology 

there. He became assistant professor of 
biology in 1959. Keeton writes that a 

neighbor introduced him to bird-watch
ing when he was eight and that "bird
watching and pigeon-racing became 
boyhood hobbies." 

DA VID B. CLINE, ALFRED K. 
MANN and CARLO RUBBIA ("Neutral 
Currents in Weak Interactions") are re
spectively professor of physics at the 
University of Wisconsin, professor of 
physics at the University of Pennsyl
vania and professor of physics at Har
vard University. Cline did his under
graduate work at Kansas State Univer
sity, obtaining his Ph.D. at Wisconsin in 
1965. He is an experimental physicist 
studying elementary particles with bub
ble chambers and fast electronics. His 
main hobby is helping his wife in her 
profession of designing and manufactur
ing dresses. Mann's degrees are all from 
the University of Virginia; he received 
his Ph.D. there in 1947. He went to 
Pennsylvania in 1949 after two years 
of teaching at Columbia UniverSity. 
Rubbia was born in Italy and received 
his training in physics at the Normal 
School of Pisa and the University of Pisa. 
He taught at the university for a year 
before coming to the U.S. in 1959. He 
spent a year as a research fellow at Co
lumbia, two years teaching at the Uni
versity of Rome and eight years as a 
senior physicist at the European Organi
zation for Nuclear Research (CERN) in 
Geneva before joining the Harvard fac
ulty in 1970. 

GEORGE C. BOON ("Counterfeiting 
in Roman Britain") is assistant keeper of 
archaeology at the National Museum of 
Wales. He writes that his interest in 
Romano-British studies began at the age 
of nine in Bristol, where he was born 
and grew up. His university education 
was in Latin. On obtaining his degree in 
1950 he worked for six years as archae
ological assistant at the Reading Mu
seum. At the National Museum of 
Wales, which he joined in 1957, he has 
been concerned prinCipally with the le
gionary fortress of Caerleon and other 
Roman sites in Wales and with numis
matics, another interest that began in 
his boyhood. He writes that "technical 
aspects of Roman civilization-mining, 
pottery, glass, bronze work and the like 
-appeal to me." Boon is the author of 
four books; the most recent of them is 
Silchester: The Roman Town of Calleva. 
"I live," he notes, "in a crumbling Vic
torian house at Penarth, near Cardiff, 
where I reluctantly devote time off from 
work to gardening and decoration." 
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MEASUREMENTBcOMPUTATION: changing things for the better-------

STIMULUS MEASUREMENT 

........... � ...................................... � .................. .. 

UNIT 
UNDER TEST 

A standard communications link 
that facilitates conversation 
among instruments. 

It wasn't long ago that all instruments were, 
in human terms, totally deaf and dumb. They 
could not hear instructions so you made them do 
their job by setting knobs and switches. And 
when the job was done, they could not tell you 
the results; the only way to find out was to read, 
and then analyze, their displays. 

Many instruments have since learned to "talk." 
On command, they can output measurement re
sults and transmit them remotely in code. More 
and more are being equipped to "listen": send 
them prearranged signals and they can program 
their own controls, remotely. Add a control func
tion to such instruments-to tell them when to 
talk and when to listen-and they can com
municate with each other automatically. 

This sounds easy, but it hasn't been. Although 
the three basic elements for automatic instrumen
tation systems-talkers, listeners, and control
lers-are readily available, one who sets out to 
design and assemble such a system quickly runs 
into severe frustrations. The different elements 
are rarely compatible; more often than not, they 
use different logic, speak a different language, 
and interconnect with different hardware. 

Avoiding this electronic Tower of Babel is 
what the Hewlett-Packard Interface Bus (HP-IB) is 
all about. A standard interface system, the HP-IB 
forms a basic communications link that allows 
interconnected system components to communi
cate effectively, in an orderly and unambiguous 
manner. The interface system involves much 
more than the standardization of interconnecting 
cables; it also defines the interface logic capa
bilities within the system instruments, the scope 
of the data codes used on the interface, and the 
timing and control techniques for exchanging 
messages. 

To talk or to listen: never a doubt. 

In the HP Interface Bus, all system devices are 
exposed to all system communications. But a 
device can neither send nor receive a message 
unless told to do so by the system controller: at 
any given time, it can be either a talker or a 
listener, but not both. Listeners receive program
ming data from a controller or measurement data 
from talkers; talkers send measurement data to 
listeners. There can never be more than one active 
controller or one talker at the same time, but there 
can be as many as 14 concurrent listeners. 

Depending on its capabilities, a device may 
play more than one role at different times. A cal
culator or computer, for example, can be talker, 
listener, or controller; a programmable digital 
voltmeter alternately talks when it outputs its 
measurement and listens when it's being pro
grammed; a paper punch can only play the role 
of listener. 

The bus: a common interconnection. 

All system devices are interconnected on a 
common set of 16 signal lines. Eight of these 
lines form the data bus which carries all data 
messages bidirectionally between talkers and 
listeners, in bit-parallel byte-serial fashion. Th

.
e 

transfer bus uses three lines to ensure that data IS 

interchanged only from the intended talker to 
the designated listeners, through an interroga
tion and reply sequence. The remaining five sig
nal lines constitute the control bus, by which the 
controller directs an orderly flow of information 
across the interface, sending commands to the 
devices and receiving service requests from 
them. Although system control is always dele
gated (never assumed), it may be shifted from 
one system device to another. 

HP-IB simplifies systems, small or large. 

An HP-IB system can consist of one talker, one 
listener, and no controller; for example, a counter 
and digital printer for semi-automatic data log
ging. At the other extreme, a completely auto-
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matic system may include as many as 15 instru
ments possessing stimulus, measurement, dis
play, storage, and control capabilities. Whether 
a calculator, computer, or the processor of a 
"smart" instrument, the controller operates the 
entire system through an interface connection (a 
single 110 car d)-an obvious economy compared 
to non-bus systems that require one 110 card for 
each instrument. 

System configuration: fundamental problems 
solved. 

Although the HP-IB does not provide instant 
systems, it does solve the fundamental interface 
problems that have plagued instrumentation 
system designers and users until now. Designers 
no longer need to invent custom interfaces for 
each new product; users no longer need to famil
iarize themselves with an interface unique to 
each new product. Cable and connector problems 
are minimized by the use of a simple, passive 
cable interconnection system. 

HP-IB protocol allows the designer to assign 
talk and listen addresses to each device to suit 
his purposes. Each address is set at the device 
to any desired value, through a switch on a rear 
panel, jumper wires on a PC board, or other con
venient means. 

The HP-IB imposes minimal functional re
strictions on data transfer between a talker and a 
listener. For example, data bytes may consist of 
from one to eight bits. Once a device is addressed, 
data can be transferred using any coding and 
format convention appropriate to the application. 
The most commonly used codes are the printable 
characters of the ASCII code set, and the number 

HEWLETTi!:i PACKARD 

Sales and service from 172 offices in 65 countries. 

Palo Alto. Caillornl8 94304 

representations are typically FORTRAN 
compatible. 

Minimal timing restrictions are imposed on the 
data rates by the HP-IB. Data is transferred 
asynchronously at a rate that suits the devices 
involved; burst rates of 1 megabyte per second are 
possible over limited distances. Data may be 
transferred directly between devices, thus re
ducing message traffic on the bus. 

More than a theory, HP-IB is a reality now. 

Within Hewlett-Packard, the common inter
face concept has already been incorporated into 
a growing list of more than 20 instruments and 
accessory products as well as our programmable 
desk-top calculators. Outside the company, the 
HP-IB has served as a proposed interface stan
dard now under active consideration by the IEC 
and the IEEE. Thus the possibility exists that this 
concept will become an international communi
cation link applicable to instruments and periph
erals without regard to manufacturer or nation of 
origin. 

Obviously an idea whose time has come, the 
common interface is here now, still another as
pect of the new measurement technology that is 
taking shape at Hewlett-Packard. 

For more information, write to us. Hewlett
Packard, 1503 Page Mill Road, Palo Alto, 
California 94304. 

00436 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .... 
Mail to: Hewlett-Packard, 1503 Page Mill Road, Palo Alto, CA 94304 

Please send me further information on the 

Hewlett-Packard Interface Bus. 

Name _________ T'lIe _____ _ 

Company _______________ _ 

Address _______________ _ 

Clty ________ State' ___ z'p' ____ ••• 

. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ' 
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·You �n't expect 
great musIc unless you have 

. great equipment. 
In every area of music, a great 
performance is a rare and beautiful 
event. In opera, brilliance is achieved 
when a great score, great vocalists 
and a great orchestra are brought 
together. In jazz, greatness is the 
improvisational genius of musicians 
performing together. 

In your home, greatness means 
Pioneer. High fidelity equipment that 
delivers truly superior performance. 
Performance that can only be 

achieved when excellence is your 
standard and innovation is your 
way of life. 

For truly great performance, 
choose your music system from the 
complete line of Pioneer audio 
components. Great music is a rare 
and beautiful event - with great 
equipment from Pioneer. 

U. S. Pioneer Electronics Corp., 
75 Oxford Drive, Moonachie; New 
Jersey 07074/ West: 13300 S. Estrella, 
Los Angeles 90248/ Midwest: 1500 
Greenleaf, Elk Grove Village, 111.60007/ 
Canada: S. H. Parker Co. 

{V} PIONEER® 
when you want something better 

© 1974 SCIENTIFIC AMERICAN, INC



SCIENTIFIC 
Established 1845 AM E RI C� December 1974 Volume 231 Number 6 

Eyewitness Testimony 

Although such testimony is frequently challenged, it is still widely 

assumed to be more reliable than other kinds of evidence. Numerous 

experiments show, however, that it is remarkably subject to error 

T
he woman in the witness box 
stares at the defendant, points an 
accusing finger and says, loudly 

and firmly, "That's the man! That's him! 
I could never forget his face!" It is im
pressive testimony. The only eyewitness 
to a murder has identified the murderer. 
Or has she? 

Perhaps she has, but she may be 
wrong. Eyewitness testimony is unreli
able. Research and courtroom experi
ence provide ample evidence that an 
eyewitness to a crime is being asked to 
be something and do something that a 

normal human being was not created to 
be or do. Human perception is sloppy 

by Robert Buckhout 

and uneven, albeit remarkably effective 
in serving our need to create structure 
out of experience. In an investigation or 
in court, however, a witness is often 
asked to play the role of a kind of tape 
recorder on whose tape the events of the 
crime have left an impression. The pros
ecution probes for stored facts and 
scenes and tries to establish that the wit
ness's recording equipment was and still 
is in perfect running order. The defense 
cross-examines the witness to show that 
there are defects in the recorder and 
gaps in the tape. Both sides, and usually 
the witness too, succumb to the fallacy 
that everything was recorded and can be 

played back later through questioning. 
Those of us who have done research 

in eyewitness identificat.ion reject that 
fallacy. It reflects a 19th-century view of 
man as perceiver, which asserted a paral
lel between the mechanisms of the physi
cal world and those of the brain. Human 
perception is a more complex informa
tion-processing mechanism. So is mem
ory. The person who sees an accident or 
witnesses a crime and is then asked to 
describe what he saw cannot call up an 
"instant replay." He must depend on his 
memory, with all its limitations. The 
limitations may be unimportant in ordi
nary daily activities. If someone is a little 

MISTAKEN IDENTIFICATIONS led to the arrests of two innocent 

men: Lawrence Berson (left) for several rapes and George Morales 

(right) for a robbery. Both men were picked out of police lineups 

by victims of the crimes. Berson was cleared when Richard Car· 

bone (center) was arrested and implicated in the rapes. Carbone 

was convicted. Later he confessed to the robbery, clearing Morales. 
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REENACTMENT OF A MURDER was photographed at the same time of night as the mur· 

der and from the viewing position of an eyewitness who said he had been 120 feet away. 

The witness had identified a suspect charged with killing another man in darkened doorway. 
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MEASUREMENTS OF BRIGHTNESS (in miIlilamberts) at various points in the scene 

showed how little light was reflected from the doorway to the eyewitness. The light readings 
and the photograph (top) combined to cast doubt on the accuracy of the identification. 
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unreliable, if he trims the truth a bit in 
describing what he has seen, it ordinari
ly does not matter too much. When he is 
a witness, the inaccuracy escalates in 
importance. 

Human perception and memory func
tion effectively by being selective and 
constructive. As Ulric Neisser of Cornell 
University has pointed out, "Neither 
perception nor memory is a copying 
process." Perception and memory are 
decision-making processes affected by 
the totality of a person's abilities, back
ground, attitudes, motives and beliefs, 
by the e.nvironment and by the way his 
recollection is eventually tested. The ob
server is an active rather than a passive 
perceiver and recorder; he reaches con
clusions on what he has seen by evaluat
ing fragments of information and recon
structing them. He is motivated by a de
sire to be accurate as he imposes mean
ing on the overabund;lDce of information 
that impinges on his senses, but also by 
a desire to live up to the expectations of 
other people and to stay in their good 
graces. The eye, the ear and other sense 
organs are therefore social organs as well 
as physical ones. 

Psychologists studying the capabilities 
of the sense organs speak of an "ideal 
observer," one who would respond to 
lights or tones with unbiased eyes and 
ears, but we know that the ideal ob
server does not exist. We speak of an 
"ideal physical environment," free of dis
tractions and distortions, but we know 
that such an environment can only be 
approached, and then only in the labo
ratory. My colleagues and I at the Brook
lyn College of the City University of 
New York distinguish a number of fac
tors that we believe inherently limit a 
person's ability to give a complete ac
count of events he once saw or to iden
tify with complete accuracy the people 
who were involved . 

T 
he first sources of unreliability are im-
plicit in the original situation. One is 

the insignificance-at the time and to the 
witness-of the events that were ob
served. In placing someone at or near 
the scene of a crime, for example, wit
nesses are often being asked to recall 
seeing the accused at a time when they 
were not attaching importance to the 
event, which was observed in passing, as 
a part of the normal routine of an ordi
nary day. As long ago as 1895 J. McKeen 
Cattell wrote about an experiment in 
which he asked students to describe the 
people, places and events they had en
conntered walking to school over famil
iar paths. The reports were incomplete 
and unreliable; some individuals were 
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very sure of details that had no basis in 
fact. Insignificant events do not motivate 
a person to bring fully into play the se
lective process of attention. 

The length of the -period of observa
tion obviously limits the number of fea
tures a person can attend to. When the 
tachistoscope, a projector with a vari
able-speed shutter that controls the 
length of an image's appearance on a 

screen, is used in controlled research to 
test recall, the shorter times produce less 
reliable identification and recall. Yet 
Heeting glimpses are common in eyewit
ness accounts, particularly in fast-mov
ing, threatening situations. In the Sacco
Vanzetti case in the 1920's a witness 
gave a detailed description of one de
fendant on the basis of a fraction-of-a
second glance. The description must 
have been a fabrication. 

Less than ideal observation conditions 
usually apply; crimes seldom occur in a 
well-controlled laboratory. Often dis
tance, poor lighting, fast movement or 
the presence of a crowd interferes with 
the efficient working of the attention 
process. Well-established thresholds for 
the eye and the other senses have been 
established by research, and as those 
limits are approached eyewitness ac
counts become quite unreliable. In one 
case in my experience a police officer 
testified that he saw the defendant, a 
black man, shoot a victim as both stood 
in a doorway 120 feet away. Checking 
for the defense, we found the scene so 
poorly lit that we could hardly see a per
son's silhouette, let alone a face; instru
ment measurements revealed that the 
light falling on the eye amounted to less 
than a fifth of the light from a candle. 
The defense presented photographs and 
light readings to demonstrate that a posi
tive identification was not very probable. 
The members of the jury went to the 
scene of the crime, had the one black 
juror stand in the doorway, found they 
could not identify his features and ac
quitted the defendant. 

T
he witness himself is a major source 
of unreliability. To begin with, he 

may have been observing under stress. 
When a person's life or well-being is 
threatened, there is a response that in
cludes an increased heart rate, breathing 
rate and blood pressure and a dramatic 
increase in the How of adrenalin and of 
available energy, making the person ca
pable of running fast, fighting, lifting 
enormous weight-taking the steps nec
essary to ensure his safety or survival. 
The point is, however, that a person un
der extreme stress is also a less than nor
mally reliable witness. In experimental 
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HOW MANY ACES OF SPADES DID YOU SEE? After a brief glance at this display of 

playing cards most people report seeing three. Actually there are five. Because people ex

pect aces of spades to be black, not red, they tend to see only the black ones and to miss 

the atypical red ones. Thus do prior condit�oning and experience influence perception. 

situations an observer is less capable of 
remembering details, less accurate in 
reading dials and less accurate in detect
ing signals when under stress; he is quite 
naturally paying more attention to his 
own well-being and safety than to non
essential elements in the environment. 
Research I have done with Air Force 
Hight-crew members confirms that even 
highly trained people become poorer ob
servers under stress. The actual threat 
that brought on the stress response, hav
ing been highly significant at the time, 
can be remembered; but memory for 
other details such as clothing and colors 
is not as clear; time estimates are par
ticularly exaggerated. 

The observer's physical condition is 
often a factor. A person may be too old 
or too sick or too tired to perceive clear
ly, or he may simply lack the necessary 
faculty. In one case I learned that a wit
ness who had testified about shades of 
red had admitted to the grand jury that 
he was color-blind. I testified at the trial 
that he was apparently dichromatic, or 
red-green color-blind, and that his testi
mony was probably fabricated in the 

basis of information other than visual 
evidence. The prosecution brought on 
his ophthalmologist, presumably as a re
buttal witness, but the ophthalmologist 
testified that the witness was actually 
monochromatic, which meant he could 
perceive no colors at all. Clearly the 
witness was "filling in" his testimony. 
That, after ail, is how color-blind people 
function in daily life, by making infer
ences about colors they cannot distin
guish. 

Psychologists have done extensive re
search on how "set," or expectancy, is 
used by the observer to make judgments 
more efficiently. In a classic experiment 
done in the 1930's by Jerome S. Bruner 
and Leo Postman at Harvard University 
observers were shown a display of play
ing cards for a few seconds and asked to 
report the number of aces of spades in 
the display [see illustration above]. After 
a brief glance most observers reported 
seeing three aces of spades. Actually 
there were five; two of them were col
ored red instead of the more familiar 
black. People are so familiar with black 
aces of spades that they do not waste 
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time looking at the display carefully. The 
prior conditioning of the witness may 
cause him similarly to report facts or 
events that were not present but that he 
thinks should have been present. 

Expectancy is seen in its least attrac
tive form in the case of biases or preju
dices. A victim of a mugging may initial
ly report being attacked by "niggers" 
and may, because of prejudice or limited 
experience (or both), be unable to tell 
one black man from another. ("They all 
look alike to me.") In a classic study of 
this phenomenon Gordon W. Allport of 
Harvard had his subjects take a brief 
look at a drawing of several people on 
a subway train, including a seated black 
man and a white man standing with a 
razor in his hand. Fifty percent of the 
observers later reported that the razor 
was in the hand of the black man. Most 
people file away some stereotypes on the 
basis of which they make perceptual 
judgments; such stereotypes not only 
lead to prejudice but are also tools for 
making decisions more efficiently. A wit
ness to an automobile accident may re
port not what he saw but his ingrained 
stereotype about women drivers. Such 
short-cuts to thinking may be erroneous
ly reported and expanded on by an eye
witness without his being aware that he 
is describing his stereotype rather than 

actual events. If the witness's biases are 
shared by the investigator taking a state
ment, the report may reflect their mutual 
biases rather than what was actually 
seen. 

T
he tendency to see what we want or 
need to see has been demonstrated 

by numerous experiments in which peo
ple report seeing things that in fact are 
not present. R. Levine, Isador Chein and 
Gardner Murphy had volunteers go 
without food for 24 hours and report 
what they "saw" in a series of blurred 
slides presented on a screen. Th.e longer 
they were deprived of food the more fre
quently they reported seeing "food" in 
the blurred pictures. An analysis of the 
motives of the eyewitness at the time of 
a crime can be very valuable in deter
mining whether or not the witness is re
porting what he wanted to see. In one 
study I conducted at Washington Uni
versity a student dressed in a black bag 
that covered him completely visited a 

number of classes. Later the students in 
those classes were asked to describe the 
nature of the person in the bag. Most of 
their reports went far beyond the meager 
evidence: the bag-covered figure was 
said to be a black man, "a nut," a symbol 
of alienation and so on. Further tests 
showed that the descriptions were re-

lated to the needs and motives of the in
dividual witness. 

Journalists and psychologists have 
noted a tendency for people to maintain 
they were present when a significant 
historical event took place near where 
they live even though they were not 
there at all; such people want to sound 
interesting, to be a small part of history. 
A journalist once fabricated a charming 
human interest story about a naked 
woman stuck to a newly painted toilet 
seat in a small town and got it distribut
ed by newspaper wire services. He visit
ed the town and interviewed citizens 
who claimed to have witnessed and even 
to have played a part in the totally fic
titious event. In criminal cases with pub
licity and a controversial defendant it is 
not uncommon for volunteer witnesses to 
come forward with spurious testimony. 

Unreliability stemming from the orig
inal situation and from the observer's 
fallibility is redoubled by the circum
stances attending the eventual attempt 
at information retrieval. First of all there 
is the obvious fact, supported by a con
siderable amount of research, that peo
ple forget verbal and pictorial informa
tion with the passage of time. They are 
simply too busy coping with daily life to 
keep paying attention to what they 
heard or saw; perfect recall of informa-

WHO HAD THE RAZOR? After a brief look at a drawing such as 

this one, half of the observers report baving seen tbe razor, a ste. 
reotyped symbol of violence in blacks, in the black man's hand. 

Gordon W. Allport of Harvard University devised this experiment. 
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"FILLING IN" OF DETAILS was demonstrated by a simple draw

ing test. Observers were shown an incomplete but roughly triangu

lar figure and immediately afterward were asked to draw what they 

had seen. The typical drawing was a good reproduction of the 

original (a). A month later observers asked to draw what they re

membered produced more regular figures (b). Three months af

ter the original viewing, again asked to draw what they remem

bered, they drew erroneously complete, symmetrical figures (e)_ 

tion is basically unnecessary and is rare
ly if ever displayed. The testing of recog
nition in a police '1ineup" or a set of 
identification photographs is conse
quently less reliable the longer the time 
from the event to the test. With time, 
for example, there is often a filling in of 
spurious details: an incomplete or frag
mentary image is "cleaned up" by the 
observer when he is tested later. Allport 
used to have students draw a rough geo
metric shape right after such a shape 
was shown to them. Then they were 
tested on their ability to reproduce the 
drawing 30 days later and again three 
months later [see illustration above]. 
The observers tended first to make the 
figure more symmetrical than it really 
was and later to render it as a neat equi
lateral triangle. This finding was repeat
ed with many objects, the tendency be
ing for people to "improve" their recol
lection by making it seem more logical. 

In analyses of eyewitness reports in 
criminal cases we have seen the reports 
get more accurate, more complete and 
less ambiguous as the witness moves 
from the initial police report through 
grand-jury questioning to testimony at 
the trial. The process of filling in is an 
efficient way to remember but it can lead 
to unreliable recognition testing: the 
witness may adjust his memory to fit the 
available suspects or pictures. The wit
ness need not be lying; he may be un
aware he is distorting or reconstructing 
his memory. In his very effort to be con
scientious he may fabricate parts of his 
recall to make a chaotic memory seem 
more plausible to the people asking 
questions. The questions themselves 
may encourage such fabrication. Beth 
Loftus of the University of Washington 
has demonstrated how altering the se
mantic value of the words in questions 
about a filmed auto accident causes wit
nesses to distort their reports. When 
witnesses were asked a question using 

the word "smashed" as opposed to 
"bumped" they gave higher estimates of 
speed and were more likely to report 
haVing seen broken glass-although 
there was no broken glass. 

Unfair test construction often encour-
ages error. The lineup or the array 

of photographs for testing the eyewit
ness's ability to identify a suspect can 
be analyzed as fair or unfair on the basis 
of criteria most psychologists can agree 
on. A fair test is designed carefully so 
that all faces have an equal chance of 
being selected by someone who did not 
see the suspect; the faces are similar 
enough to one another and to the orig
inal description of the suspect to be con
fusing to a person who is merely guess
ing; the test is conducted without lead
ing questions or suggestions. All too 
frequently lineups or photograph arrays 
are carelessly assembled or even rigged. 
If, for example, there are five pictures, 
the chance should be only one in five 
that any one picture will be chosen on 
the basis of guessing. 

Frequently, however, one picture
the picture of the suspect-may stand 
out. In the case of the black activist An
gela Davis one set of nine photographs 
used to check identification included 
three pictures of the defendant taken at 
an outdoor rally, two police "mug shots" 
of other women with their names dis
played, a picture of a 55-year-old woman 
and so on. It was so easy for a witness 
to rule out five of the pictures as ridicu-
10us choices that the test was reduced to 
four photographs, including three of 
Miss Davis. The probability was there
fore 75 percent that a witness would 
pick out her picture whether he had seen 
her or not. Such a "test" is meaningless 
to a psychologist and is probably tainted 
as evidence in court. 

Research on memory has also shown 
that if one item in the array of photo-

graphs is uniquely different-say in 
dress, race, height, sex or photographic 
quality-it is more likely to be picked 
out. Such an array is simply not confus
ing enough for it to be called a test. A 
teacher who makes up a multiple-choice 
test includes several answers that sound 
or look alike to make it difficult for a 
person who does not know the right an
swer to succeed. Police lineups and pic
ture layouts are multiple-choice tests; if 
the rules for designing tests are ignored, 
the tests are unreliable. 

No test, with photographs or a lineup, 
can be completely free of suggestion. 
When a witness is brought in by the po
lice to attempt an identification, he can 
safely assume that there is some reason: 
that the authorities have a suspect in 
mind or even in custody. He is therefore 
under pressure to pick someone even if 
the officer showing the photographs is 
properly careful not to force the issue. 
The basic books on eyewitness identifi
cation all recommend that no sugges
tions, hints or pressure be transmitted to 
the witness, but my experience with 
criminal investigation reveals frequent 
abuse by zealous police officers. Such 
abuses include making remarks about 
which pictures to skip, saying, "Are you 
sure?" when the witness makes an error, 
giving hints, showing enthusiasm when 
the "right" picture is picked and so on. 
There is one version of the lineup in 
which five police officers in civilian 
clothes stand in the line, glancing obvi
ously at the one real suspect. Suggestion 
can be subtler. In some experiments the 
test giver was merely instructed to smile 
and be very approving when a certain 
kind of photograph or statement was 
picked; such social approval led to an 
increase in the choosing of just those 
photographs even though there was no 
"correct" answer. A test that measures 
a need for social approval has shown 
that people who are high in that need 
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(particularly those who enthusiastically 
volunteer information) are particularly 
strongly influenced by suggestion and 
approval coming from the test giver. 

Conformity is another troublesome in-
fluence. One might expect that two 

eyewitnesses-or 10 or 100-who agree 
are better than one. Similarity of judg
ment is a two-edged sword, however: 
people can agree in error as easily as in 
truth. A large body of research results 
demonstrates that an observer can be per
suaded to conform to the majority opinion 
even when the majority is completely 
wrong. In one celebrated experiment, 
first performed in the 1950's by Solomon 
E. Asch at Swarthmore College, seven 
observers are shown two lines and asked 
to say which is the shorter. Six of the 
people are in the pay of the experiment
er; they all say that the objectively long
er line is the shorter one. After hearing 
six people say this, the naive subject is 
on the spot. Astonishingly the majority 
of the naive subjects say that the long 
line is short-in the face of reality and in 

4 

spite of the fact that alone they would 
have no trouble giving the correct an
swer [see "Opinions and Social Pres
sure," by Solomon E. Asch; SCIENTIFIC 
AMERICAN, November, 1955]. 

To test the effect of conformity a 
group of my students at Brooklyn Col
lege, led by Andrea Alper, staged a 
"crime" in a classroom, asked for individ
ual descriptions and then put the wit
nesses into groups so as to produce com
posite descriptions of the suspect. The 
group descriptions were more complete 
than the individual reports but gave rise 
to significantly more errors of commis
sion: an assortment of incorrect and 
stereotyped details. For example, the 
groups (but not the individuals) reported 
incorrectly that the suspect was wearing 
the standard student attire, blue jeans. 

The effects of suggestion increase 
when figures in obvious authority do the 
testing. In laboratory research we find 
more suggestibility and changing of at
titudes when the tester is older or of ap
parently higher status, better dressed or 
wearing a uniform or a white coat-or is 
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a pretty woman. In court I have noticed 
that witnesses who work together under 
a supervisor are hard put to disagree 
with their boss in testifying or in picking 
a photograph. The process of mling in 
details can be exaggerated when the 
boss and his employee compare their in· 
formation and the employee feels obli
gated to back up his boss to remain in 
his good graces. Legal history is not 
lacking in anecdotes about convict wit· 
nesses who were rewarded by the au
thorities for their cooperation in making 
an identification. 

In criminal investigations, as in scien
tific investigations, a theory can be a 
powerful tool for clarifying confusion, 
but it can also lead to distortion and un
reliability if people attempt, perhaps un
consciously, to make fact fit theory and 
close their minds to the real meanings 
of facts. The eyewitness who feels 
pressed to say something may shape his 
memory to fit a theory, particularly a 
highly publicized and seemingly reason
able one. Robert Rosenthal of Harvard 
studied this effect. He devised a test in 
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6 
TWO LAYOUTS OF PHOTOGRAPHS like these were presented 

to witnesses to a staged assault. The actual attacker had been tbe 

young man labeled No. 5. In the unbiased spread (left) the por-

traits are aligned and show similar full-face views; in the biased 

spread (right) the culprit's bead is tilted and he is grinning, and 

the portrait itself is placed at an angle. Witnesses were shown one 
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which people were supposed to pick out 
a "successful" face from a set of photo
graphs. There was actually no correct 
answer, but the experimenter dropped 
hints to his assistants as to what he 
thought the results should be. When 
they subsequently administered the test 
the assistants unconsciously signaled the 
subjects as to which photograph to pick, 
thus producing results that supported 
their boss's theory. Any test is a social 
interaction as well as a test. 

T
here is a nagging gap between data 
on basic perceptual processes in con

trolled research settings and important 
questions about perception in the less 
well-controlled real world. Inspired by 
the new approach to perception research 
exemplified in the work of Neisser and of 
Ralph Norman Haber of the University 
of Rochester, my colleagues and I have 
felt that this gap can only be bridged by 
conducting empirical research on eye
witness identification in a somewhat real 
world. In one such experiment we staged 
an assault on the campus of the Califor-

4 

nia State University at Hayward: a stu
dent "attacked" a professor in front of 
14 1 witnesses; another outsider of the 
same age was on the scene as a bystand
er. We recorded the entire incident on 
videotape so that we could compare the 
true event with the eyewitness reports. 
After the attack we took sworn state
ments from each witness, asking them to 
describe the suspect, his clothes and 
whatever they could remember about 
the incident. We also asked each witness 
to rate his own confidence in the accu
racy of his description. 

As we expected, the descriptions were 
quite inaccurate, as is usually the case 
in such situations. The passage of time 
was overestimated by a factor of almost 
two and a half to one. The average 
weight estimate for the attacker was 14 
percent too high, and his age was under
estimated by more than two years. The 
total accuracy score, with points given 
for those judgments and for others on 
appearance and dress, was only 25 per
cent of the maximum possible score. 
(Only the height estimate was close. This 

2 

may be because the suspect was of av
erage height; people often cite known 
facts about the "average" man when 
they are uncertain.) 

We then waited seven weeks and pre
sented a set of six photographs to each 
witness individually under four different 
experimental conditions. There were two 
kinds of instructions: low-bias, in which 
witnesses were asked only if they recog
nized anybody in the photographs and 
high-bias, in which witnesses were re
minded of the attack incident, told that 
we had an idea who the suspect was and 
asked to find the attacker in one of two 
arrangements of photographs, all well
lit frontal views of young men including 
the attacker and the bystander. In the 
unbiased picture spread all six portraits 
were neatly set out with about the same 
expression on all the faces and with 
similar clothing. In the biased spread the 
attacker was shown with a distinctive 
expression and his portrait was posi
tioned at an angle [see illustration on 
these two pages]. 

Only 40 percent of the witnesses iden-

3 

6 
of the spreads after having been given one of two kinds of instruc· 

tions: either low·bias (simply, "Do you recognize any of these 

men ?") or high.bias (such as, "One of these men is a suspect in that 

assault we saw; it is important that you identify him for us"). 

Whereas 40 percent of all the witnesses picked No.5, 61 percent of 

those who saw the biased spread and got biased instructions did so. 
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UNBIASED PICTURE SPREAD BIASED PICTURE SPREAD 

BIASED CONDITIONS gave observers more confidence in their ability to recognize faces 

in the picture layonts displayed on the two preceding pages. The bars show the degree of 

confidence expressed by those who picked from the unbiased spread (left) and the biased 
one (right) and after having been given low·bias (color) and high·bias (gray) instructions. 

tified the suspect correctly; 25 percent 
of them identified the innocent bystand
er instead; even the professor who was 
attacked picked out the innocent man. 
The highest proportion of correct iden
tifications, 61 percent, was achieved 
with a combination of a biased set of 
photographs and biased instructions. 
The degree of confidence in picking sus
pect No. 5, the attacker, was also sig
niflcantly higher in that condition [see 
illustration aboveJ. We have subsequent
ly tested the same picture spreads with 
groups that never saw the original in-

TOTAL WITNESSES: 52 

FAILED TO MAKE ANY 
IDE 

IDENTIFIED 
TWO OTHER 

WRONG MEN 

10 

cident. We describe the assault and ask 
people to pick the most likely perpetra
tor. Under the biased conditions they too 
pick No.5. 

I 
n another study undertaken at Brook-

lyn College a student team, led by 
Miriam Slomovits, staged a live purse
snatching incident in a classroom. We 
gave the witnesses the usual question
naire and got the usual bad scores. This 
time, however, we were concerned with 
a specific dilemma: Why is recognition 
so much better than recall? In private 

7 

IDENTIFIED CULPRIT. 
SWITCHED TO 

PERSON LIKE HIM 

REAL CULPRIT in a staged purse·snatching incident was identified by only seven of 52 
witnesses who viewed two videotaped lineups. Seven others picked the culprit first but then 

switched to a man who looked like him in the second lineup; seven picked only the man 
who looked like him. Most witnesses picked other people or were unable to choose. 

30 

most lawyers and judges agree that the 
recall of a crime by a witness is very 
bad, but they still believe people can 
successfully identify a suspect. What we 
had to do was to break away from our 
demonstrations of how bad witnesses are 
at recalling details and search for what 
makes a witness good at recognizing a 
face. To do so we took the witnesses 
who had predictably given poor recall 
data and gave them a difficult recogni
tion test. Our witnesses got not only a 
lineup with the actual purse-snatcher in 
the group but also a second lineup that 
included only a person who looked like 
the purse-snatcher. The question was: 
Would the witnesses pick only the real 
culprit and avoid making a mistaken 
identification of the person who looked 
like him? 

We videotaped two lineups of five 
persons each and showed them in coun
terbalanced order to 52 witnesses of the 
purse-snatching. Very few witnesses 
were completely successful in making a 
positive identification without ambigu
ity. An equal number of witnesses im
peached themselves by picking the man 
who resembled the culprit after having 
correctly picked the culprit. Most peo
ple simply made a mistaken identifica
tion [see bottom illustration on this 
page J. Our best witnesses had also been 
among the best performers in the recall 
test, that is, they had made significantly 
fewer errors. of commission (adding in
correct details). They had not given par
ticularly complete reports, but at least 
they had not fllled in. The good wit
nesses also expressed less confidence 
than witnesses who impeached them
selves. Finally, when we referred to the 
earlier written descriptions of the sus
pect we found our successful witnesses 
had given Significantly higher, and 
hence more accurate, estimates of 
weight. People guessing someone's 
weight often invoke a mental chart of 
ideal weight for height and err substan
tially if the person is fat. Our purse
snatcher was unusually heavy, some
thing the successful witnesses managed 
to observe in spite of his loose-fitting 
clothing. The others were guessing. 

Once again we noted that witnesses 
tend not to say, "I don't know." Eighty 
percent of our witnesses tried to pick the 
suspect even though most of them were 
mistaken. The social influence of the 
lineup itself seems to encourage a "yes" 
response. This effect presented a disturb
ing problem that actually drove us back 
from these rather realistically enacted 
crimes to the more controlled, emotion
ally neutral environment of the labora
tory. We hoped to design a test for eye-
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witnesses that could distinguish a good 
witness from a poor one, under circum
stances in which we knew what the true 
facts were. 

Pure measures of accuracy would not 
be adequate, since there are many dif
ferent kinds of error, some of which 
come from the witness's desire to please 
the questioner with an abundance of 
details. Eventually we settled on adapt
ing Signal-detection theory, espoused by 
John A. Swets of the Massachusetts In
stitute of Technology, to the eyewit
ness situation. Signal-detection theory 
evolved in psychophysics as a means of 
coping with the fact that an observer's 
attitude "interferes" with his detection, 
processing and reporting of sensory stim
uli. Limited to saying "yes" or "no" (I 
hear or see or smell it, or whatever), the 
observer applies criteria that vary with 
personality, experience, anticipated cost 
or reward, motivation to please the tester 
or to frustrate him and other factors. 
What the experimenter does, therefore, 
is usually to present noise about half of 
the time and signals plus noise about 
half of the time and to count correct 
"yes" answers (hits) and incorrect "yes" 
answers (false alarms), combining the 
scores statistically into a single measure 
of observer sensitivity. This quantifies 
an estimate of the observer's criteria for 
judging his immediate experience. A 
very cautious person might have very 
few false alarms and a high proportion of 
hits, indicating that he says "yes" spar
ingly ; a less than cautious person might 
say "yes" most of the time, scoring a 
large number of hits but only at the price 
of a large number of false alarms. 

In our research at Brooklyn College 
Lynne 'Villiams and I now show a film 
of a supposed crime and then present to 
the observers 20 true statements about 
the incident and the same number of 
false statements. The witness indicates 
"yes" or "no" as to the truth of each 
statement. We end up with a record of 
hits and false alarms which, after some 
complicated statistical processing, yields 
a curve called a receiver-operating-char
acteristic (ROC) curve [see illustration 
on this page J. A person whose hits and 
false alarms were equal, indicating that 
the answers had no relation to the true 
facts, would generate a straight diagonal 
ROC curve. A perfect witness would 
have all hits and no false alarms. Real 
pcople fall somewhere in between. We 
have found so far that witnesses with the 
better (which is to say higher) ROC 
curves go on to do better than other peo
ple at recognizing the suspect in a line
up. 'Ve are using the ROC function to 
test various hypotheses about how envi-
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PROBABILITY OF FALSE ALARMS 

PERFORMANCE AS A WITNESS is measured by plotting "hits" against "false alarms." 

Hits are "yes" answers regarding the truth of a true descriptive detail of a scene the wit

ness has viewed; false alarms are "yes" answers regarding the truth of a false detail. "Wit

ness sensitivity curves" are generated by the results for various witnesses or for answers 

given by the same witness with varying degrees of confidence. A perfect witness would be 

one who' always scored hits and never scored false alarms (solid color curve); a "blind" 

witness would score as many hits as false alarms (black). In the author's experiment suc

cessful witnesses, who identified a suspect correctly in a lineup, had produced curves that 

were higher on the chart; they averaged 12 hits to 3.6 false alarms (light color). Unsuccess

ful witnesses had produced lower curves, averaging 10 hits to five false alarms (gray). 
Scores are plotted as fractions of the maximum possible scores: 20 hits or 20 false alarms. 

ron mental conditions, stress, mental set, 
bias in interrogation, age, sex, and social, 
ethnic and economic group affect the ac
curacv and reliability of eyewitnesses. 

P
sychological research on human per-
ception has advanced from the 19th

century recording-machine analogy to a 
more complex understanding of selective 
decision-making processes that are more 
human and hence more useful. My col
leagues and I feel that psychologists can 
make a needed contribution to the judi
cial system by directing contemporary 
research methods to real-world problems 
and by speaking out in court (as George 
A. �iller of Rockefeller University puts 
it, by "giving psychology away"). 

It is discouraging to note that the es
sential findings on the unreliability of 
eyewitness testimony were made by 
Hugo �1i.insterberg nearly 80 years ago, 
and yet the practice of basing a case on 

eyewitness testimony and trying to per
suade a jury that such testimony is su
perior to circumstantial evidence contin
ues to this day. The fact is that both 
types of evidence involve areas of doubt. 
Circumstantial evidence is tied together 
with a theory, which is subject to ques
tioning. Eyewitness testimony is also 
based on a theory, constructed by a hu
man being (often with help from others), 
about what reality was like in the past; 
since that theory can be adjusted or 
changed in accordance with personality, 
with the situation or with social pressure, 
it is unwise to accept such testimony 
without question. It is up to a jury to de
termine if the doubts about an eyewit
ness's testimony are reasonable enough 
for the testimony to be rejected as un
true. Jurors should be reminded that 
there can be doubt about eyewitness tes
timony, just as there is about any other 
kind of evidence. 
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THE SEARCH FOR BLACK HOLES 

Observations at the wavelengths of light, radio waves 

and X rays indicate that the X-ray source Cygnus X-1 is 

probably a black hole in orbit around a massive star 

O
f all the conceptions of the human 
mind from unicorns to gargoyles 
to the hydrogen bomb perhaps 

the most fantastic is the black hole: a 
hole in space with a definite edge over 
which anything can fall and nothing can 
escape; a hole with a gravitational field 
so strong that even light is caught and 
held in its grip; a hole that curves space 
and warps time. Like the unicorn and 
the gargoyle, the black hole seems much 
more at home in science fiction or in 
ancient myth than in the real universe. 
Nevertheless, the laws of modern phys
ics virtually demand that black holes ex
ist. In our galaxy alone there may be 
millions of them. 

The search for black holes has become 
a major astronomical enterprise over the 
past decade. It has yielded dozens of 
candidates scattered over the sky. At 
first the task of proving conclusively 
that any one of them is truly a black hole 
seemed virtually impossible. In the past 
two years, however, an impressive 
amount of circumstantial evidence has 
been accumulated on one of the candi
dates: a source of strong X-ray emission 
in the constellation Cygnus designated 
Cygnus X-I .  The evidence makes me 
and most other astronomers who have 
studied it about 90 percent certain that 
in the center of Cygnus X-I there is in
deed a black hole. 

Before I describe the evidence that 
leads to this conclusion, let me lay some 
groundwork and indulge my theoretical 
proclivities by describing some of the 
predicted properties of black holes [see 
"Black Holes," by Roger Penrose; SCI
ENTIFIC AMERICAN, May, 1972]. Physi
cists educate themselves and their stu
dents by means of "thought experiments" 
whose results are predicted by theory. I 
shall resort to such an experiment to 
convey the basic reasoning that underlies 
the concept of the black hole. 
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by Kip S. Thorne 

Imagine that at some distant time in 
the future the human species has migrat
ed throughout the galaxy and is inhabit
ing millions of planets. Having no fur
ther need for the earth, men choose to 
convert it into a monument: They will 
squeeze it until it becomes a black hole. 
To do the squeezing they build a set of 
giant vises, and to store the necessary 
energy they fabricate a giant battery. 
They then scoop out a chunk of the earth 
and convert its mass into pure energy, 
the amount of energy obtained being 
given by Einstein's equation E = mc2, in 
which E is the energy, m is the mass and 
c is the speed of light. This energy is 
stored in the battery. The vises are ar
rayed around the earth on all sides and, 
powered by the battery, they squeeze 
the earth down to a quarter of its orig
inal size. 

To check their progress the project en
gineers fabricate from a chunk of the 

earth a tight-fitting spherical jacket 

strong enough to hold the planet in its 
compressed state. They slip the jacket 
over the earth and open the vises. Then 
they measure the escape velocity of a 
rocket placed on the earth, that is, the 
velocity the rocket must attain in order 
to be able to coast out of the earth's 
gravitational field. Before the earth was 
compressed the escape velocity was the 
same as it is today: 1 1  kilometers per 
second. The compression of the earth, 
however, brings the earth's surface four 
times closer to its center, thereby quad
rupling the kinetic energy that the rocket 
must have in order to escape. The escape 
energy is proportional to the square of 
the escape velocity; therefore the escape 
velocity after this first compression is 
doubled to 22 kilometers per second. 

Satisfied that some progress has been 
made, the engineers repeat the process, 
compressing the earth still further until 
its original circumference of 40,000 
kilometers is only 10 kilometers. I give 
the measurement of circumference in-

MODEL FOR A BLACK HOLE IN CYGNUS X·I is a likely explanation for the observa· 
tions made in the visible and X.ray regions of the spectrum. Gas is being pulled off the 

supergiant primary star HDE 226868 (a) by the gravitational attraction of the black hole. 

As the gas falls toward the black hole, the hole moves in its orbit out of the way, causing 
the gas to miss it. The gas nearest the black hole is whipped around it into a tight circular 

orbit, forming a thin accretion disk. The second illustration (b), at a scale of about 20 

times smaller than the first, shows the expected shape of the accretion disk. The gravita. 

tional pull of the black hole compresses the disk, making it thin. At the same time thermal 

pressures in the gas react against the compression and try to thicken the disk. Only in the 
central bulge (c) are the pressures sufficient actually to thicken the disk. The large pressures 

in the bulge are caused by heat from X rays emitted near the black hole. In the core of the 

accretion disk (d) the thermal pressures are even higher than they are in the bulge; the 

gravity is so enormously strong, however, that it prevents the disk from thickening. The 

X rays observed from the earth are generated only in the innermost 200 kilometers of the 

core (e), which has the black hole itself at its center. In the innermost 50 or 100 kilometers 

the disk becomes translucent, violently turbulent and much hotter than it is elsewhere. The 

disk terminates near the black hole, where the gravitational field becomes so strong that 
gas can no longer move in an orbit but is sucked directly in. The termination point and 

the structure of the inner disk are sensitive to the black hole's speed of rotation (see illus· 

tration on page 37). Here it is assumed that the black hole is rotating very rapidly; if the 

rotation is slow, the X.ray-emitting region may be 400 kilometers in radius rather than 200. 
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stead of diameter because in the pres
ence of strong gravitational fields space 
is so highly curved that the object's di
ameter (d) is no longer related to its cir
cumference (C) by the Euclidean for
mula C = .,,-d; moreover, in the case of a 
black hole the diameter cannot be mea
sured or calculated. This time the rocket 
needs an escape velocity of 708 kilome
ters per second in order to coast away 
from the earth. 

After several more compression stages 
the earth has been reduced to a circum
ference of 5.58 centimeters . The escape 
velocity is now 300,000 kilometers per 
second-the speed of light. One last little 
squeeze, and the escape velocity exceeds 
the speed of light. Now light itself can
not escape from the earth's surface, nor 
can anything else. Communication be
tween the earth and the rest of the uni
verse is permanently ruptured. In this 
sense the earth is no longer part of the 
universe. It is gone, leaving behind it a 
hole in space with a circumference of 
5.58 centimeters . Outside the horizon, 
or edge, of the hole the escape velocity 
is less than the speed of light, and ex
ceedingly powerful rockets can still get 
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away. Inside the horizon the escape ve
locity exceeds the speed of light and 
nothing can escape. The interior of the 
hole, like the earth that gave rise to it, 
is cut off from the rest of the universe. 

Let us return to the present and use 
the thought experiment to aid in under
standing what happens in a star. There 
is a key difference between the earth and 
a massive star. For the earth to become 
a black hole external forces must be ap
plied; for a star to become a black hole 
the necessary forces are provided by the 
star's own internal gravity. When a star 
of, say, 10 times the mass of the sun has 
consumed nuclear fuel through its in
ternal thermonuclear reactions for a pe
riod longer than a few tens of millions 
of years, its fuel supply runs out. With its 
fires quenched the star can no longer 
exert the enormous thermal pressures 
that normally counterbalance the inward 
pull of its gravity. Gravity wins the tug
of-war, and the star collapses. 

U nless the star sheds most of its mass 
during the collapse, gravity crushes 

it all the way down to a black hole. If, 
however, the star can eject enough ma-
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terial to reduce its mass to about twice 
the mass of the sun or less, then it is 
saved: nonthermal pressures, such as the 
electron pressures that make it difficult 
to compress rock, build up and halt the 
collapse. The star becomes either a white 
dwarf about the size of the earth or a 
neutron star with a circumference of 
some 60 kilometers . (A neutron star is a 
star where matter is so dense that its 
electrons have been squeezed onto its 
protons, converting them into neutrons.) 
In either case, as with the earth, to con
vert the object into a black hole one must 
apply external forces-forces that do not 
exist in nature [see "Gravitational Col
lapse," by Kip S. Thorne; SCIENTIFIC 
AMERICAN, November, 1967]. 

These predictions, which follow from 
the standard laws of physics, tell us that 
there is a critical mass for compact stars 
(stars with a circumference smaller than 
the earth's) of about two times the mass 
of the sun. Below the critical mass a com
pact star can be a white dwarf or a neu
tron star. Above the critical mass it can 
only be a black hole. The magnitude of 
the critical mass is a key link in the argu
ments that Cygnus X-I is a black hole. 
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ONLY MASSIVE STARS BECOME BLACK HOLES, as is shown 

by these diagrams for a star with twice the mass of the sun (left) 

and a star with four times the mass of the sun (right). For a star to 
be stable the total force of gravity (solid black line) pulling a star's 

surface inward must be balanced by the star's internal pressures 

(region in light color) pushing the surface outward. If the force of 
gravity is stronger, the star collapses; if the internal pressure is 

stronger, the star explodes. For a compact star (a star smaller than 
the earth) the internal pressure is large enough to counterbalance 
gravity if the star's mass is less than three times the mass of the 
sun. The result is a stable white·dwarf star or a neutron star (a star 

in which matter is so dense that its electrons have been squeezed 
onto its protons, converting them into neutrons). If the star is more 

massive than three times the mass of the sun, however, and has a 

density greater than the density of the atomic nucleus, the internal 

pressure actually works against it. According to the general theory 
of relativity, gravity is produced not only by mass (gray line) but 

also by pressure (broken black line). At hi gh pressures the force 

of gravity generated by the pressure is proportional to the s.quare 

of the pressure. Thus if the star's internal pressure is very high, it 

gives rise to gravitational forces that overwhelm the internal pres· 

sure and the star collapses. For a compact star with a mass of less 

than three times the mass of the sun (left) there are intermediate 

pressures that can be counterbalanced by gravity (vertical lines in 

color). For stars more massive (right), however, force of gravity al. 

ways wins and crushes star into a black hole in less than a second. 
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Therefore one would like to know the 
critical mass precisely. Precision is not 
possible, however, because we do not 
know enough about the properties of 
matter at the "supernuclear" densities of 
a white dwarf or a neutron star, that is, 
at densities above the density of the 
atomic nucleus: 2 X 10; I grams per cu
bic centimeter. Nevertheless, an upper 
limit on the critical mass is known: Remo 
Ruffini of Princeton University and oth
ers have shown that it cannot exceed 
three times the mass of the sun. In other 
words, no white dwarf or neutron star 
can have a mass greater than three times 
the mass of the sun. 

From a physical and mathematical 
standpoint a black hole is a marvelously 
simple object, far simpler than the earth 
or a human being. When a physicist is 
analyzing a black hole, he need not face 
the complexities of matter, with its mo
lecular, atomic and nuclear structure. 
The matter that collapsed in the making 
of the black hole has simply disappeared. 
It exerts no influence on the hole's sur
face or exterior. It makes no difference 
whether the collapsing matter was hy
drogen, uranium or the antimatter equiv
alents of those elements. All the prop
erties of the black hole are determined 
completely by Einstein's laws for the 
structure of empty space. 

Exactly how simple black holes must 
be has been discovered by three physi
cists: Werner Israel of the University of 
Alberta and Brandon Carter and Ste
phen Hawking of the UniverSity of Cam
bridge. They have shown that when a 
black hole first forms, its horizon may 
have a grotesque shape and may be 
wildly vibrating. Within a fraction of a 
second, h0wever, the horizon should 
settle down into a unique smooth shape. 
If the hole is not rotating, its shape will 
be absolutely spherical. Rotation, how
ever, will flatten it at the poles just as 
rotation slightly flattens the earth. The 
amount of flattening and the precise 
shape of the flattened hole are deter
mined completely by its mass and its 
angular momentum (speed of rotation). 
The mass and angular momentum not 
only determine the hole's shape; they 
also determine all the other properties 
of the hole. It is as though one could de
duce every characteristic of a woman 
from her weight and hair color. 

I n calculations the angular momentum 
is replaced by a more convenient 

quantity: the rotation parameter. The ro
tation parameter (a) is equal to the speed 
of light (c) multiplied by the angular 
momentum (J), divided by the New
tonian gravitational constant (G) times 

CYGNUS X·l is believed to be associated with the star HOE 226868, the darkest and largest 

object in the center of this negative print of a small region of the sky. The photograph was 

made by Jerome Kristian with the 200·inch reflecting telescope on Palomar Mountain. The 

photographic plate was exposed so long that exceedingly faint stars (down to the 22nd mag· 

nitude) are visible. Superimposed on photograph are location of sources of radio emission 

(small cross) and of X.ray radiation (white outline). Position of Cygnus X·I is not known 

very well from X.ray observations alone because X.ray telescopes have low resolution. Our. 

ing last week of March and first week of April in 1971, however, Cygnus X·l underwent a 

cataclysmic and so far permanent change that caused it to begin emitting radio waves and to 

double the average energy of its X rays. Because the positions of radio sources can be mea· 

sured accurately, the change in Cygnus X·I assisted astronomers in identifying its location. 

the square of the hole's mass (m2) : (a = c 
JIG m2) . The rotation parameter always 
has a value between zero and one. For a 
rotation parameter of zero (a = 0) the 
hole is spherical and does not rotate; for 
a rotation parameter of 1 (a = 1) the 
hole is highly flattened and rotates ex
tremely rapidly. There is no way to make 
a hole rotate any faster than a = 1; in 
fact, a hole with a rotation parameter 
very close to 1 should actually slow 
down until its rotation parameter is 
about .998 because of friction with the 
matter and radiation falling into it. 

What are the most important proper
ties that can be deduced from a hole's 
mass and rotation parameter? First, the 
gravitational field of the hole obeys the 
standard laws of Newton and Einstein: 
the hole's attraction for an object is pro
portional to its mass and inversely pro
portional to the square of the distance 
between it and the object if the distance 
is somewhat greater than the size of the 

hole. Second, a rotating hole creates a 
vortex in the empty space surrounding 
it, thereby swirling all particles or gas 
that approach it into whirlpool orbits . 
The greater the hole's rotation param
eter, the stronger the vortex. Third, a 
black hole curves space and warps time 
in its vicinity. Fourth, a black hole has 
a clearly delineated horizon into which 
anything can fall but from which nothing 
can emerge. Fifth, the circumference of 
a black hole's equator is 19 kilometers 
multiplied by the mass of the hole and 
divided by the mass of the sun. Typical 
black holes should have masses between 
three and 50 suns, and circumferences 
between about 60 and 1 ,000 kilometers .  

Such are the predicted properties of 
black holes from the viewpoint of the 
theorist. To the observational astrono
mer these properties present an exciting 
challenge: find a black hole and verify 
the predictions! Until the mid-1960's no 
one took the challenge seriously. Black 
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SPACE IS CURVED in the presence of a strong gravitational field. The curvature is de· 

picted in what is known as an embedding diagram, in which three·dimensional space is rep· 

resented by a flat plane that is warped by the presence of a star or any other kind of massive 

object. The amount of curvature is related to the strength of the object's gravitational field, 

and it affects the direction and travel time of rays of light and the measurement of distances. 

holes were regarded as being strictly 
theoretical objects: objects that could 
be formed by the death of a star but 
probably never were formed. Even if 
they were, they could probably never be 
found observationally. Objects such as 
black holes and neutron stars were too 
bizarre to fit naturally into our tranquil 
universe. Somehow all massive stars 
would eject most of their mass before 
they died, thereby saving themselves the 
fate of becoming neutron stars or black 
holes . This climate of opinion was rare
ly verbalized explicitly, but it set the 
tenor of the times. I do not know of a 
single proposal to search for black holes 
before 1963. 

In the 1960's, however, our view of the 
universe began to change radically. 

Exploding galaxies, rapidly varying ra
dio galaxies, quasars, cosmic microwave 
radiation from the "big bang" explosion 
that formed the universe, flaring X-ray 
stars-all these and other observational 
discoveries taught us how violent and 
strange the universe can be. Gradually 
neutron stars and black holes began to 
seem more plausible. Then, in 1967, 
pulsars were discovered, and by late 
1968 they were shown to be rotating 
neutron stars beaming radiation out into 
space. Since neutron stars really existed, 
then surely black holes must exist as 
well. 
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How could one go about searching for 
a black hole? If black holes are formed 
by dying massive stars, the nearest black 
hole should be no closer to the solar sys
tem than the nearest massive star: some 
10 light-years away. Since most black 
holes would have a circumference of less 
than 1,000 kilometers, their resulting an
gular diameter in the sky would be a 
millionth of a second of arc. One could 
certainly not hope to find a black hole as 
a black spot in the sky. 

Could one take advantage of the fact 
that a black hole's gravitational field can 
act as a lens and bend and focus light 
from a more distant star, thereby mak
ing the star look temporarily bigger and 
brighter? This is not a good way to 
search for black holes. If the hole were 
close to the star, the amount of focusing 
would be too small to be noticeable. If 
the hole and the star were widely sepa
rated, the amount of focusing would be 
large, but interstellar distances are so 
vast, that the necessary lining up of the 
earth, the hole and the star would be an 
exceedingly rare event-so rare that to 
search for one would be a waste of time. 
Moreover, even if such an event were 
observed, it would be impossible to tell 
whether the gravitational lens was a 
black hole or merely an ordinary but 
dim star. 

Suppose the black hole had a com
panion star that could be seen and stud-

ied. Perhaps the presence of the hole 
could be deduced by its influence on the 
companion. With this idea in mind two 
Russian astrophysicists began the first 
search for black holes in 1964. Ya. B. 
Zel'dovich and O. Kh. Guseynov looked 
through catalogues of spectroscopic bi
nary stars for systems that might be a 
black hole and a normal star revolving 
around each other. A spectroscopic bi
nary system can look like a single star 
when it is viewed through even the most 
powerful telescope. The lines in its spec
trum, however, shift periodically from 
the blue toward the red and back again 
as the observed star revolves around its 
darker companion. The periodiC shift is 
produced by the Doppler effect: it is 
toward the blue as the star moves toward 
us in its orbit and toward the red as it 
moves away. The spectral lines of the 
companion may also be detected, shift
ing toward the red as the lines from the 
primary, or brighter, star are shifting 
toward the blue. In that case the com
panion is presumably not a black hole. 
If the companion star cannot be detect
ed, however, it might be a black hole. 

S tar catalogues are full of binary sys-
tems for which the spectral lines of 

only one star are detected. Several hun
dred are known, and probably thousands 
more could be discovered if there were 
strong reasons to search for them. To 
shorten the list Zel'dovich and Gusey
nov investigated the mass of each dark 
companion. They could estimate the 
mass roughly from the amount the spec
tral lines were Doppler-shifted. The 
more massive the companion, the strong
er its pull on the primary star and hence 
the greater the Doppler shift of the spec
tral lines. By requiring firm evidence 
from measurements of the Doppler shift 
that the mass of the dark companion is 
three times greater than the mass of the 
sun (and is therefore not a neutron star 
or a white dwarf), Zel'dovich and Gu
seynov brought their list down to a 
handful of spectroscopic binaries. In 
some of those systems the primary star 
was so bright that its dark secondary 
companion could very well be a normal 
star masked by the glare of the primary. 
After discarding those cases Zel'dovich 
and Guseynov were left with five good 
candidates for systems incorporating a 
black hole. 

In 1968 Virginia Trimble, who was 
then working at the California Institute 
of Technology, and I revised and extend
ed the Zel'dovich-Guseynov list. Unfor
tunately for us none of the eight good 
candidates on the new list we prepared 
presented a truly convincing case for a 
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THREE BLACK HOLES, their accretion disks and the curved 

space that surrounds them are compared to show how they are 

affected by their speed of rotation. A hole that is not rotating (top) 

has a horizon, or edge, that is spherical. Its rotation parameter a 

is zero, where the rotation parameter is defined as heing equal to 

the speed of light times the black hole's angular momentum, di. 

vided by the Newtonian gravitational constant times the square 

of the black hole's mass. A hole rotating at a moderate speed (mid· 

dle) with a rotation parameter of .866 will be perfectly flat at the 

poles but will still be rounded at the equator. Rotation does not af. 
feet the size of the equatorial circumference. For a black hole roo 

tating at high speed (bottom) with a rotation parameter of .998, the 

horizon has a shape that cannot exist in the flat Euclidean space of 

everyday experience. In all three black holes the hot, gaseous ac· 
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cretion disk that is believed to surround the black hole in Cygnus 

X·I is shown. Gas spirals inward through the disk toward the hori· 

zon, heating up by friction and emitting X rays along the way. At 
the inner edge of the disk the hot gas plunges into the hole. A whirl. 
pool motion in space, created by the black hole's rotation, swirls 

the disk inward so that its inner edge is close to the horizon if the 

hole is rotating rapidly. The curved space around the hole and 

the relative positions of the hole and the accretion disk in the 

curved space are shown by means of an embedding diagram [see 

illustration on the opposite page]. The static limit is the point 

where the whirlpool motion of space becomes irresistible. For a 

rapidly rotating black hole the accretion disk extends far below the 

static limit. X rays emitted from such a disk may have specific char. 

acteristics that would reveal whether black·hole theory is correct. 
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black hole. In all eight cases Trimble was 
able to conjure up a semireasonable ex
planation for why the dark companion 
was invisible without resorting to the hy
pothesis that it was a black hole. For ex
ample, the dim star might itself be a 
multiple-star system and thus be less lu
minous than its mass would indicate. Al
ternatively the primary star might be 
more luminous than it appeared to be. Or 
complexities in the spectrum of the pri
mary star might mask the spectral lines 
of the secondary star. At that point the 
search for black holes in binary systems 
seemed to be stymied. 

There was one major hope. As early 
as 1964 it had been realized that a black 
hole in a close binary system might pull 
gas off its companion star. As the liber
ated gas fell into the hole, it might heat 
up so much that it would emit X rays. 
Thus if any of the eight good candidates 
were found to emit X rays, the supposi
tion that the dark companion was a black 
hole would become much more convinc
ing. 

A search for X rays emitted by binary 
systems could not be conducted with in
struments on the ground because the X 
rays would be absorbed by the earth's 
atmosphere. One could use instruments 
aboard sounding rockets. Such a rocket, 
however, gets only a short peek at the 
sky before it falls back to the earth, so 
that its instruments can detect only the 
brightest of X-ray stars and can examine 
them only sketchily. Instruments car-
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ried aloft by balloons also get only short 
glimpses, and atmospheric absorption 
confines these views to the most pene
trating of the X rays. For a definitive 
search an X-ray telescope aboard an arti
ficial satellite would be needed. 

The first such telescope was launched 
jointly by the U.S.  and Italy aboard the 
Uhuru satellite on December 12, 1970. 
By the spring of 1972 Uhuru had gath
ered enough data to compile a detailed 
catalogue of 125 X-ray sources. To the 
astronomer searching for black holes the 
results from Uhuru were simultaneously 
disappointing and encouraging. They 
were disappointing because none of the 
X-ray sources coincided with any of the 
eight black-hole candidates. They were 
encouraging because at least six of the 
X-ray sources appeared to lie in other 
binary systems, typically systems that 
had not previously been recognized to 
be binary and had therefore been over
looked in the earlier searches. 

Two of the six definite X-ray binary 
sources, Centaurus X-3 and Hercules 

X-I ,  clearly did not harbor a black hole. 
One could be certain of that because 
their X rays arrive in precisely timed 
periodic pulses: 4.84239 seconds be
tween pulses for Centaurus X-3 and 
1 .23782 seconds for Hercules X-I. Noth
ing associated with a black hole can give 
rise to such regular behavior. Presum
ably each of these two binaries incor
porates a rotating neutron star with its 
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magnetic field inclined to its axis of ro
tation. Gas that is pulled off the com
panion star is funneled down the mag
netic lines of force onto the magnetic 
poles of the neutron star, where heat 
from its impact generates a beam of X 
rays that sweeps across the sky as the 
star rotates. Each time the beam sweeps. 
past the earth, the Uhuru satellite sees a 
burst of X rays. A black hole cannot 
produce such a beam because no off-axis 
structure such as a magnetic field can 
ever be anchored in a black hole. The 
hole would quickly destroy any such 
structure according to Einstein's laws of 
gravity. 

The four remaining binary X-ray 
sources are designated 2U 1700-37, 2U 
0900-40, SMC X-I and Cygnus X-I; 2U 
refers to the second Uhuru catalogue 
and SMC stands for Small Magellanic 
Cloud, a companion galaxy of our own. 
Studies at visual wavelengths of each of 
these sources reveal a supergiant pri
mary star with a telltale periodically 
varying Doppler shift. There is no sign 
of spectral lines from the secondary star. 
In all four cases, however, the visible 
spectrum shows lines emitted by gas 
Howing from the primary toward the un
seen secondary. The X rays from the 
three systems 2U 1700-37, 2U 0900-40 
and SMC X-I are eclipsed each time the 
primary star passes between the earth 
and the unseen secondary. Therefore the 
secondary is almost certainly the source 
of the X rays. The X rays are most likely 
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ENERGY EMITTED by various regions of the core of the accre· 

tion disk around the black hole in Cygnus X·I is expressed as a 
fraction of the total energy. Location on the disk is described 
in units of circumference divided by 2,., which is not equal to 

radius because space is highly curved in neighborhood of black 

hole. Half of energy is emitted from innermost 56 kilometers of 

disk, where temperature is higher than 30 million degrees Kelvin 
and energy of a typical X.ray photon exceeds 5,000 electron volts. 
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generated when the flowing gas is heat
ed by falling into the secondary, just as 
they are when the gas falls on a neutron 
star; at least astronomers have not been 
able to invent any other quantitative ex
planation for the X rays. 

To heat the falling gas to the tempera
tures necessary for the emission of X 
rays requires huge amounts of energy, 
energy that can be supplied only by a 
drop through a very strong gravitational 
field. The gravitational field surrounding 
a normal star or planet is not strong 
enough. Only three types of object have 
sufficiently strong fields: white dwarfs, 
neutron stars and black holes. And the 
only definitive way to distinguish among 
these three possibilities is to somehow 
measure the mass of the secondary star. 
If the mass exceeds 1 .4 times the mass 
of the sun, the object cannot be a white 
dwarf. If the mass exceeds three times 
the mass of the sun, the object cannot be 
a neutron star. In the latter case it must 
be a black hole. 

Obtaining a rough estimate of the 
mass of the secondary is not too dif

ficult. One needs only a moderate 
amount of data from observations of the 
Doppler shift and fairly good informa
tion about the spectrum of the primary. 
On the basis of such data the mass of the 
unseen companion of 2U 1700-37 is 2.5 
times the mass of the sun, the mass of 
the companion for 2U 0900-40 is three 
times the mass of the sun, the mass of the 
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companion for SMC X-I is twice the 
mass of the sun and the mass of the 
companion for Cygnus X-I is about eight 
times the mass of the sun. 

These figures suggest that at least one 
and perhaps all four of the X-ray bi
naries include a black hole . The esti
mates, however, are quite rough. Indi
vidual astronomers interpreting the data 
in various ways can differ by a factor of 
two or more in their estimates of masses. 
And any astronomer who wants to play 
the devil's advocate can reduce the esti
mates still further by introducing pe
culiar interpretations of the data. 

Only in the case of Cygnus X-I do the 
devil's advocates face difficulties. Even a 
"worst-case" analysis of these data re
veals that the unseen companion has a 
mass of no less than four times the mass 
of the sun. Therefore one can conclude 
that Cygnus X-I does comprise a black 
hole. At least this conclusion is the most 
reasonable one. 

Teams of devil's advocates led by 
John N. Bahcall of Princeton University 
and James Pringle of the University of 
Cambridge have invented viable, al
though less plausible, alternative models 
to explain the observations. The models 
assume that the massive secondary 
around which the bright primary travels 
is a normal but dim star. In one model 
the X rays come from a satellite neutron 
star in orbit around a massive normal 
secondary. In another model a neutron 
star emitting X rays circles in a wide or-
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bit around an entire normal binary sys
tem. In a third model the X rays do not 
come from a neutron star or any other 
compact object at all . Instead between 
two normal stars stretch strong magnetic 
fields that are continually being twisted, 
tied into knots and broken as the two 
stars rotate. The knotting and breaking 
of the fields heats gas that is attached to 
them, and the hot gas emits the X rays. 
A fourth model assumes that the second
ary emitting the X rays is not a black 
hole but is something even more exciting 
and bizarre: a massive "naked singular
ity" in the structure of space-time. Ein
stein's laws of gravity probably forbid 
the formation of naked singularities, but 
all attempts to prove that this is the 
case have failed. 

W e now face a situation that is com-
mon in astronomy. One model, that 

a black hole is in orbit around a normal 
star, can readily explain the observa
tions: the light and the X rays from 
Cygnus X-I. The other leading models, 
proposing a secondary that is either a 
white dwarf or a neutron star, have been 
killed by the observations. Alternative 
contrived explanations, however, can 
still be made to fit the data. Such a situ
ation leads astronomers into the final 
stage of the search for black holes: the 
attempt to accumulate more data of 
higher quality and of new types, data 
that (I hope!) will gradually kill the con
trived models and clinch the case for a 
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been a change of state in the region between 50 and 100 kilometers. 
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SPECTRUM OF HDE 226868 AND CYGNUS X-I is shown in terms 

of the absolute luminosity of the sun. The unit energy interval is 

the interval over which the energy increases by a factor of the 
base of natural logarithms, e, or about 2.718, for example at an en

ergy between 1,000 electron volts and 2,718 electron volts. The curve 

in color shows the spectrum of HDE 226868; the solid portion of 

the curve is known from visual observations and the broken por

tion is extrapolated into the infrared and ultraviolet regions of the 

spectrum. The calculated emission from the core of tbe accretion 

disk of Cygnus X-I is shown in gray. The points at energies above 

2,700 electron volts are X-ray observations of Cygnus X-I averaged 
over sbort fluctuations ranging from milliseconds to minutes; the 

vertical error bar on each point shows the statistical uncertainty 

due to the fact that the observations consisted of only a finite num

ber of photons. Black dots are observations made before the cata· 

clysmic change; colored dots show how the spectrum was altered. 

black hole. In this final stage of the 
search it will be helpful to know what to 
look for. What kind of signatures should 
characterize the X rays and the light 
generated by a binary system whose sec
ondary is a black hole accreting gas from 
a primary star? 

Detailed theoretical studies of such 
binary systems were begun in 1971 be
fore the observations from Uhuru had 
confirmed the fact that some binaries do 
emit X rays. The studies were initiated 
independently on the basis of Newtonian 
gravitation theory by Nikolai Shakura 
and Rashid Sunyaev of the Institute of 
Applied Mathematics in Moscow and by 
Pringle and Martin J. Rees at the Uni
versity of Cambridge. Later analyses 
based on Einstein's general theory of 
relativity were undertaken by Donald 
Page and me at the California Institute 
of Technology, by Igor Novikov and 
Andrei Polnarev of the Institute of Ap
plied Mathematics in Moscow and by 
Christopher Cunningham at the Univer
sity of Washington. All of these studies 
reveal the same gross structure for the 
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binary system and the How of gas within 
it [see illustration on page 33]. 

The gravitational field of the black 
hole is continually pulling gas off of the 
supergiant star or out of its immediate 
vicinity and funneling it into orbits 
around the black hole. Centrifugal and 
gravitational forces Hatten the orbiting 
gas into a thin disk around the black hole 
that is analogous to the rings around 
Saturn but is far larger. Once a gas fila
ment is sucked into the disk, it would 
stay in orbit around the hole forever if 
there were no friction. Friction between 
adjacent gas filaments, however, forces 
the gas to spiral slowly inward. The in
ward velocity is much less than 1 percent 
of the orbital velocity. A few weeks or 
months after a filament enters the disk 
it has spiraled inward by several million 
kilometers and is approaching the disk's 
inner edge. There the black hole's grav
ity becomes irresistible. It sucks the gas 
filament away from the disk and, within 
a fraction of a second, through the black 
hole's horizon into the hole itself. 

A by-product of the friction is heat. 

When a filament is first caught in the 
disk it might have a temperature of 
25,000 degrees Kelvin, the same tem
perature as the surface of the supergiant 
primary. As the gas drifts inward 
through the disk friction heats it until in 
the last 100 kilometers of its spiralin g 
descent it is hotter than 10 million de
grees. 

The hot gas radiates energy, about 80 
percent of which is emitted from the in
ner 200 kilometers as X rays. Presum
ably these are the X rays detected by the 
telescope aboard UhUTU. The remaining 
20 percent of the radiation, emitted from 
the comparatively cool outer parts of the 
disk, should be less energetic X rays that 
cannot be detected with the instruments 
currently available, together with ultra
violet radiation and light that would not 
be detectable against the glare of the 
supergiant star. 

The case for a black hole in Cygnus 
X-I would be much strengthened if 

theorists working with this model could 
calculate the properties of the X-ray 
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emission in detail. The chief stumbling 
block at this point is friction in the disk. 
We do not know whether the friction is 
generated by turbulence in the spiraling 
gas, by magnetic fields embedded in the 
spiraling gas or by a combination of tur
bulence and magnetic fields. Even if we 
did know the source of the friction, we 
could not calculate its magnitude be
cause we do not yet know enough about 
the general physical behavior of turbu
lent magnetized gases. 

It is remarkable that in spite of our 
ignorance we are still able to calculate 
with confidence some of the impOltant 
features of the disk. For example, from 
the laws of the conservation of energy 
and of angular momentum we can calcu
late how much energy each region of the 
disk radiates. We have concluded that 
most of the radiation must come from 
the hot inner 200 kilometers, no matter 
what the source or magnitude of the 
friction may be. We cannot, however, 
calculate the temperature in that inner 
region or the spectmm of the X rays it 
should emit. Instead we must discover 
what the spectmm is from observations 
and from it infer that the temperatures 
range between five million and 500 mil
lion degrees K. We go back to the mod
els and see that such high temperatures 
are incompatible with a calm disk having 
little friction or turbulence but are quite 
reasonable if the inner region of the disk 
is violently turbulent and is optically 
thin, that is, translucent to radiation. We 
then return to the observations and note 
that the X rays do not arrive at the earth 
steadily. Their intensity fluctuates by a 
factor of two or three or even more over 
any length of time from milliseconds to 
days. Such fluctuations are also what one 
might expect from a turbulent disk. 

By working back and forth between 
theory and observations in this way 

Richard Price of the University of Utah 
and I have built up a workable descrip
tion of the stmcture of the inner disk of 
Cygnus X-I. Of course, success in build
ing such a model is not much of a posi
tive addition to the explanation that 
Cygnus X-I includes a black hole. Too 
much was inferred from the observations 
and too little was calculated from the 
basic assumptions or the first principles 
of physics. On the other hand, tliings 
could be worse. The observations might 
have been incompatible with any type of 
model that assumed that the X rays were 
emitted by gas flowing into a black 
hole. In a sense, then, the black-hole 
model has survived a negative test. This 
type of test is the chief tool by which 

astrophysicists prove and disprove mod
els. When a model has withstood a varie
ty of negative tests that have destroyed 
all its competitors, astrophysicists begin 
to take the model very seriously. 

Negative tests may not be the only 
way to prove or disprove the black-hole 
explanation of Cygnus X-I. Sunyaev has 
suggested one positive test and other 
theorists are searching for more. Sun
yaev's test consists in looking for brief 
flares in the intensity of the X rays. Such 

X-ray flares would presumably be gen
erated by temporary hot spots in the in
ner 100 kilometers of the disk [see top 
illustration below]. We have no reliable 
theory that accounts for the origin and 
destmction of such hot spots. Neverthe
less it seems likely that once a hot spot 
is born it would live for more than one 
circuit in its orbit around the black hole. 
The X rays from the hot spot would be 
beamed in a direction that rotates as the 
hot spot circles the black hole. The beam-

BLACK HOLE 

INNER �� __ .. � ________ .... ��� .. ��.-OF ACCRETION DISK 

RADIATION FROM A HOT SPOT on the accretion disk of a black hole would be beamed 

into a wide cone that would sweep out a circle in the sky above the disk each time the spot 

made an orbit around the hole. As the cone sweeps repetitively past the earth X.ray tele

scopes would observe pulses of X rays amidst a general increase in the total intensity of the 

X rays received. The result would be a flare of X rays that would have a pulsed substructure. 
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TIME INTERVAL BETWEEN PULSES emitted by a hot spot in orbit on the accretion disk 
around a black hole is uniquely and precisely determined by the circumference of the spot's 

orbit and by the mass and rotation parameter a of the hole. The more rapidly the hole ro

tates, the smaller the inner edge of its accretion disk is, and hence the shorter the minimum 
time would be between pulses in an X·ray fiare. Observations of such pulses in X-ray flares 
can provide a way of measuring the rotation parameter of a black hole in Cygnus X-I. 
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ing might be caused in part by the proc
ess by which the radiation is emitted 
and in part by focusing of the radiation 
in the gravitational field of the black 
hole. Moreover, the Doppler shift would 
make the X rays more intense as the hot 
spot approached us in its orbit around 
the hole, and less intense as it receded. 
Hence the emission from the hot spot 
would not arrive steadily but should ar
rive in bursts, with the interval between 
bursts equal to the orbital period of the 
hot spot traveling around the black hole. 
Thus the model predicts that short X-ray 
Hares are likely to show a substructure of 
pulses with an interval between pulses of 
a few milliseconds. 

If such pulses were perceived and if 
the black hole's mass were known, then 
the interval between pulses would pro
vide a way of computing the circumfer
ence of the hot spot's orbit around the 
hole. By observing many pulsed X-ray 
Hares and determining the minimum in
terval between pulses we could learn 
what the circumference of the inner edge 
of the disk is, and from that we could 
infer the speed at which the hole is ro
tating. For a black hole with a mass eight 
times the mass of the sun the minimum 
interval between pulses must be be
tween 3.6 milliseconds for a nonrotating 
hole (rotation parameter a = 0) and .6 
millisecond for a rapidly rotating hole 
(rotation parameter a = . 998) . 

Such a pulsed substructure is not, 
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however, obligatory for X-ray Hares .  
Flares without a pulsed substructure 
could originate in hot spots that are far 
enough from the black hole (perhaps 
more than 100 kilometers) so that they 
are not beamed by the hole's gravitation
al field and do not vary much because of 
the Doppler shift. They could also origi
nate in spots that are very large and 
quickly get strung out into a doughnut 
around the disk by the orbital motion of 
the gas . Thus the observation of non
pulsed Hares is also quite compatible 
with the black-hole explanation of Cyg
nus X-I . If pulsed X-ray Hares can be 
detected, however, they should pulse 
only in the range predicted by Sunyaev's 
arguments. 

The search for pulsed Hares calls for 
an X-ray telescope that can make an 

observation in less than one millisecond 
and that has more than 10,000 square 
centimeters of area for collecting X-ray 
photons, so that many photons can be 
counted in each millisecond. Such a tele
scope will probably not be put into orbit 
around the earth until the National 
Aeronautics and Space Administration 
launches its first High Energy Astro
nomical Observatory satellite (HEAO
A), perhaps in 1977. Between now and 
then we must content ourselves with 
brief glimpses from the instruments on 
rockets and balloons. 

The first such glimpse, in October, 

3 1 8  

SECONDS AFTER LAUNCH 

1 973, was promising. X-ray Hares lasting 
about .1 second were observed with a 
telescope having a time resolution of .32 
millisecond and the modest collecting 
area of 1 ,360 square centimeters . The 
largest of the Hares does appear to have 
a pulsed substructure, but not enough 
photons were counted in the Hare to be 
certain. So here we theorists sit, impa
tiently awaiting the next generation of 
X-ray telescopes, those of us in the "es
tablishment" trying with great difficulty 
to build better black-hole models of Cyg
nus X-I and those of us who are deviI's 
advocates trying equally hard to build 
better non-black-hole models. 

While some of us struggle with Cyg
nus X-I ,  others search elsewhere for 
black holes. The possibiliti�s are plenti
ful, but none has yet yielded strong evi
dence for a hole. Several other spectro
scopic binaries, including Epsilon Auri
gae and Beta Lyrae, include a secondary 
star that has a mass of more than four 
times the mass of the sun and is sur: 
rounded by a huge opaque, or partially 
opaque, disk. As seen from the earth, the 
disk periodically blots out the light from 
the bright primary star. A. G. W. Cam
eron of the Harvard College Observatory 
and Edward Devinney of the University 
of South Florida have suggested that 
massive objects at the center of these 
disks might be black holes� Other as
tronomers find other explanations equal
ly plausible. 

3 1 9 320 

X-RAY FLARE WAS OBSERVED IN CYGNUS X-I by an X.ray 
telescope aboard a rocket built by the Goddard Space Flight Center 
and launched in October, 1973 (left ) .  A closer analysis of the flare 

(bracket) itself (right) shows that it does appear to have a pulsed 

substructure (color) near the telescope's limit of sensitivity. ( Ap' 

parent pulses in black are random fluctuations in the X.ray signal. )  
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The Russian astronomer V. F. 
Schwartzman is searching for black holes 
that have no binary companion. He cal
culates that the interstellar gas being 
sucked into such an isolated hole should 
emit light that flickers with a period of 
several milliseconds. Unfortunately for 
observers the light would not be very in
tense;  it would have no more than 1 per
cent of the intensity of the sun's light if 
the sun were being observed at that dis
tance. Since the nearest such black hole 
would be many light-years away, it 
would appear as a faint, rapidly flicker
ing star. To detect the flicker and there
by make a strong case for the existence 
of an isolated black hole, Schwartzman 
needs sensitive electronics and a power
ful telescope for observing at visible 
wavelengths . He is working at the 
Crimean Astrophysical Observatory, 
where a 240-inch telescope is nearing 
completion. 

The collapse of the star that gives rise 
to a black hole should also generate 

a huge burst of gravitational waves. The 
present first-generation gravitational
wave antennas are only sensitive enough 
to detect such bursts from our own gal
axy, where they would not be expected 
more than once every few years. Second
generation antennas now under con
struction at Stanford University, Louisi
ana State University and the University 
of Moscow might be able to detect such 
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bursts from the clus ter of 2,500 galaxies 
in the constellation Virgo. Even more 
sensitive third-generation antennas will 
surely be able to do so. Theorists expect 
that in the Virgo cluster there will be 
several black holes born every year. By 
detecting and analyzing the gravitational 
waves from such births one could not 
only verify the creation of a black hole 
but also study some intimate details of 
the newborn hole. It is a project a dec
ade or so in the future. 

Thus far I have described only nOlmal 
black holes created by the collapse of 
normal stars ranging in mass from three 
to 60 times the mass of the sun. There 
are probably supermassive holes and 
possibly miniholes as well. Donald Lyn
den-Bell of the University of Cambridge 
has argued that the dense milieu of gas 
and stars that fuels grand-scale explo
sions in the nuclei of some galaxies must 
ultimately collapse to form a supermas
sive black hole. If this is true, a galaxy 
such as our own, which probably had 
explosions in its nucleus long ago, might 
possess a huge black hole in its nucleus 
today. That hole would be a "tomb" 
from a more violent past. Such a black 
hole in our own galaxy might be as mas
sive as 100 million times the mass of the 
sun and have a circumference as large 
as two billion kilometers . The hole 
would suck gas from the surrounding 
galactic nucleus, perhaps forming a gi
gantic accretion disk analogous to the 
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The time interval between pulses was no shorter than .005 second, corresponding to a cir· 

cumference no smaller than four times the circumference of the black hole. That circum· 

ference is not small enough to determine the rotation parameter of the black hole. 

disks proposed for the spectroscopic-bi
nary systems. Lynden-Bell and Rees cal
culate that such a disk would emit 
strong radio and infrared radiation but 
not X rays . The nucleus of our galaxy 
does give evidence of several bright in
frared and radio "stars ."  Unfortunately 
for theorists an accretion disk around a 
supermassive black hole is not the only 
possible explanation of the observed ob
jects, and so far no one has invented a 
definitive test for the hypothesis. 

Miniholes far less massive than the 
sun cannot be created in the universe as 
it exists today. Nature simply does not 
supply the necessary compressional 
forces. The necessary forces were pres
ent, however, in the first few moments 
after the creation of the universe in the 
"big bang." If the big bang were suffi
ciently chaotic, then, according to calcu
lations made by Hawking, it should have 
produced a great number of miniholes. 
Hawking has shown that miniholes be
have quite differently from normal-sized 
holes. Any hole less massive than 1016 
grams (the mass of a small iceberg) 
should gradually destroy itself by an 
emission of light and particles according 
to certain laws of quantum mechanics. 
Those laws, which are not important for 
the larger black holes, considerably 
modify the properties of the smaller 
holes. The result is that all the primordi
al black holes less massive than 1015 
grams should be gone by now. Those 
with a mass between 1015 grams and 
1016 grams are now dying. In its final 
death throes such a dying black hole 
would not be black at all . It would be a 
fireball powerful enough to supply all 
the energy needs of the earth for several 
decades yet small enough to fit inside 
the nucleus of an atom. 

Hawking's results are less than a year 
old, and so their implications have" not 
yet been explored in detail . They ma}' 
motivate a flood of proposals for search
ing for miniholes. He and Page are ex
ploring one possibility: that the bursts of 
cosmic gamma rays that have been de
tected by instruments on artificial satel
lites of the Vela series came from explo
sions of miniholes. 

The present list of ways and places 
that black holes might be found is 

far from complete . With so many possi
bilities a theorist such as the author can
not help being excited-until he talks 
with his more down-to-earth experiment
er friends. Then he realizes what a diffi
cult job the search really is. We cannot 
expect quick results, but the future does 
not seem unpromising. 
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Hydra as a Model for the 
Development of Biological Form 

Cells isolated from this freshwater polyp can aggregate and form 

a complete new animal. Experiments with the system lend support 

to a physico-chemical scheme for the creation of biological pattern 

T
he most interesting feature of a 
living organism, apart from its be
havior, is its specific physical 

structure. Evolution has given rise to an 
untold variety of distinctive living forms, 
each capable of generating its own kind 
with high fidelity on reproduction. Some 
of the early biologists believed that the 
egg from which the organism develops 
must contain the plant or animal in some 
invisible miniature form. The actual ex
planation for the ability of like to pro
duce like is a great deal more abstract. It 
is now known that the three-dimensional 
structure of every organism, in common 
with all other inherited properties, is en
coded in the specific linear sequence of 
chemical subunits that constitute the ge
netic material DNA. In the past 20 years 
much has been learned about how the 
sequences of nucleotides in DNA we call 
genes are transcribed into equivalent se
quences of "messenger" RNA and how 
these latter sequences are then translated 
into specific enzymes and other proteins. 
Biologists have also discovered mech
anisms by which the transcription of 
genes can be turned on and off. 

This understanding, however, has 
shed little light on morphogenesis: the 
origin and development of form. By 
what sequence of steps do the enzymes 
spun in individual cells modify the 
shape and function of the cells them
selves and ultimately dictate the com
plex architecture in which thousands, 
millions and even billions of cells are 
marshaled? What are the biochemical 
and biophysical processes that generate 
macroscopic patterns and specify pro
portions? The task of the molecular bi
ologist is to analyze the embryonic de
velopment of a plant or animal into 
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combinations of elementary processes 
that can be explained by the physico
chemical properties of cells and mole
cules. 

In the course of the development of a 
higher animal the original fertilized egg 
cell gives rise after a number of subdi
visions to cells of all the various types 
needed to make muscle, gut, nerve, skin 
and so on. Although in general each cell 
is endowed with a complete copy of the 
genetic material, cells with distinctive 
properties are created by the turning on 
or off of particular sets of genes. Cell 
types differ not only in shape and size 
but also in composition and internal 
structure. Cell surfaces incorporate sub
stances that cause cells to adhere or in
teract in other ways. Substances liberat
ed by certain cells may cause other cells 
to move within the tissue. Often a tissue 
that is at first nearly homogeneous de
velops a complex pattern in which dif
ferent regions consist of different cell 
types. The tissue may fold inward or out
ward in a precise manner to build a 
structure on an initially unfolded sur
face. These and other types of processes, 
ultimately directed and regulated by the 
genes, are the elementary mechanisms 
of pattern formation that one hopes to 
explain by molecular and cellular inter
actions. 

A comprehensive understanding of 
morphogenesis will take a long time 

and will draw on observations made with 
many kinds of organisms. A particularly 
suitable organism, in my view, is the 
freshwater coelenterate known as hydra. 
About half a centimeter long, hydras 
have a simple tissue structure that nev
ertheless exhibits a wide range of intra-

cellular and intercellular phenomena, 
each in a relatively simple form. Hydras 
have few cell types and a simple three
dimensional structure [see upper illus
tration on page 46]. In addition, they 
have a strong capacity for regenerating 
lost parts, so that one can study morpho
genesis not only in developing animals 
but also in regenerating ones. Hydras 
have an asymmetric polar structure, with 
a head (the hypos tome and the tentacles) 
at one end and a foot (the peduncle and 
the basal disk) at the other. The gastric 
column in between has a zone where 
buds are formed and split off, reproduc
ing the animal asexually. Hydras are also 
able to reproduce sexually from fertilized 
eggs. 

Hydras consist of about 100,000 cells 
of roughly a dozen different types. The 
cells are marshaled in two layers, ecto
derm and endoderm, both of which con
tain epithelio-muscular cells. Inter
spersed among these cells are interstitial 
cells that reproduce themselves and also. 
serve as the precursors of differentiated 
cells, mainly nerve cells and nemato
cytes. The n�rvous system is a simple net 
that is densest in the head area. Nemato
cytes are stinging cells that migrate to 
the tentacles, where they impale and kill 
the animal's prey. Their mechanical and 
chemical properties put them among the 
most complex cells that are known to bi
ology [see illustration on page 53]. 

Hydra has a long history as a model 
system for investigations in develop
mental biology. In 1744 Abraham Trem
bley observed that sections of the gas
tric column can give rise to a new ani
mal. Not believing what he had seen, he 
repeated his observation and verified that 
within a few days a piece of tissue grew 
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HYDRAS are simple freshwater polyps, about five millimeters 

long, that commonly reproduce asexually by budding. These two 
micrographs made in the author's laboratory by Gerald Hansmann 

show normal hydras with two developing buds. The animals have 

REGENERATING ORGANISM can be obtained from isolated 
hydra cells. At the top left centrifuged hydra cells form a clump 

in which interior (endoderm) and exterior (ectoderm) cells are 
randomly mixed. About a day later (upper right) ectoderm and 

endoderm cells have sorted themselves out, forming a hollow 

tentacles and a mouthlike structure (the hypostome) at one end 
and a foot (the peduncle and the basal disk) at the other. In be· 

tween is the gastric column with a budding zone at the lower end. 

Each of these two animals has one young bud and one older bud. 

spheroidal structure with two cell layers. After another day tenta· 
cle buds have started to appear. Hypostomes with tentacles con· 
tinue to grow (lower lelt) and in many cases create a multiheaded 
monster (lower right). Eventually the parts separate to form nor· 
mal animals. Regeneration of hydras was first observed in 1744. 
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into a new specimen, complete with a 
head and a foot. Trembley's discovery of 
the formation of an entire organism from 
its parts, and of the organism's apparent 
immortality, created a sensation not only 
in the scientific community of the day 
but also in literary and philosophical cir
cles. Since that time some 2,000 investi
gations conducted with hydras have been 
published. 

As early as 1755 August Johann Rosel 
von Rosenhof put together even smaller 
pieces of hydra and observed their re
generation into complete animals. In 
1935 the Russian biologist M. P. Aisupiet 
pressed hydra tissue through a fine mesh 

and obtained regenerated animals from 
the emerging disorganized tissue. More 
recently my colleagues and I at the Max 
Planck Institute for Virus Research in 
Tiibingen have obtained complete hydras 
from dispersed cells, and the same find
ing has been reported by Japanese work
ers. As far as we know hydras are the 
most complex organisms that can be en
tirely reconstituted and regenerated 
from cells. The same can be done with 
other animals, such as sponges, but the 
level of organization in such animals is 
lower and they do not have real tis
sues and organs. For animals more com
plex than hydras organlike structures 

have been reconstituted from cells but 
not the entire animal. 

For several years a group in our labora-
tory has been studying isolated cells 

and regenerating tissues of hydras as a 
model for cell differentiation and pattern 
formation. These studies led to the find
ing that dissociated hydra cells first form 
aggregates, or clumps, before regenerat
ing into complete animals. Even though 
hydras are freshwater animals, if isolated 
hydra cells are placed in fresh water, 
they disintegrate. We found, however, 
that isolated cells remain alive and tend 
to aggregate if they are placed in certain 

SIMPLE ORGANIZATION OF HYDRA is depicted in this sche· 
matic cross section. It is this simplicity and the fact that hydras are 

made up of barely a dozen types of cell that makes these animals 
a particularly useful model system for the study of morphogenesis. 
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CROSS SECTION OF GASTRIC REGION shows the arrangement 

of endoderm and ectoderm. Embedded in the ectodermal layer are 
interstitial stem cells that not only reproduce themselves hut also dif· 
ferentiate into nerve cells and nematoblasts ( immature nematocytes). 
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BATTERY OF STING CELLS 

CROSS SECTION OF TENTACLE shows batteries of nematocytes, 
or sting cells. Produced in the body column, nematocytes are ex· 
tremely complex cells that migrate primarily to the tentacles, where 
their function is to impale and kill animals on which hydras prey. 
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solutions of high salt concentration in 
which whole animals slowly disintegrate. 

On the basis of these observations we 
are able to obtain regenerated animals in 
the following way. Hydras are soaked in 
a suitable medium of high salt concen
tration and then are disrupted mechan
ically by passing them repeatedly 
through a pipette until most of the tissue 
has disintegrated into separate cells. Re
maining clumps of cells are removed by 
sedimentation or by passing the cell sus
pension through filters of the appropriate 
mesh size. The cell suspension, consisting 
predominantly of single cells, is allowed 
to aggregate in a dish containing a suit
able medium. An alternative procedure 
is to spin the cells in a centrifuge until 
they form clumps of defined size, which 
are then placed in the medium. The cell 
clumps form a mosaic in which various 
cell types occupy random positions. 

The medium is now diluted gradually 
to a reduced salt concentration in which 
isolated cells would disintegrate but in 
which hydras stay alive. In the course of 
a day ectodermal and endodermal cells 
sort themselves out. Eventually a two
layered hollow sphere forms, with ecto
dermal cells comprising the outer layer 
and endodermal cells the inner one [see 
micrograph at upper right in bottom il
lustration on page 45]. The structure re
sembles an intermediate stage of the 
developing hydra embryo and is very 
similar to a regenerating section of the 
body column after the wounds caused by 
excision have closed. 

In the course of the second day tenta
cles appear, and soon thereafter develop
ing hypos tomes are visible. Often a mon
strous many-headed a'nimal is formed 
[see micrographs at lower left and lower 
right in bottom illustration on page 45]. 
Eventually, as the monster feeds and 
grows, the parts separate into normal hy
dras. The heads of the monster form at 
random positions, but they tend to main
tain a certain distance from one another. 
If cells are initially derived not from 
whole animals but from head areas 
alone, head structures are predominant
ly formed; cell preparations from foot 
areas show a predominance of footlike 
structures. Cells taken exclusively from 
the gastric column give rise to complete 
animals with a head and a foot. 

The crucial point in the interpretation 
of such experiments is to prove that sin
gle cells really participate in forming 
new animals. With current techniques it 
is impossible to remove all clumps con
taining more than one cell from the prep
aration; indeed, new cell clumps form 
continuously in the cell suspension. In 
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GRADED PROPERTY TERMED POLARITY determines the site of new head regions in 
hydras regenerated from separated.cell preparations. In a typical experiment cells are 
obtained from two gastric regions. one region (C) closer to the head than the other (D). 
Cell aggregates from the two regions are then arranged in diiierent sequences and observed. 
It is found that heads (indicated by tentacles) develop preferentially from C regions. 
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addition, regenerating hydras, whether 
they are derived from cells or from parts 
of animals, always lose some of their 
cells until they can be fed. It is by quan
titatively comparing the number of sin
gle cells in the cell preparation and the 
number of surviving cells in the regen
erated animals that we have been able 
to demonstrate that the regenerates are 
formed predominantly from single cells. 

Apart from demonstrating the capac
ity of a cell system for self-organization, 

... . ..... :'.,�i):.,' ''i; (60 PERCENT) 

' , . , . , " , - , 

the aggregates from hydra cells provide 
an assay for the role of cells and cell 
types in morphogenesis. Therefore it is 
possible to follow the path of labeled or 
stained cells in the course of develop
ment. In addition, with cell aggregates 
one can construct artificial spatial ar
rangements of cells of various types, ori
gins and pretreatments. A relatively sim
ple example is the following. 

Regenerating tissue sections cut from 
the gastric column of hydras show a di-

rectional property called polarity. Such 
sections regenerate a head at the edge 
closest to the original head. The decision 
on where to form a new head is made a 
few hours after cutting, long before any 
headlike structure is visible. If the area 
that will become the head of the regen
erated animal is cut out and transplanted 
to the gastric region of another hydra, it 
may induce the formation of a second 
head in the host tissue. Visible patterns 
are thus preceded by prepatterns that 
distinguish a future head area from other 
parts of the regenerate. 

To explain the phenomenon of polarity ( G·········· ·····.···.··· ·.· .. ' .F.;;ctJ.:.·.· ... ·: ...
. . .. J ���;����TION 

� � 24 HOURS 

t 
NERVE-CELL LINE 

(10 PERCENT) 

� 
-= � � 

two quite different hypotheses have 
been advanced. According to one hy
pothesis the tissue incorporates cells that 
are themselves asymmetric and are ori
ented to point like arrows in one direc
tion, for instance toward the head. 
Therefore a regenerating section cut 
from the gastric region will tend to form 
a new head at the arrowhead end of the 
section and a foot at the other end. There 
are sophisticated, physically plausible 
versions of this hypothesis. 

NEMATOCYTE LINE 
(30 PERCENT) 

20 HOURS LATER 

STEM-CELL NEST 

16 HOURS LATER 

8 HOURS LATER 

CELL DIFFERENTIATION produces nerve cells and nemato
cytes out of stem cells, which are one type or possibly several types 
of interstitial cell found singly or in "nests" of two. Each day about 

60 percent of the stem cells reproduce their own kind. Another 10 
percent differentiate into nerve cells and 30 percent end up as 
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The alternative hypothesis attributes 
polarity to some substance or cell type 

NEMATOBLASTS 

40 HOURS LATER 

DIFFERENTIATION ------>-7 

NEMATOCYTES 

12 HOURS LATER 

nematocytes_ In the first stages, lasting two to four days, the stem 

cells destined to produce nematocytes simply proliferate, typically 
forming nests of four, eight or 16 cells_ Following the last division 
the cells in the nests start differentiating. After eight hours the 
nematoblast stage is reached, showing the vacuole of the develop-
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that forms a gradient between the head 
and the foot. Within a section cut from 
the gastric column the region closest to 
the animal's original head would contain 
a slightly higher level of the hypothetical 
substance or cell type than would the 
region farthest from the head. As a re
sult of a competitive process extending 
over the regenerating section the future 
head would be initiated in the region 
with the "head start," that is, the slightly 
higher concentration of critical sub
stance or cell type. 

To examine these two hypotheses we 
have prepared cell suspensions from dif
ferent parts of the body column, formed 
aggregates and immediately thereafter 
grafted them together in various serial 
orders. In this way we can see whether 
or not cells conserve some position-de
pendent property in spite of disaggrega
tion and disorientation. We found that if 
aggregates made from cell preparations 
derived from head areas (H) and aggre
gates made from cell preparations de
rived from gastric-column areas (G) are 
grafted to form the array H-G-H, new 
heads will form predominantly in the 
two H regions. Similarly, serial aggre
gates containing head-derived cells in 

NEMATOCYTES 

the central area (G-H-G) will tend to 
form heads in the middle. 

This does not mean, however, that re
generating serial aggregates will invari
ably form structures corresponding to 
those in the tissues from which the ag
gregates were derived. I have mentioned 
that cells of the gastric column regener
ate complete animals on reaggregation. 
On the other hand, if cell preparations 
are made from different parts of the gas
tric column, one from an area close to the 
head and another from an area farther 
from the head, heads form preferentially 
in the aggregates containing cells ob
tained closest to the head [see illustra
tion on page 47]. 

An analysis of these experiments and 
similar ones leads us to believe that po
larity is not caused by cellular asym
metry but results rather from the graded 
distribution of some substance or cell 
type. Before an aggregate is formed, all 
the cells have been completely disorient
ed. If asymmetric (polar) cells exist, they 
would have random orientations in the 
aggregates. Conceivably they could lat
er tend to align themselves parallel to 
each other, but the resulting preferential 
direction of the cells within the aggre
gate would again be random. In any 
case, if polarity were to result from cell 
orientation, the location of the head
forming areas in sequential aggregates 
should not depend on the areas from 
which the cells have been derived. Our 
experiments show, however, that there is 
a strong dependence. 

On the other hand, if different regions 
of the animal differ in their cellular con
stituents or in their cell types in a graded 
manner from head to foot, such differ
ences would be maintained when cells 
are isolated and reaggregated, irrespec
tive of the disorientation of the cells. 
Within the aggregates, then, one should 
find some regions richer in the hypo
thetical substances (or cells) and some 
regions leaner. A competitive process 
extending over the aggregate may cause 
the relatively rich sections preferentially 

� � to form heads. This model agrees with 

� @!b � � � the experimental findings. W� , , '  --� � �/- 9 The chemical- or cellular-gradient 
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" . of expenment. Suppose the gastnc col-

� � Itih CiA. . . . . . ·,:_. {i,. umn is cut into many thin sections at " � W � ,." , . right angles to its long axis, without dis-

ing nematocysts. After 40 hours the nema· 

toblasts have differentiated into nematocytes 

containing a mature nematocyst capsule. 

The nests finally break up, enabling nemato

cytes to migrate individually to tentacles. 

persion into cells, and that each section 
is reversed and immediately put back 
with its original neighbors. At which end 
will the new head appear? According to 
cell-orientation models the new head 
should form close to the former foot, and 
according to chemical- or cell-gradient 
models the new head should form close 

to the former head. The latter prediction 
turns out to be the right one. To be sure, 
more complicated models can be devised 
in which a stable gradient is assumed to 
direct a rapid orientation of cells so that 
some effects of cell orientation could still 
be involved in the explanation of the ex
perimental results. Even then, however, 
the general conclusion remains that the 
stability of polarity in the tissues of hy
dra is due not to cell orientation but 
rather to a graded distribution of some 
physical property, most probably of a 
special substance or type of cell. 

NY specialized cell in a higher orga-
nism, for example a nerve cell, arises 

during embryonic development from a 
sequence of determining steps. This se
quential determination is somewhat sim
ilar to specifying a postal address by 
state, city, street and number. The lin
eages of the cells in such an organism 
make up a branching scheme starting 
from one cell type (the fertilized egg 
cell) and ending up with all the cell types 
of the organism. At each stage in the 
branching scheme a decision must evi
dently be made between production of 
more of the same kind of cell and fur
ther specialization along one or several 
pathways. 

Such a process requires accurate 
quantitative regulation. Growing, bud
ding and regenerating hydras offer fair
ly simple model systems for studying 
these elementary processes. Well-fed 
budding hydras double in number every 
three and a half days. The body column 
is in a steady state of cell proliferation 
and differentiation. It produces new cells 
continuously, partly to "repair" tentacles 
and foot but mostly to form the new 
buds. 

Certain cell types, the nerve cells and 
the nematocytes, do not reproduce but 
are formed from stem cells: precursor 
cells that are capable both of maintain
ing their own production and of giving 
rise to differentiated cells. In nematocyte 
production stem cells in the interstices 
between cells of another type double 
several times to form little nests, so that 
nematocytes eventually emerge in 
groups of four, eight, 16 and 32 cells. 
Thus a large number of immature nema
tocytes are found in growing hydras. In
sights into the sequence of events and 
the regulatory processes involved can be 
obtained by drawing up a balance sheet 
that accounts for the continuous produc
tion of various cell types. 

In our laboratory Charles David and 
Richard Campbell have examined the 
scheduling of proliferation and differen
tiation for nerve cells, nematocytes and 
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epithelial cells. By administering a la
beled precursor of DNA (radioactive 
thymidine) to hydras for various time in
tervals, they were able to measure the 
time required for the tracer to be incor
porated into the various cell types. If 
incorporation is delayed for a given cell 
type, one can assume that the type arises 
from an intermediate precursor. One can 
then deduce how long the intermediate 
stage has lasted. For proliferating cells 
the kinetics of labeling, in conjunction 
with other measurements, make it possi
ble to reconstruct details of the cell cy
cle, that is, the stages within one round 
of replication that add up to the doubling 
time of the cell. From such measure
ments the schedule of cell proliferation 
and differentiation can be reconstructed. 
If the reconstruction is valid, the num
bers of cells of various types present in 
the tissue must be inversely related to 
their rate of turnover. This is found to 
be t he case. 

\Vith such methods we have estab
lished that epithelial cells mainly repro
duce their own cell type. The nerve cells 
are reprotluced from interstitial cells in 
about a day. The production of nemato
cytes takes much longer [see illustration 
011 preceding two pages]. After several 
days of successive divisions forming nests 
there is a phase of eight hours during 
which the cells still look like interstitial 
cells. Thcreafter inclusions appear, and a 

r 

long phase of 40 hours follows. Eventual
ly, at a well-defined time, the complex 
intracellular organs characteristic of 
nematocytes are formed. It appears as if 
during the 48 hours after the last cell 
division the requisite building material is 
synthesized, after which the intracellular 
structures are marshaled by a fairly fast 
self-assembly process. Some hours later 
the nests of nematocytes break up and 
most of the cells migrate individually to 
the tentacles, probably attracted by a 
chemotactic substance. 

It can be shown that the number of 
interstitial cells accounts quantitatively 
for the production of nerve cells and 
nematocytes in the animal. Among them 
are the true stem cells, which are capa
ble both of reproducing themselves and 
producing differentiated cells, mainly or 
exclusively nerve cells and nematocytes. 
Because of this dual task the stem cells 
have to replicate once a day, much faster 
than the doubling time of three and a 
half days for hydras themselves. 

The balance sheet of cell proliferation 
and differentiation in the steady state 
indicates that several processes have to 
be quantitatively regulated. Regulation 
prevents stem cells from becoming ei
ther depleted or overproduced and as
sures that the various differentiated cell 
types arise in defined proportions. The 
ratio of stem cells that produce nerve 
cells to those that produce nematocytes 

l:C I I 
I 
I 
I 

b Wi: 

I I 
I 
I 
I I 

c 

� 

BASIS OF POLARITY, which directs location of parts in regenerating hydras, may he the 
graded distribution of cell types or some cellular component, indicated here by a color 
gradient. The gradient, but not its absolute concentration, determines which end of a bydra 
section will become activated (black triangles). The activator produced at that end is 
believed to act as a prepattern for the formation of head. This hypothesis explains how 
adjacent sections excised (b, c) will each develop a head at the end nearest the original one. 
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is about 1: 3 on the average but only 
1 : 6 in the gastric column, where as in 
the head area it is mainly nerve cells that 
are produced. Presumably these regional 
differences are directed by chemical sig
nals that vary quantitatively between 
the head and the gastric column. One 
can also imagine that chemical signals 
are involved in the movement of cells, 
for example the migration of nerve-cell 
precursors to the head area. 

If we follow cell differentiation in a 
regenerating section rather than in a ma
ture animal, a striking feature is the rap
id production of new nerve cells in the 
developing head. They appear as soon 
as a day after cutting, even though it 
takes nearly a day to produce nerve cells 
from stem cells. The prepattern that de
termines the location of the new head in 
regenerating hydras is known to be es
tablished within a few hours after cut
ting; one of its earliest effects seems to 
be to initiate production of nerve cells 
for the future head. 

The evidence from observations of the 
aggregation and regeneration in hy

dras suggests that the invisible spatial 
prepatterns that precede the patterns of 
development are embodied in chemical 
substances. The differentiation and 
movement of cells are presumably 
caused by the formation of gradients of 
such substances in the animal. Over the 
past 30 years workers in a number of 
laboratories have been searching for 
these hypothetical "morphogens." No 
one, to my knowledge, has yet succeeded 
in chemically identifying a morphogen, 
if we do not count hormones and other 
long-range regulators. If one is skeptical, 
one may even doubt their existence. Af
ter all, any physical parameter that var
ies in spatial distribution, for instance 
some electrical property of cell mem
branes, would serve as well as the graded 
distribution of a chemical substance. 
Nevertheless, I am satisfied that the 
problem has a molecular answer, that 
morphogens exist and that the difficulty 
of identifying them can be attributed to 
the lack of an effective direct assay. 

The morphogenetic effects of applied 
chemical agents need not be, and often 
are not, related to natural morphogenesis 
in the animal. If, however, a specific or
ganic substance that occurs naturally in 
the animal were found to affect morpho
genetic processes at low concentrations, 
it is probable that the same substance is 
also involved in natural morphogenesis. 
Nevertheless to prove that the substance 
is so involved is not easy. 

Several morphogenetic effects have 
been reported for hydra extracts. In our 
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own laboratory Hildegard Schaller and 
Stefan Berking have isolated from hydra 
tissue activating and inhibiting sub
stances that influence budding and re
generation of the animal. They are or
ganic substances whose molecular 
weights are lower than those of enzymes 
but are in the range of those of most 
hormones. Their distribution is graded 
within the animal, with the highest con
centration being found in the head re
gion. Moreover, the substances are ac
tive in concentrations as low as 10.10 
gram per milliliter. This implies that lit
tle energy is required to maintain a grad
ed distribution in spite of diffusion and 
molecular decay. 

Perhaps the most interesting features 
of these substances are that most of them 
are bound to particulate structures with
in the cells and that they are active in 
experimental preparations at a concen
tration much lower than the average con
centrations normally found in the ani
mal. This suggests that the substances 
are bound to subcellular structures in an 
inactive form and are released in small 
amounts to exert their effects. Assuming 
that the substances are involved in nat
ural morphogenesis, it is not their syn
thesis but their release that gives rise 
to activating or inhibiting effects and the 
spatial pattern of such effects. We do not 
suggest that all regulatory substances in
volved in morphogenesis are of this type. 
Some regulatory effects may be the re
sult of genes being turned on or off; oth
ers may be due to the enzymatic syn
thesis of morphogenetic substances. 
Nevertheless, the release of preexisting 
morpho gens from subcellular structures 
is an attractive possibility, since the re
lease can be a fast process requiring no 
synthetic activity. 

If the substances we have identified, or 
other substances still unknown, can be 

shown to be true morpho gens, they 
should eventually help us to understand 
biological development. The gap be
tween empirical facts and their theo
retical interpretation, however, is still 
very wide. At this stage it is useful to ask 
what kind of physical, molecular phe
nomena might account for the morpho
genetic process. 

It is well known that spatial order can 
be generated by the direct interaction of 
atoms and molecules. For example, 
atoms and molecules can form crystals. 
By an apparently analogous process large 
organic molecules are able to form mem
hranes, fibers, tubes, cell components 
such as ribosomes and even entire virus 
particles. Cells interacting by direct con
tact can also give rise to specific struc-
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EXAMPLE OF MOLECULAR MODEL that leads to pattern formation by lateral inhibi
tion, as proposed by the author, postulates the existence of activator molecules (triangles), 
inhibitor molecules (circles) and a receptor protein that is activated by association with 
two activator molecules (a). Activator and inhibitor molecules are stored in separate sacs 

but can be released by the special protein in its activated form (b). The inhibitor can pre
vent the release of activator by occupying release sites on the activator storage sac but 
cannot block the release of inhibitor. The inhibitor molecules diffuse more freely and 
thus have a wider range between release and degradation than the activator molecules do. 
The resulting distribution of activator in regenerating hydras (e) directs head formation. 

tures. The double layer of ectodermal 
and endodermal cells found in hydras is 
constructed from disoriented aggregates 
of hydra cells by a sorting process that 
leads to an energetically favorable con
figuration. In the same way asymmetric 
tissue structures can be formed by the 
interaction of asymmetric cells. 

The experimental evidence indicates 
that in addition there are many cellular 
patterns that do not result from direct 
cell contact. It appears that instead the 
ultimate pattern is preceded by gradi
ents of morpho gens that generate pre
patterns extending over a distance of 
many cell diameters. The prepatterns 
then induce the formation of the visible 
patterns. 

A "countdown" mechanism for form
ing a graded distribution of morphogens 
has been proposed by Lewis Wolpert of 
the Middlesex Hospital in London to ac
count for outward-growing structures 
such as the buds of developing limbs. 
Such buds have a small growth zone 
near the tip where cells proliferate rela
tively fast. If at any given stage that zone 
produces a substance in an amount 
slightly less than the amount that was 
present in the immediately preceding 
stage, a gradient is created directly in 
the course of outward growth. That 

gradient may then give rise to the de
velopment of specific regions. 

There is another widely occurring 
type of pattern formation for which a 
regenerating section of hydra is a typical 
example. Here again the formation of 
the visible pattern is explained by an in
visible prepattern; but the prepattern is 
formed de novo in a tissue that is initial
ly almost homogeneous. Such apparent 
creation of highly structured inhomo
geneity out of near-homogeneity is an 
impressive phenomenon of development 
that was once frequently cited by vital
ists: those who maintained that living or
ganisms cannot be explained solely in 
terms of physics and chemistry. The for
mation of this type of prepattern is 
strongly influenced by communication 
between parts of the tissue extending 
over many cell diameters. For example, 
in a regenerating hydra section cut from 
the gastric column, the same piece of tis
sue can develop a head or a foot, de
pending on whether the adjacent tissue 
is derived from an area closer to the head 
of the original animal or more distant 
from it. Further, the size of a part, say 
the head area in a hydra, can be regu
lated in proportion to the size of the 
whole. In the same way a piece of certain 
insect eggs can give rise to a complete 
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miniature insect in which all parts are 
reduced in scale. 

'l'here is also evidence for inhibitory 
effects extending over many cell diame
ters. Areas activated to give rise to a 
structure can inhibit the formation of 
further structures in that vicinity. Thus 
pieces of gastric column transplanted 
from one hydra to another can induce a 
second head only at a certain minimum 
distance from the first head. If several of 
the buds that will give rise to heads de
velop, they are spaced out on opposite 
sides of the body column. Inhibition can 
also account for the regular spacing of 
other biological structures, such as the 
leaves of plants. 

It is not difficult to visualize that a 
prepattern, once it is fomwd, is able to 
direct cell differentiation and morpho
genesis. Prepatterns are not, however, 
the explanation of pattern formation but 
a central feature to be explained. How 
are they reproducibly formed, starting 
from nearly uniform initial conditions? 
Obviously if one is to explain a pattern 
by a prepattern, it is not satisfactory to 
explain the prepattern by some hidden 
pre-prepattern. 

Although the orientation of a pattern 
can be determined by some asymmetric 
property, such as the polarity, of the 
tissue in which it is formed, the shape of 

the pattern itself must be generated 
anew in each generation. To explain a 
prepattern by a pre-prepattern would 
be to repeat the mistake made by the 
early biologists who thought that the 
egg harbors a miniature version of the 
adult organism. The miniature version 
would then have to contain microver
sions for further generations. In order to 
provide for only a few generations the 
tiniest version of a complete animal 
would have to occupy a volume smaller 
than an atom. 

To obtain a physical understanding of 
pattern formation it is necessary to 

explain the spatial distribution of mor
phogens strictly on the basis of the physi
cal interactions and movements of mole
cules. (It is understood, of course, that 
the synthesis of morpho gens and the 
response of cells to morphogens in the 
course of cell differentiation and mor
phogenesis follow instructions incorpo
rated in the organism's DNA.) With the 
aid of a computer one should be able to 
simulate processes of pattern formation 
by feeding into the machine nothing 
more than equations and parameters 
based on molecular physics. 

How might one conceive spatial pat
terns to be formed? To begin with, we 
see that structure is the rule rather than 

the exception not only in the living 
world but also in the nonliving one. The 
laws of physics are such that a uniform 
distribution of matter tends to be un
stable. Space is filled not with a feature
less gas but with planets, stars and gal
axies. It is true, of course, that in the test 
tube most chemical reactions lead to a 
uniform distribution of soluble sub
stances. About 20 years ago, however, 
A. M. Turing showed that even in a liquid 
it is possible for patterns to arise if the 
liquid contains two substances that act 
on each other and on their own produc
tion, that is, by cross-catalysis and auto
catalysis. Somewhat related mechanisms 
generate in a liquid the beautiful spiral 
waves studied by Arthur T. Winfree of 
Purdue University [see "Rotating Chem
ical Reactions," by Arthur T. Winfree; 
SCIENTIFIC AMERICAN, June]. 

The properties of patterns generated 
by catalytiC effects do not generally 

resemble those observed in morphogene
sis. Nevertheless one may inquire wheth
er or not certain types of catalytic reac
tion known in molecular biology might 
lead to the kind of biological patterns I 
have described for hydra. What are the 
basic features that a theory should ac
count for? For example, one observes 
that a particular tissue that is initially 

COMPUTER SIMULATION of the author's model, described in 
the illustration on the preceding page, shows how the system can 
produce a steep, stable gradient of activator molecules with the 

passage of time. At the outset all the particles postulated by tbe 
model (free activator, free inhibitor, receptor proteins and storage 

sacs) are almost uniformly distributed (symbolized by triangles). 

52 

© 1974 SCIENTIFIC AMERICAN, INC



almost homogeneous develops repro
ducibly a pattern with strikingly differ
ent parts; the activation, say, of head 
formation' extends into part of the total 
area but is also confined to that part. 
Furthermore, an activated area inhibits 
the formation of additional activated 
areas in the vicinity. 

To account for these properties my 
colleague Hans Meinhardt and I have 
proposed that a requirement is an acti
vator and an inhibitor capable of dif
fusing through tissues. The activator 
catalyzes or at least stimulates its own 
production and the production of the 
inhibitor. The inhibitor interferes with 
activation. The inhibitor diffuses more 
rapidly and thus has a longer range than 
the activator. We found by mathematical 
analysis that the same inhibitory effect 
that is needed to explain that an acti
vated area inhibits the formation of other 
activated areas nearby is also able to ex
plain (although much less obviously) the 
formation of striking patterns starting 
from nearly homogeneous initial condi
tions, if the catalytic effects of activators 
and inhibitors are of certain general 
types. The patterns thus formed have 
further general features that are found 
in, among other organisms, hydra. The 
size of the activated area can be regu
lated in proportion to the total size. 
Moreover, those slightly asymmetric dis
tributions of cells or substances that are 
the cause of tissue polarity affect the 
orientation but not the general shape of 
the pattern. Because of the crucial role 
of long-range inhibition we call this the 
lateral-inhibition type of pattern forma
tion. 

The genel'al principle of pattern fOfIIla
tion with lateral inhibition is con

sistent with many different molecular 
mechanisms and does not yield the 
chemistry of the reactions. It is remark
able, however, that relatively simple hy
pothetical models with features well 
known in molecular biology can give 
rise to such patterns, as will be shown by 
the following example. Activators and 
inhibitors are assumed to be contained 
separately in small storage sacs [see il
lustration on page 51]. They are released 
through the membrane of the sac 
through the action of a special receptor 
protein that is itself activated when it 
combines with two molecules of the ac
tivator. (Such "allosteric" shifts of pro
teins from an inactive configuration to 
an active one are well known in molecu
lar biology.) When the activated receptor 
protein occupies a particular site on the 
membrane of an activator or inhibitor 
storage sac, activator molecules or in-

hibitor molecules are released through 
the membrane. (This mechanism is also 
known.) Once released, the activator and 
inhibitor are in the active state and are 
free to diffuse through the surrounding 
tissue. The inhibitor molecules become 
attached to the active sites on the mem
branes of sacs containing activator and 
there inhibit the release of activator 
molecules. (The inhibitor does not, how
ever, inhibit its own release.) The short 
range of the free activator in the tissues 
and the longer range of the inhibitor are 
determined by their inherent speed of 
diffusion and by the rate of their enzy
matic destruction. 

If one assigns plaUSible values to these 
various parameters, one can put them 
into a computer and see what kinds of 
patterns the model can produce so as to 
demonstrate that patterns of the desired 
properties are indeed generated. The 
reasons for pattern formation can be de
scribed in qualitative nonmathematical 
terms as follows. In the model the prop
erties of the receptor protein are chosen 
so that activator molecules, once they are 
released, can enhance further release. 
Thus a local head start of activator con
centration above the average value can 
trigger further activation. The simulta
neous increase in the release of inhibitor 
provides a supply of inhibitor molecules 
that diffuse rapidly and limit total ac
tivator production in a wider area. An 
increase of activator in one region can 
thus occur only at the expense of a de
crease in other regions, provided that 
both are within range of the inhibitor. 
The process confines activation to a part 
of the total area. Furthermore, the for
mation of secondary centers of activation 
is inhibited in the vicinity of existing or 
developing centers of activation. Even
tually pattern formation comes to an end 
and the pattern becomes stable, either 
because the diffusion of the activator 
prevents further confinement or because 
in the activated area, nearly all the re
ceptor-protein molecules have occupied 
membrane sites so that the activator con
centration cannot increase further. 

Jt should be emphaSized that the pat-
tern-forming properties of the model 

do not depend on its special chemical 
features but rather on its more abstract 
catalytic features. Many other models 
are capable of producing similar patterns 
as long as they have the right features. 
For example, the inhibitory effect could 
be caused not by an inhibitor but indi
rectly by the depletion of a substance 
required for activation. The production 
of activators and inhibitors could be reg
ulated by synthesis instead of by release 

CAPSULE 

NUCLEUS: 

FILAMENT 

RECEPTOR 
BRISTLE 

BARB 

NEMATOCYTES have a highly complex 

structure and function. In hydras there are 

several types. Before these stinging cells are 

discharged they contain a long coiled fila

ment. When the receptor bristle is touched, 

an impulse is relayed to a capsule, which 

expels the filament (right). The filament re

leases a stinging substance, and the barh at 
its base helps to impale the prey, which is 
eventually carried to the animal's mouth. 

from storage sacs. Various regulating 
steps could also be guided by the actions 
of genes in the cell nucleus rather than 
by molecular events in the rest of the 
cell. Only biochemical investigation of 
the actual process can decide among the 
many conceivable mechanisms. 

We have also considered properties of 
biological systems other than hydras, and 
we find that our activator-inhibitor mod
el with lateral inhibition can account for 
symmetric, asymmetric and periodic pat
terns, for patterns within individual cells 
as well as for patterns within tissues, for 
oscillating patterns as well as stable ones 
and for patterns in two and three di
mensions. In two dimensions if the total 
area exceeds the range of both activator 
and inhibitor, we obtain nearly periodic 
patterns of a "bristle" type: a regular 
spacing of similar structures. On a cylin
drical surface we can obtain a regular 
spacing of activated areas analogous to 
the spacing of leaves in plants and buds 
in hydras. 

If the total area is comparable to the 
range of the activator, a sloping gradient 
can be formed. If cells respond different
ly to different concentrations within the 
gradient, one can obtain an aperiodic 
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structure with a specific spatial order of 
diHerent parts in one of the dimensions, 
either dividing the tissue into diHerent 
sections (comparable to the head, the 
thorax and the abdomen in a developing 
insect) or producing a graded distribu
tion of subcellular structures or cell 
types (such as nerve cells in hydras). A 
second pattern-forming system of the 
same type could induce pattern forma
tion in a second dimension. After 
growth, subpatterns may form in parts 
of the original pattern, giving rise to a 
still more complex spatial order. Pattern 
formation of this type may occur not only 
in tissues but also within single cells. 
For the sake of economy the genetic 
material may provide the instructions for 
only a limited set of pattern-forming sys
tems in each organism and may arrange 
for each system to be utilized more than 
once at diHerent stages and locations in 
the course of development. 

I should like to emphasize that mathe
matical results cannot substitute for mo
lecular biology; only biochemistry can 
reveal whether and in which cases pat
tern formation is actually of the type I 
have described, and what kinds of mole
cules are involved in it. On the other 
hand, these theoretical considerations 
suggest certain kinds of molecular mech
anisms that can be subjected to experi
mental test. They explain how biological 
patterns can be formed by physical proc
esses, giving rise to features that would 
not be obvious by merely looking at the 
chemical properties of the molecules in
volved. Thus one hopes that the physical . 
understanding of pattern formation in 
living organisms will advance by the 
marriage of results on the mathematics of 
interacting systems with laboratory find
ings in molecular and cellular biology. 

COMPUTER DRAWINGS show how the 
author's activator.inhibitor model can gen

erate a variety of patterns. On a nearly uni. 
form sheet the model can produce activated 
regions with a nearly equal spacing that reo 
sults, for example, in the formation of bris· 
tIes ( a ) .  Starting from a cylindrical surface 
the model is capable of producing a pattern 
( b, c, d) resembling the budding patterns of 
hydras. Hydra buds appear alternately on 
opposite sides of the cylinder. A sloping 
gradient results ( e )  if the range of the actio 
vator is comparable to the total size of the 
area. Such a gradient can elicit any aperi. 
odic structure, continuous or discontinuous, 
for example the sequential arrangement of 
head, thorax and abdomen in developing in· 
sects. A second slope could also be gener· 
ated to create patterns in a second dimen· 
sion. Such plots, based on lateral·inhibition 
concept, give rise to stable configurations. 
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A little list of topics 
Angiography 

Audiovisual equipment and supplies 
S i i d e  p rojectors 

Auxi l i ary e q u i p m e n t  
Mot i o n - p i ct u re p rojecto rs 

Auxi l i ary eq u i p m e n t  
Telev i s i o n  p rojectors 

Autoradiog raphy 

Chemicals 
B i o c h e m i c a l s  
P rote i n / polypept ide reag ents 
E l ectro p h o re s i s  reag ents 
Pharmaceut ica l  i ntermed i ates in b u l k  
T h i n - l ayer c h ro m atography s u p p l i es 
Dyes and sta i n s  
L i q u i d  s c i n t i l l a t i o n  reag ents 
C l i n i c a l  c h e m i ca l s  

Cinefluorog raphy 

Cinephotomicrography and time-lapse photography 

Clinical photography 

Close-up photography 

Copying 

Dental radiog raphy 

Electron microg raphy 

Films for special medical-photographic techniques 

Fundus photography 

General  photography 
Cameras 
C o l o r  f i l m s  
B l ac k-and-w h i te f i l m s  
C o l o r  papers 
B l ac k-and-white papers 

G raphic a rts photography 
F i l m s  and papers 
P r i n t i n g  p l ates 
P rocess i ng eq u i p ment  

G ross-specimen photography 

Holography and optical-data processing 

The health-care professions and biological 

science find important work for Kodak prod

ucts and services. Knowledge, though, tends to 

be fragmentary about what we offer and where 

to get it, and where we bow out. If you have 

only hearsay to go on for Kodak products, 

services, and literature useful in this field, 

please write to me. A biomedically oriented 

directory is in preparation. Let me know if 
you'd like a copy . 

Infrared photography 

Instruction and education 
Aud i ov isua l  p rod u cts 
Color  m i c rofi c h e  and m i c rofi c h e  readers 
M i c ro p u b l i s h i ng 

Instrumentation photography 
L i g ht-beam osc i l l o g raphy 
Cathode- ray tube p hotog raphy 
H i g h-speed p hotography 
B l a c k-and-w h i t e  f i l m s  
Co l o r  f i l m s  
Photog rap h i c  p a p e rs 

Mammog raphy 

Medical radiography 
F i l m s  
P rocess i n g  e q u i p m e n t  
M i n i f icat ion e q u i p m e n t  
Process i n g  c h e m i ca l s  
Accessor ies 

M icropublishing 

Motion-picture photography 
Cameras (super  8) 
F i l m s  (super  8) 
F i l m s  (1 6 and 35 m m )  

Nuclear medicine 

Photofluorography 

Photomacrography 

Photomicrography 

Radiation therapy 

Radiograph copying 

Radiograph subtraction and duplication 

Records and administration 
M i c rofi l m i ng 
Com p u te r-output m i c rofi l m  
X-ray m i n if icat ion 

Thermography 

Ultrasonic Imaging 

Ultraviolet and fluorescence photography 

RICHARD FULLER 

EASTMAN KODAK CO M PANY 

Kodak Office 

Rochester, New York 1 4650 
71 6 724-4624 
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The Nobel Prizes 

T
he 1974 Nobel prizes in science 
were awarded to three biologists 
who discovered new functional 

structures within the living cell with the 
aid of the electron microscope and the 
high-speed centrifuge, to two physicists 
who developed and fruitfully applied 
sensitive new techniques for studying ra
dio-emitting astronomical objects, to a 
chemist who placed the study of synthet
ic polymers on a firm quantitative basis 
and to two economists who have helped 
to clarify complex interrelations among 
economic, social and institutional phe
nomena. 

The senior member of the group that 
shared the prize for physiology or medi
cine, Albert Claude, who is still active at 
75, is recognized among his colleagues as 
one of the principal founders of modern 
cell biology. A native of Luxembourg, 
Claude received a medical degree from 
the University of Liege in 1929 and soon 
afterward went to the Rockefeller Insti
tute for Medical Research (now Rocke
feller University). For the past several 
years he has been director of the Institut 
Jules Bordet in Brussels. 

In 1937 Claude began using the high
speed centrifuge in an effort to isolate 
the Rous sarcoma virus, a then mysteri
ous and invisible entity that gave rise to 
tumors in chickens. (The virus had been 
discovered at the Rockefeller Institute in 
1910 by Peyton Rous, who received a 
Nobel prize for his discovery 56 years 
later.) Claude soon isolated and purified 
the virus and went on to use the centri
fuge as a general tool for isolating many 
active components of mammalian cells. 

5 6  

SCIEN CE AND THE CITIZEN 

This work led to the isolation of the mito
chondria: organelles, or intracellular par
ticles, barely visible in the light micro
scope that are the principal locus of en
ergy transformation in the cell. Claude 
also isolated particles that were not visi
ble in the light microscope; he named 
them microsomes. 

Eager to see mitochondria in greater 
detail and to obtain the first images of 
virus particles and microsomes, Claude 
and his collaborator Ernest F. Fullam 
began in the early 1940's to work with an 
RCA electron microscope belonging to 
a nearby industrial laboratory. Although 
the electron microscope offered a resolu
tion between 50 and 100 times better 
than the light microscope, it called for 
entirely new methods of sample prepa
ration. Between 1945 and 1947, with im
portant help from a new collaborator, 
Keith R. Porter, Claude and Fullam suc
ceeded in obtaining the first electron mi
crographs of intact chicken-tumor cells 
in which could be seen, in addition to 
mitochondria, virus particles, the intra
cellular structure known as the Golgi ap
paratus and a "lacelike reticulum" ex
tending throughout the cell's cytoplasm. 

At about that time Claude and Porter 
were joined by George E. Palade, the 
second member of the group that shared 
the prize for physiology or medicine. 
Born in Romania, Palade received a de
gree in medicine from the University of 
Bucharest in 1940. He made important 
advances in the preparation of specimens 
for electron microscopy and in selecting 
media for improving the fractionation of 
cell components in the centrifuge. With 
Porter, Palade defined the lacelike re
ticulum revealed by the electron micro
scope as the endoplasmic reticulum and 
concluded (with Philip Siekevitz) that 
the microsomes in Claude's cell fractions 
were mainly fragments of that structure 
and not organelles per se. 

Palade and his co-workers went on to 
discover the subcellular particle known 
as the ribosome, an organelle supported 
by the endoplasmic reticulum. They 
showed that the ribosome functions as 
the cell's protein factory, acting on ge
netic instructions carried from the DNA 
in the nucleus by "messenger" RNA. 
They also helped to clarify the, role of the 
Golgi apparatus, showing that it partici
pates in packaging protein for export 

from the cell. Since 1973 Palade has 
been at the Yale University School of 
Medicine. 

Christian de Duve, the third member 
of the group that shared the prize for 
physiology or medicine, is a Belgian who 
maintains laboratories both at Rockefel
ler University and at the University of 
Louvain. After obtaining degrees in 
medicine and chemistry at Louvain in 
1941 and 1946 he worked at the Nobel 
Institute in Stockholm and then at Carl 
Cori's laboratory at Washington Univer
sity. Like Claude and Palade, de Duve 
has specialized in the use of centrifugal 
fractionation techniques for the isolation 
and study of subcellular particles. He is 
best known for his discovery of lyso
somes, organelles that he has described 
as "tiny bags filled with a droplet of a 
powerful digestive juice capable of 
breaking down most of the constituents 
of living matter. [The] lysosomes func
tion in many ways as the digestive sys
tem of the cell" [see "The Lysosome," by 
Christian de Duve; SCIENTIFIC AMERI
CAN, May, 1963]. 

The winners of the prize for physics, 
Martin Ryle and Antony Hewish, have 
long worked together at the University 
of Cambridge, where they have vastly 
extended the sensitivity and resolution of 
radio telescopes. The resolving power of 
a telescope depends on its having an 
aperture, or diameter, that is large in re
lation to the wavelength of radiation be
ing collected. With light telescopes ra
tios between aperture and wavelength 
of several million to one are readily at
tainable because the wavelength of light 
is only about half a millionth of a meter. 
It is clearly impractical to attain the same 
ratio of aperture to wavelength in the 
radio region, where wavelengths range 
from roughly 'a centimeter upward. A 
radio-telescope "dish," or parabolic re
Rector, with an aperture of a million cen
timeters would be 10 kilometers, or 6.2 
miles, in diameter. 

Ryle was among the first to demon
strate that a radio telescope of very large 
aperture can be simulated by combining 
the radiation collected by several mod
est-sized dishes mutually adjustable 
within a distance of several kilometers. 
Known as the aperture-synthesis tech
nique, this approach yields a resolving 
power equivalent to that of a single large 

© 1974 SCIENTIFIC AMERICAN, INC



DP 
D 

Notes and observations from IBM which may prove of interest to the scientific community. 

The Synagogue of Khirbet Shema Restored 

About 90 miles north of Jerusalem 
lies the village of Khirbet Shema, which 
until recently was buried under layers 
of soil. The village was destroyed some
time around 417 A.D., probably by an 
earthquake which struck the upper Gal
ilee about that time. Among the ruins 
is an ancient synagogue, which is now 
being restored with the help of an IBM 
computer. Co-heading the team of ar
cheologists is Dr. James F. Strange, 
who teaches biblical archeology at the 
University of South Florida. 

According to Dr. Strange, the ruins 
of the synagogue show it to be unique, 
both for the area and time of construc
tion, estimated to have been around the 
fourth century A.D. "There were sev-

era I factors which led us to believe the 
building was quite unlike any other 
synagogue in that part of Palestine," 
he says. "The foundation walls were 
nearly two feet thick and an entrance 
staircase had stairs ten feet wide. There 
also were a pair of massive door posts 
cut from solid rock, eight roof-support 
columns almost two feet thick and a 
number of underground chambers." 

Preliminary research on selecting a 
site began several years ago but the 
actual excavation at Khirbet Shema was 
started in 1 970. The team's main inter
est was to excavate the synagogue in its 
context, uncovering adjacent buildings 
and surrounding parts of the village. 
By the end of the first summer's work 

they had recovered the plan of most of 
the village, an area of more than six 
acres. Restoration began in 1 971 and 
was completed during the summer of 
1 973. 

The team, which has included up 
to 80 people along with three archi
tects, first drew tentative plans of the 
original building and prepared detailed 
calculations, measurements and instruc
tions for actual reconstruction of ped
estals, columns, capitals and doorposts. 
The final piece of the puzzle lies in 
finding the type of roof which covered 
the structure. 

To date no remnants of the roof 
have been found at the site, nor have 
any other positive clues appeared. So 

(continued on third page) 
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Problem Solving at 
Dow Chemical U.S.A. 

As computers have become faster 
and larger, specialists in management 
science and operations research have 
been able to solve increasingly complex 
problems. Two areas in particular where 
the computer has helped extensively in 
recent years are optimization and 
simulation. 

Optimization techniques are today 
applied to a broad range of problems, 
from refinery and animal feed blending 
to production planning and scheduling. 
Simulation methods are used in equally 
diverse areas, from the study of capital 
investment and inventory systems to the 
analysis of consumer behavior. 

One organization that is effectively 
applying these and other problem-solv
ing techniques is Dow Chemical U. S. A. 
"This has been possible to a large de
gree because of Dow's Computation 
Research facility at Midland, Michi
gan," says Dr. Carlos Bowman, Research 
Director. 

"It was formed in 1 956 to help make 
better use of its computer capabilities 
and to fully exploit the potential of data 
processing in research and development. 
Since then, it has become the center 
here for problem-solving assistance." 

Dow's research facility uses an IBM 
System/370 and a large library of 
advanced computer programs designed 
to solve a range of problems, from data 
retrieval and statistical analysis to 
optimizing mathematical models. Such 

programs as the General Purpose Sim
ulation System (GPSS), the Continuous 
System Modeling Program (CSMP) and 
the Mathematical Programming System 
Extended (MPSX) have all played an 
important part in solving complex prob
lems at Dow. 

Problem solving within the Compu
tation Research facility is the main con
cern of the Mathematical Applications 
Group, headed by Dr. Richard Klimpel. 
Says Dr. Klimpel: "We want to promote 
better deciSion-making by using mathe
matical methods. We can do this with 
the help of the computer." 

Recently, the group used GPSS in 
evaluating the market potential of a 
new industrial chemical which, it was 
hoped, would displace competitive 
products. The problem was in seeking 
an expanded share of an established 
market, rather than creating a new one. 

The evaluation, which took only a 
few days, would previously have taken 
several weeks of programming effort, 
according to Dr. Klimpel. "But with 
GPSS, we quickly formulated a straight
forward simulation model containing a 
combination of deterministic and ran
dom elements. The model made it pos
sible to qualitatively predict the effects 
of marketing decisions and to answer 
key questions about the marketing or
ganization, the pricing policy and the 
production facilities that would be 
needed to meet the marketing goals on 

Dr. Bowman in Dow's thermal laboratory 
where many computer simulations are verified. 

Program Products 
from IBM 

IBM offers a wide variety of 
Program Products for use in 
management science. A sample is 
listed here. 
1. General Purpose Simulation 
System V (GPSS V)-Powerful, 
easy-to-use tool for simulating the 
behavior of engineering and man
agement systems. 
2. Mathematical Programming 
System Extended (MPSX)-A lin
ear programming system offering 
modeling capabilities for func
tional optimization. 
3. Project Management System 
IV (PMS IV)-A modular pro
gram for planning and controlling 
projects of all types. 
4. Vehicle Scheduling Program 
Extended (VSPX)-Helps deter
mine vehicle fleet routes and 
schedules, enabling management 
to minimize time and fuel while 
meeting customer's commit
ments. 
5. Continuous System Modeling 
Program III (CSMP IIl)-De
signed for simulation of continu
ous dynamic systems. 

a financially sound basis. GPSS proved 
to be a real timesaver. "  

When i t  comes t o  dynamic simula
tion, the mathematics group uses CSMP. 
"With CSMP we can 'build' a part, a 
piece of equipment, or a complete sys
tem within the computer," says Dr. 
Klimpel. "We can 'create' a product, a 
process or an environment. Then we 
can observe performance in terms of 
time and varying conditions. We can 
modify, re-evaluate, and optimize-all 
within a time span measured in hours 
and without any investment in man
power development or money." 

Other problems confronting Dr. 
Klimpel and his staff include linear pro
gramming, which he explains is helpful 
to plant managers in pinpointing the 
most profitable product mix, as in set
ting production levels to optimize the 
use of available raw materials. MPSX 
enhances linear programmi ng ap
proaches by simplifying problem struc
turing and solution formation. 

"Technological growth is a way of 
life here," he emphasizes. "With the 
help of computer analysis, we can grow 
at a faster pace. IBM Program Products 
have contributed because of their ver
satility and availability. With them, we 
are solving important problems with a 
degree of timeliness and accuracy that 
was not possible before." IBM 
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Dr. S iegel explains how compllters can help a slirgeon's diagnosis . 

Helping Doctors Combat 
Heart Disease 

Heart disease is still the nation's 
number one cause of death, in spite of 
vast improvements in cardiovascular 
research. Many patients with severe 
coronary artery disease must undergo 
open heart surgery as a last resort. Now 
scientists are conducting research on 
how computers can help a surgeon's 
diagnosis by measuring the heart's 
pumping capacity and automatically 
pinpointing defects. 

Dr. Chao-Kong Chow, a computer 
scientist, and his associates at IBM's 
Thomas J. Watson Research Center and 
Dr. John Siegel, Chief of Surgery at 
Buffalo General Hospital, have found a 
way to use the computer to analyze 
cineangiograms, or X-ray motion pic
tures of the heart, by measuring pre
cisely the volume change in the blood
pumping capacity of the heart. 

Siegel explains: "Without the help 
of a computer, sometimes it would take 
days, even weeks to fully interpret cin
eangiograms. If the patient's very sick, 
he could die in that period of time. 
Now, with computer assistance we can 
get a more accurate analysis in a very 
brief period of time, sometimes less 
than an hour."  

Siegel and Chow have concentrated 
their research specifically on the left 
ventricle of the heart. Here the change 
in volume as the heart pumps is a key 

indicator of heart performance. They 
took cineangiograms of movement in 
the left ventricle, recorded at 62 frames 
a second, and converted them to com
puter-usable form with an IBM 1800 
data acquisition and control system. 
The results were fed into a System/360 
Model 91 for further processing. 

"A typical 68-frame sequence, 
which would cover one full cycle of a 
heartbeat, can be analyzed in less than 
five minutes," says Chow. But he em
phasizes, "the ultimate speed is not as 
important as providing an automatic 
technique where none now exists. "  

Beyond speed, there are several 
functions the computer can perform on 
an angiogram which would otherwise 
result in a long, painstaking and even 
inaccurate procedure if done by hand. 

"In fact," explains Siegel, "the com
puter can go one step further and 
'cross-section' the angiogram and cal
culate the ways in which each segment 
of the ventricle contracts. This is es
pecially useful in diagnosing irregular
ities in the pumping cycle, the rhythm 
of the cycle and partial malfunction in 
a specific part of the heart. 

"When we find an impairment on an 
angiogram, we can easily run succes
sive ones on the computer and compare 
improvement or decay in condition and 
changes in overall performance or in 

performance of certain segments." 
Although the work of Drs. Chow 

and Siegel is still in the research stage, 
both are optimistic about the real pos
sibility that computer-produced cine
angiograms can provide valuable in
formation needed to diagnose a large 
number of patients with severe heart 
disease. "In this way," says Siegel, "we 
can make intelligent decisions as to 
whether patients should undergo open 
heart surgery for revascularization, or 
the rerouting of blood vessels feeding 
the heart." IBM 

Khirbet Shema ... 
(Continued from first page) 

Dr. Strange has turned to the computer 
for an answer. With most of the dimen
sions of the building known, it was then 
possible to make engineering calcula
tions to determine the missing struc
tural parameters. The data will allow 
the researchers to compare various roof 
styles and explore alternative designs. 

Dr. Strange says: "From this data, 
we will be able to predict what the en
tire building probably looked like. Us
ing the computer to produce isometric 
and perspective drawings, we can liter
ally reconstruct the building. "  

The computer i s  also playing a 
major role in determining the social 
and economic makeup of the village. 
Over 4,000 artifacts have been found 
in the excavations, including coins, 
glass, plaster, ceramic stone, bone, jew
elry and some organic materials. 

At first each artifact was listed man
ually. Later all the information was 
punched on cards and stored in the 
computer. "Using statistical analysis 
and comparing data from other exca
vated sites in the area, the computer is 
helping us to determine patterns in the 
cultural composition of Khirbet 
Shema," says Dr. Strange. 

"But even more important," he con
tinues, "it enables us to handle the tedi
ous task of gathering and analyzing data 
that would otherwise have taken years 
to explore manually. Never before have 
we had a better chance to study Pales
tinian archeology so thoroughly." 

DP Science Dialog is concerned 
with topics which may prove of 
interest to the scientific commun
ity. Your comments and sugges
tions are welcome. Just write: 
Editor, DP Science Dialog, IBM 
Data Processing Division, 1133 
Westchester Avenue, White 
Plains, N.Y. 10604. 

© 1974 SCIENTIFIC AMERICAN, INC



dish filling the entire area between the 
individual small dishes. 

With a succession of improved instru
ments Ryle and his colleagues have pro
duced major surveys (known as the Cam
bridge catalogues) of celestial radio 
sources, most of them too distant and too 
faint to be detected with light telescopes 
[see "Radio Galaxies," by Martin Ryle; 
SCIENTIFIC AlI'IERICAN, September, 
1956]. Subsequently some of the most 
intense radio sources were optically iden
tified as quasars, remote starlike objects 
that emit many times more energy than 
en tire galaxies. 

Ryle's colleague Hewish was awarded 
half of the prize for physics for his role 
in the discovery in 1 967 of pulsars, ra
dio-emitting objects that seemingly flick
er on and off with extreme precision at 
intervals ranging from a thirtieth of a 
second to a few seconds [see "Pulsars," 
by Antony Hewish; SCIENTIFIC AlIIERI
CAN, October, 1 968]. It is believed that 
pulsars are neutron stars, objects consist
ing largely of neutrons compressed to a 
density of millions of tons per cubic cen
timeter. Scarcely 10 kilometers in diam
eter, pulsars evidently are rotating at the 
frequency indicated by their clocklike 
signals, which are believed by many 
physicists to arise from electrons (or posi
trons) streaming outward in magnetic 
fields millions of times stronger than any 
produced in laboratories on the earth, 
Of some 120 pulsars discovered at radio 
frequencies, only one has been identified 
with a blinking visible object. The dis
covery of pulsars has stimulated the in
vestigation of the properties of matter 
under extreme conditions, including the 
study of black holes, where matter is so 
dense and gravitational fields so intense 
that nothing, including light, can escape 
their grip, 

Paul J. Flory, winner of the prize for 
chemistry, is little known outside the fra
ternity of polymer chemists, but among 
them he is recognized for bringing order 
into a field that seemed ready to collapse 
into a chaotic jumble of unrelated mea
surements, After receiving his Ph,D. at 
Ohio State University in 1934, Flory 
worked for several years at E. 1. du Pont 
de Nemours & Company with Wallace 
Hume Carothers, the inventor of nylon, 
After a succession of industrial and aca
demic positions he accepted his present 
appointment at Stanford University in 
1 961. 

Trying to compare different polymers 
with each other, say nylon and one of the 
scores of synthetic rubbers, may seem 
like trying to compare apples and or
anges. They are constructed from differ
ent monomers; the monomers may be 
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linked together by a totally different 
chemistry; the resulting polymers have 
different lengths, viscosities, solubilities 
and so on. Flory was able to show that if 
the polymer is dissolved in a suitable sol
vent there exists a temperature-the the
ta (or Flory) temperature-at which the 
polymer is in a kind of ideal state. At that 
temperature, which varies for different 
polymers and solvents, the measured 
properties of the polymer can be usefully 
compared with those of other polymers 
at their theta temperature. Flory has also 
shown how to compute a "universal con
stant," from measurements of viscosity, 
light dispersion, sedimentation rate and 
the like, that summarizes all the proper
ties of a polymer solution. 

The prize in economics went to two 
men "whose research has reached be
yond pure economic science and [whose 
names] have always been on the list of 
proposed prize winners" since the Cen
tral Bank of Sweden established the 
award in 1968. Friedrich von Hayek and 
Gunnar Myrdal found themselves for the 
first time in their lives associated "for 
their pioneering work in the theory of 
money and economic fluctuations and for 
their penetrating analysis of the interde
pendence of economic, social and institu
tional phenomena." From their youthful 
attempts to comprehend the macroeco
nomic manifestations of the Great De
pression of the market economies in the 
1930's, the two prize winners had pro
ceeded on divergent paths into analysis 
and intCIpretation of "the factors and 
linkages which economists usually take 
for granted or neglect." Von Hayek has 
stood against all extra-economic impulses 
and policies that would perturb the sys
tem's classically imputed tendency to re
solve its inequities and conflicts in the 
harmony of equilibrium; in recent years 
he has looked to the perfection of the 
flow of information in the system to re
duce the frictions that exact the human 
costs (for example unemployment) of 
economic fluctuation. Myrdal, a lifelong 
and deeply involved observer of social 
orders as disparate as those of the U,S. 
and of India, has posited the vicious cir
cle ("cumulative circular causation") as 
the natural mode of the economic proc
ess. Against the universally observed 
tendency of the rich to grow richer and 
the poor to grow poorer he has helped to 
call the welfare state into action in Eu
rope and America and in the motivation 
of the economic development of the un
derdeveloped countries [see "The Trans
fer of Technology to Underdeveloped 
Countries," by Gunnar Myrdal, SCIEl\'
TIFIC AlIIERICAN, September, and 'Politi
cal Factors in Economic Assistance," by 

Gunnar Myrdal, SCIENTIFIC A,,[ElUCAN, 
April, 1 972]. 

Imbalance of Terror 

The prospects are slim for any signifi
- cant new agreement between the U.S. 

and the U ,S.S.R. on the limitation of of
fensive strategic weapons, according to a 
report issued by the Stockholm Interna
tional Peace Research Institute (SIPRI). 
The reason is that such agreements seem 
to be attainable only when the two sides 
have achieved some form of parity in 
destructive capability, At this point the 
U.S. is far ahead of the U.S,S.R. in a 
crucial area: the ability to destroy the 
other side's missile force, Missile-im
provement programs now contemplated 
in the U,S, would greatly enlarge that 
lead, according to SIPR1. The resulting 
aggravation of the imbalance of terror 
would not only reduce the possibility of 
agreement but also increase the likeli
hood of nuclear war. 

The current U.S. advantage is ob
scured, the report points out, by the 
terms in which the U ,So political debate 
on armaments is conducted: aggregate 
numbers and megatonnage of missiles. 
Those properties of nuclear weapons 
may be pertinent to a strategy of deter
rence, in which each side threatens to de
stroy the other's population and industri
al capacity. A year ago, however, Secre
tary of Defense James R. Schlesinger an
nounced that this country intended to 
develop a counterforce capability, or the 
ability to destroy Russian land-based 
missiles in their silos. The destruction of 
a missile in a hardened silo requires a 
combination of high yiekl and accuracy, 
and of the two, accuracy is by far the 
more important, "For example, a weap
on with a yield 10 times greater than a 
Minuteman III warhead is, given the 
same accuracy, five times more effective 
in destroying a silo, but a weapon that 
has the same yield as a Minuteman III 
warhead, but which is 10 times more ac
curate, is 100 times more lethal to a silo," 

The report undertakes a detailed 
mathematical analysis of the two sides' 
nuclear arsenals based on a factor, desig
nated K, that is a function of yield and 
accuracy and a measure of anti-silo Ic
thality. It concludes that the total K of 
the U,S, offensive arsenal has increased 
sharply as a result of the deployment of 
multiple warheads and improvement in 
accuracy, even though the numbcr of 
missile launchers has remained steady 
since 1967 at 1,710, The total Russian K 
has increased more slowly as the U.S,S,R, 
has emplaced more missiles. At this point 
the U.S, has a K of about 20,000: a five-
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SCIBNCB/SCOPB 

How a communications satellite can serve isolated areas was demonstrated to dele
gates at the first International Congress of Electrical and Electronic Communica
tions in Mexico recently. A clear voice link was immediately established with peo
ple on Isla de Cedros, an island off the west coast of Baja California, via Western 
Union's Westar I and a portable earth station, both built by Hughes. In another 
experiment, three Canadian oil companies successfully completed similar demonstra
tions, using the same earth station with the Hughes-built Anik satellite to relay 
voice communications from remote arctic sites to company headquarters in Calgary. 

A hologram lens system for a pilot's "head-up" display, currently being developed 
by Hughes research scientists, uses holography to produce the optical properties of 
a lens on a transparent plate in the pilot's line of sight. Projecting information 
via this plate does not block his vision outside the cockpit. The new technique 
has a larger field of view and lighter weight than display systems using conven
tional lenses and promises to be highly cost-effective. 

The first mosaic map of the continental U.S. ever assembled from satellite photos 
taken from the same altitude and lighting angle was completed recently by the U.S. 
Department of Agriculture, which combined 595 photos taken by the Hughes-built 
multispectral scanner system (MSS) aboard NASA's Earth Resources Technology Satel
lite (ERTS). The map will aid in assessing the nation's surface water, drainage 
network, land use, and vegetation. Though NASA originally predicted a lifetime of 
only one year for ERTS, it began its third year July 23. Its still functioning 
MSS has now,sent more than 200,000 photos back to earth. 

A space-qualified three-stage cryogenic refrigerator, designed for super-cooling 
infrared sensors to increase their sensitivity, has been developed for the U.S. Air 
Force by Hughes. It is the first three-stage refrigerator of the Vui.lleumier type 
ever built and cools down to -4390F. (absolute zero is -459.60F.). Because it oper
ates at slow speed and low pressure, it provides high reliability and a long, main
tenance-free life. It has already operated for 2,000 hours and will be delivered 
to the Air Force Flight Dynamics Laboratory at Wright-Patterson Air Force Base for 
a 5,OOO-hour operating-life test. 

Hughes Space and Communications Group, El Segundo, Calif., is seeking engineering 
managers to direct the design and development of RF and digital electronics circuits 
and subsystems and solid-state microwave devices, including parametric, tunnel diode, 
low-noise transistor, linear and class C power amplifiers, and microwave integrated 
circuits. Requirements: engineering degree, minimum of 10 years technical experi
ence, U.S. citizenship. Write: Mr. A. St. Jacques, P.O. Box 92919, Los Angeles, 
CA 90009. An equal opportunity M/F employer. 

Two weather-mapping instruments will be built by Santa Barbara Research Center, a 
Hughes subsidiary, under contract with NASA's Goddard Space Flight Center. The 
VISSRs (Visible/Infrared Spin-Scan Radiometer) will be the major payload aboard the 
second and third Geostationary Operational Environmental Satellites, scheduled for 
launch in 1976 and 1977. A VISSR aboard the first Synchronous Meteorological Satel
lite is providing excellent day-night weather photos of the entire earth's disc 
every 30 minutes from a stationary position 22,300 miles above the Amazon. 

Creating a new WOI'Id with el«tronics r------------------, 
I I 

: HUGHES: 
I I 
L __________________ � 
HUGHES AIRCRAFT COMPANY 
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Technology:· Population,poDution 

Almost since the beginning, men have been pre
dicting the end. Population exploding. Disease 
unchecked. Natural resources used up. Now tech
nology is being added to the list of disaster-causes. 
Yet by so doing, prophets of doom are laying 
blame today on the hope for tomorrow. 

The problems are always easier to recognize than 
the solutions. 
The classic example was in 1798. With the 
world's population having risen slowly to one bil
lion, English economist Thomas Robert Malthus 
wrote, An Essay on the Principle of Population. 
He declared that the world would be unable to 
support many more people; that only war, famine 
and disease would hold population in check. 

Since then the world's population has in
creased four-fold. Malthus failed to foresee the 
enormous impact of medical science on saving 
lives and the ability of technology to support 
them. His gloomy predictions never came true. 

Doom is still being projected today. 
A team from a major university used a computer 
and a world modeLto investigate accelerating in
dustrialization, exploding population, wide
spread malnutrition, depletion of resources and 
deteriorating environments. The team reported 
"the basic behavior mode of the world system is 

expon�ntial growth of popUlation and capital, 
followed by collapse." They see a collapse within 
a hundred years if present trends continue. 

Sound familiar? Malthus by computer. But the 
same mistake he made recurs. Malthus did not 
take into account the growth of technology-nor 
can it be programmed into that computer model. 

After two million years, is man no longer capable 
of ingenuity and adaptability? 
Man's survival has not been dependent on avail
ability of raw materials or favorable climate, but 
on his ingenuity. His ability to survive and change 
in a potentially hostile environment is what sets 
him apart from other animals. 

Are we reproducing ourselves into oblivion? 
No. As countries develop industrially, birth rates 
go down and population stabilizes. That's an in
direct result of technology. And man has devel
oped population control methods more agree
able than Malthus' war, famine and disease. 

What about the prediction of famine? In 1820 
the United States farm worker could produce 
enough to sustain four people. Today he can feed 
over fifty. And new technologies relating to leaf 
protein and aquaculture hold a promise for elim
inating hunger. 

Will we use up the resources we were origi
nally endowed with? The supply is indeed finite, 

We believe in the promise of technology. 
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Technology has provided the solu
tions to many of society's prob

lems. It is also often blamed for 
them. Some people would have 
us believe that there's too much 

technology today - that this 
very abundance is the basis 
for so many of our ills. 

We believe the solutions 
to problems lie in the in-

telligent application of technology-that a misunderstand
ing of technology's role in man's advancement can only 
lead to a diminution of his ability to provide solutions. 

Therefore, we're sponsoring a series of "white papers" to 
foster a clearer understanding of technology. Excerpts 
from the third of these papers are published above. If 
you'd like a copy of the complete text, please write Gould 
Inc., "Dialogue on Technology," Dept. S-3, 8550 West 
Bryn Mawr Avenue, Chicago, Illinois 60631. 
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and the prophets of doom. 

but through technology we can find unexploited 
materials and recycle existing supplies. Fifty 
years ago plastics were virtually unknown. Now 
they extend the availability of metal and wood. 

The same point can be made about energy. 
There is a finite amount of petroleum, even 
though we are finding new ways to recover it. But 
alternatives are available. Nuclear energy is here 

now. And, energy from the sun and even from 
hydrogen in the sea is not as far-fetched as nu
clear power once was. 

Pollution is a problem of certain technologies 
whose side effects were inadequately foreseen. 
Again the only solution is technology. Smoke no 
longer engulfs Pittsburgh or London, and fish 
have returned to rivers like the once-spoiled Wil
lamette and Thames. 

Technology is not the problem but the solution. 
Technology by itself is neither good nor bad, 
only its application can be judged morally. Cer
tainly, there are some applications of technology 
that deserve criticism. But even here, the answer 
is likely to be more technology, not less. 

Technological efforts must be directed toward 
clean, renewable sources of energy such as the 
sun, the wind, the ocean, and geothermal heat. 
Population control methods must continue to be 
improved. Technology must be shared with de
veloping countries, if they are to enjoy self
sufficiency. 

The world has many problems that can be 
solved by technology. Let's proceed with the 
solutions. 

Science and technology can solve many prob. 
lems. If they don't, what else will? 

-) GOULD 
the proud inventors 
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fold advantage. The U.S.S.R. is now en
gaged in replacing its single-warhead 
missiles with multiple-warhead ones. 
Presumably it will also seek to improve 
the accuracy of its warheads, which is 
now far below that of U.S. weapons. As
suming no change at all in the U.S. ar
senal and assuming the greatest degree 
of improvement that SIPRI can conceive 
for the U.S.S.R., this country would still 
have an advantage in total K in the early 
1980's. Neither side, however, would 
have a large enough total K to destroy all 
of the other side's missile silos. Neither 
side, in other words, would have a de
pendable counterforce capability. 

That would be the case if the U.S. 
stands still. Secretary Schlesinger, how
ever, has proposed improvements in mis
sile yield and accuracy that would in
crease the total K of the U.S. arsenal to 
more than 110,000 by about 1983-five 
times the predicted Russian figure and 
enough to threaten assured destruction. 
Another development program suggest
ed by Schlesinger would introduce ma
neuverable reentry vehicles (MARV) for 
U.S. missiles, vastly improving their ac
curacy and producing a total K of some 
4,000,000. "Yet such staggering lethal
ity does not offer any practical superiori
ty," because even if all Russian land
based missiles are destroyed, the 
U.S.S.R.'s submarine-launched missiles 
could still devastate U.S. population and 
industrial centers. In other words, de
terrence remains the controlling factor, 
and the attainment of counterforce capa
bility will have served only to make arms 
control less likely than ever. 

Still Earlier Man 

Three fragmentary fossil jaws un-
earthed on the Ethiopian plateau 

northeast of Addis Ababa have added at 
least another million years to the antiqui
ty of the genus Homo. The discovery, 
made during a survey of fossil-rich forma
tions in the Hadar River valley by a joint 
Ethiopian-French-American expedition, 
was announced by the leaders of the sur
vey, Maurice Taieb, a geologist from the 
National Center of Scientific Research 
(CNRS) in F:rance, and Karl Johanson, an 
anthropologist from Case Western Re
serve University. Up to the time of their 
find the oldest known human fossil was 
thought to be a small but manlike skull, 
ER 1470, found by Richard Leakey in 
Kenya in 1972 below a 2.6-million-year
old layer of volcanic rock. A layer of ba
salt overlying the sandstones where the 
Ethiopian fossils were found dates back 
some three million years. Leakey esti
mates that the Kenyan skull is about 
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three million years old. The discoverers 
of the Ethiopian jaws estimate that they 
are about four million years old. 

The new fossils are one entire upper 
jaw, complete with teeth, one half of an 
upper jaw and one half of a lower jaw, 
each also complete with teeth. So far no 
additional cranial bones and none of the 
specimens' other bones have come to 
light. Both in size and shape the teeth of 
all three jaws appear to lie within the 
human range. 

Theorists of human evolution, who 
have not yet fully assessed the impact of 
Leakey's 1972 discovery, now face an 
even knottier problem. If members of the 
human genus flourished as long as four 
million years ago, then the time when the 
genus first branched from its ancestr;l 
primate stem would necessarily be even 
earlier. As Taieb and Johanson assert, 
"All previous theories of the origin of the 
lineage which leads to modern man must 
now be totally revised." 

Saltwater Space Race 

The 22nd challenge for the America's 
Cup, the trophy held since 1857 by 

the New York Yacht Club, was contested 
in September in waters off Newport, R.I. 
The defending boat, Courageous, re
tained the trophy for the U.S. by defeat
ing the Australian sloop Southern Cross 
in four races straight. In the aftermath of 
the competition SCientific American's 
correspondent at Newport made some 
observations on the technology of the 
modern racing yach t: 

"The '12-meter rule,' which delimits 
the hull dimensions and sail area of 
yachts competing for the America's Cup, 
has now been tested by a generation of 
marine architects. The results of the last 
few challenges suggest that within the 
limits the rule imposes on the basic lines 
of the hull maximum performance has 
been very nearly approached. 

"In overall form the hull of the win
ning yacht this year closely resembles 
that of Intrepid, which successfully de
fended the cup in the previous two match 
races, in 1967 and 1970. The one boat 
with radically novel lines was Mariner, 
entered as a contender for the defense. 
The merits of Mariner's hull were evalu
ated in an elaborate series of computer 
simulations and tank tests, but no break
through in design was forthcoming. As a 
result the trials held during the summer 
to choose a defender lapsed into a con
test between Courageous and Intrepid, 
which has been revised twice since she 
was built seven years ago and remains 
very competitive. 

"If the question of optimum hull 

shape under the 12-meter rule seems to 
have been settled, if only for the moment, 
refinements in materials and in gear both 
above and below decks have become 
more important. The most obvious ex
pression of the new materials technology 
is that Courageous, Mariner and South
ern Cross all have a hull of aluminum. (A 
precedent must be mentioned here; the 
defender of the cup in 1895 was also 
aluminum-hulled.) The hull plates of the 
modern aluminum boats are curiously 
thick; they would do credit to a tugboat. 
Such conservative construction was spec
ified not by the Race Committee of the 
New York Yacht Club, but by Lloyd's of 
London. In spite of this concession to the 
prudence of the insurance underwriters, 
the aluminum hulls are quite light. More 
than three-quarters of the displacement 
of the new boats is the lead ballast of the 
keel, giving a very low center of gravity. 

"Materials far more exotic than alumi
num might have been employed in this 
year's yachts if they had not been pro
hibited by a 1971 ruling intended to hold 
down the cost of the competing yachts. 
Boats built after 1972 were not allowed 
to incorporate any materials stronger 
than steel, lighter than aluminum or 
heavier than lead. The rule eliminated 
from new America's Cup racers such de
velopments as uranium ballast (more 
than half again as dense as lead) and 
structural members of boron fiber, car
bon filament or extruded titanium and 
beryllium. By 1970 these and other con
coctions of the aerospace industry had 
threatened to transform the sport of 
yachting into a saltwater space race. 

"The new yachts demonstrated that 
even within the constraints of the 1971 
ruling there is room for very sophisti
cated marine technology. The guys and 
stays on Courageous, for example, are 
fabricated of a nickel-cobalt-chromium
vanadium alloy with a tensile strength of 
240,000 pounds per square inch. The 
backstay, traditionally a thick cable, is a 
cold-forged rod about 100 feet long and 
only a quarter of an inch in diameter. 
The alloy is virtually immune to corro
sion by salt water. Although it is not as 
light or stiff as the titanium and berylli
um rigging on some of the pre-1972 
boats, it approaches the limit of what is 
allowable under the current rule. 

"Not all the achievements of yachting 
technology have to do with materials. 
The winching systems, for example, are 
delightfully complex and precise; in their 
elegant mechanism torque and thrust are 
balanced throughout. They are cranked 
by hand (no powered apparatus is al
lowed) with negligible loss to friction. 
Courageous was also equipped with a 
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Pault .. Pinding Without Tears 

T his is a good example of technology transfer,or purting 
advanced technology to work on every day problems. 

TRW started working some time ago on bread-and-butter 
ways to use holography in testing materials. When the 
people in charge of the U.S. Navy's Analytical Rework 
Program saw some of the resuirs, they gave us a small 
contract to work specifically on the problem of locating 
invisible cracks in critical parts of airplane structures. 
What they wanted was to spot cracks that couldn't be 
found by conventional methods and speed up the whole 
inspection process. Or, as an economist might say, they 
wanted to reduce costs by increasing productivity. 

Conventional fault-finding techniques make use of mag
netism, high-frequency sound, and penetrating dyes to 
reveal cracks in landing-gear struts, wing girders and skin 
panels, and in turbine blades in jet and turboprop engines. 
But, with these methods of doing the job, critical parts 
usually have to be laboriously disassembled and taken to 
the inspection equipment. With TRW's holographic in-

terferometry system, the equipment can be brought to 
the aircraft on a fork lift. Estimates show a time saving of 
as much as 50% with this kind of in situ inspection. 

It all started with a team under the innovative leader
ship of TRW's Dr. Pravin Bhuta, a physicist with a num
ber of patents to his credit. His team built the prototype 
camera and power supply and it was first tested in our 
labs on wing panels from a P-3 patrol plane. It not only 
found every corrosion crack that had been previously 

located by conventional methods but also found several 
that had not been detected at all. 

The next step was to do the same kind of job in the 
maintenance hangar, and do it without removing panels, 
sealants, or paints. Sure, enough, the system demonstrated 
its flexibility by producing clear holographic interfero
metric fringe patterns whether it was pointed up, down, 
or sideways. No external optics are needed. Pre-stressing 
the structure by means of jacks is expected to produce 
even better fringe patterns in future tests. 

When this technique has been fully developed, it will 
be able to provide a cradle-to-grave record, not only for 
aircraft but for critical parts of all kinds of structures that 
deteriorate as a result of corrosion, vibration, flexing, and 
general aging. Technicians will be able to compare the 
optical signature of the factory-new structure with later 
signatures made during rourine maintenance. Any signif
icant differences will indicate the need for preventive 
maintenance. 

Dozens of other promising ideas are under investigation 
at TRW, where we put the most advanced technology 
to work on the practical problems of defense, energy, 
transportation, and basic systems engineering. 

For further information, write on your company letter
head to: 

TRW 
SYSTEMS GROUP 

Attention: Marketing Communications, E2/9043 
One Space Park, Redondo Beach, California 90278 

65 

© 1974 SCIENTIFIC AMERICAN, INC



small computer to handle certain naviga
tional calculations. From data supplied 
by the boat's regular complement of in
struments, the computer derived such 
statistics as true windspeed and direc
tion. 

"The race is not always to the lowest 
Reynolds number, however, nor is new 
technology always handed down from 
NASA. Exploring the deck fittings of 
Courageous, I discovered that one of the 
subtle superiorities of the victorious sloop 
was a nonskid deck paint that gave a se
cure footing when wet but was not so 
abrasive that it might be injurious to 
crew or sailcloth. On inquiring into the 
nature of its solid phase, I was told: 
'Crushed walnut shells.' " 

Second Super fluid 

Superfluidity, the ability of a liquid to 
flow without friction, has until recent

ly been believed to be the unique proper
ty of helium 4 (the common isotope of he
lium) that has been cooled to about two 
degrees Kelvin, or two degrees Celsius 
above absolute zero. It had been pre
dicted by some theorists that helium 3 
(the rare isotope of helium) would also 
exhibit superfluid behavior, but the tem
perature at which superfluidity would be 
observed was estimated to be several 
orders of magnitude lower than the tran
sition temperature for helium 4, and such 
temperatures Were unattainable with the 
apparatus then available. Now, with the 
aid of new techniques for attaining ultra
low temperatures, it has been demon
strated that helium 3 has not one super
fluid phase but two. 

Writing in Europhysics News, a bulle
tin of the European Physical Society, 
O.V. Lounasrriaa of the Helsinki Univer
sity of Technology says that a new and 
exciting era in the study of liquid helium 
began in 1972 when D. D. Osheroff, 
Robert C. Richardson and David M. Lee 
of Cornell University found the two new 
low-temperature phases of helium 3,  
which they named the A phase and the B 
phase. The A phase appears at tempeLl 
tures between .002 and . 0026 dpgrec 1:.  
when the applied pressure i s  b e t  \\Ten 
21 .5  and 33 atmospheres. The B 1'lla,e 
appears at lower temperatures. The 
point at which normal liquid helium 3 
can coexist with the A-phase and B-phase 
liquids is .0022 degree K. and 2 1 . 5  at
mospheres. The A-phase liquid disap
pears at lower temperatures or lower 
pressures. At zero pressure the transition 
from the normal liquid to the B-phase lirl
uid occurs at .00093 degree. 

The first indication of superfluidity 
in helium 3 came from experiments 
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carried out by Lounasmaa and his 
colleagues last year. They measured the 
viscous damping of a vibrating wire in 
liquid helium 3 and found a sudden 
decrease in the damping, suggesting su
perfluidity associated with the A-phase 
and B-phase liquids. 

Proof that helium 3 is a superfluid 
came early in this year, when H. Kojima, 
D. N. Paulson and J. C. Wheatley of the 
University of California at San Diego 
published their results that "fourth 
sound" will propagate in the liquid. 
Fourth sound is a pressure wave that will 
travel through a superfluid in a closely 
packed powder but not through a normal 
liquid because the viscosity of the nor
mal liquid prevents it from moving or 
vibrating in the fine channels of the 
powder. 

According to Lounasmaa, the super
fluidity in helium 3 is "more closely re
lated to superconductivity in metals than 
to superfluidity in helium 4." Helium 4 
has an even number of electrons, protons 
and neutrons, and at low temperatures 
some helium-4 atoms fall into a zero mo
mentum state with zero entropy. These 
atoms constitute the superfluid compo
nent in the liquid. An atom of helium 3 
cannot fall to a zero momentum state be
cause of its symmetry properties: it has 
only one neutron and therefore has a 
spin. Two helium-3 atoms form a pair, 
much as two electrons in a superconduc
tor form a pair and drop into the super
conducting state. Superfluidity occurs in 
liquid helium 3 when such pairs are 
formed. Unlike the pair of electrons in a 
superconductor, however, which have 
opposite spins that cancel each other, the 
spins of the pair of atoms in helium 3 are 
parallel, giving the pair one unit of spin. 

Lounasmaa notes that although many 
of the properties of su perfluid helium 3 
ha\-e been studied in a lit tle more than 
two years, many theoretical questions re
main. "This rapid progress," he con
cludes, "shows both the Yitality of cur
rent research at ultralow temperatures 
an d the importance of these phel lomena 
for the modern theory of cul l ec t ive sys
tems." 

l1lgh in the SAy 

p th�re intellig�nt life elsewhere in the 
unl\-erse? A pIece of posItIve eVIdence 

that was facetiously adduced a year or 
two ago was that whereas methyl alco
hol had been discovered in in terstellar 
space, ethyl alcohol (the potable kind) 
had n ot. Clearly someone had cons l l mell 
the s tuff. 

This positive evidence no lon ger ub
( ,l i l lS .  In October a group of workers 

from the University of Maryland, the 
National Radio Astronomy Observatory 
(NRAO) and the Commonwealth Scien
tific and Industrial Research Organiza
tion used for the first time a new and 
highly sensitive spectrometer in conjunc
tion with the 36-foot radio telescope of 
the NRAO at the Kitt Peak National Ob
servatory. With this instrument they be
gan investigating the dense cloud of gas 
and dust designated Sagittarius B2, a 
rich source of most of the known mole
cules in space, and discovered weak ra
dio emission at the wavelength of 3 . 3  
millimeters. A group from the National 
Bureau of Standards that followed them 
in using the same instrument indepen
dently found another emission line and 
tentatively identified it as radiation from 
ethyl alcohol. Two weeks later a group 
from the Center for Astrophysics of the 
Harvard College Observatory and the 
Smithsonian Astrophysical Observatory 
detected several more lines and con
firmed the identification. 

Ethyl alcohol, composed of nine atoms 
(C2H50H), is one of the largest and most 
complex molecules now known to exist in 
interstellar space. Although it is neither 
unstable nor extremely rare in space, it 
had not previously been found because 
its emission is too weak to be detected by 
most existing radio spectrometers. The 
substance is spread in a thin vapor 
throughout Sagittarius B2, which is some 
50 light-years in diameter. One calcula
tion shows that, if the ethyl alcohol were 
condensed, it would come to 1 028 fifths 
of a gallon at 80 proof. Potability, how
ever, might be a problem; the alcohol is 
heavily contaminated with substances 
such as hydrogen cyanide, formaldehyde 
and ammonia. 

The discovery of ethyl alcohol brings 
the total number of different kinds of 
molecule detected in space to 32. In or
der of their discovery those molecules 
are: methylidyne, the cyanogen radical, 
ionized methylidyne, the hydroxyl radi
cal, ammonia, water, formaldehyde, car
bon monoxide, hydrogen cyanide, molec
ular hydrogen, "X-ogen" (an unknown 
substance), cyanoacetylene, methyl al
cohol, formic acid, carbon monosulfide, 
formamide, silicon monoxide, carbonyl 
sulfide, methyl cyanide, isocyanic acid, 

- hydrogen isocyanide (only tentatively 
identified), methylacetylene, acetalde
hyde, thioformaldehyde, hydrogen sul
fide, methanimine, ethynyl, sulfur mon
oxide, dimethyl ether, silicon sulfide, 
N 2 H + (unnamed) and ethyl alcohol. In 
addition, two molecules incorporating 
deuterium, the heavy isotope of hydro
gen, are known: deuterated hydrogen 
cyanide and heavy water. 
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The new Casio printing calcula tor 
with a new printing head and cartridge 

inking system spells the end of the 

mechanica l a dding machine. 

I t  no longer pays to buy an adding ma
ch i ne_  The new Casio AS-P now makes own i ng 
a fu l ly e lectronic printing ca lculator a very 
positive and practica l  idea. 

Let's face it. The only drawback i n  those 
exciting pocket ca lculators is  the lack of a 
tape to check your ca lcu lations. And because 
printing ca lcu lators were either too expensive, 
too cheaply bu i l t  or behind technologica l ly, it 
made sense to stick it  out with a hand-held 
u n it. But that's all changed with the AS-P. 

The large full-thrust keyboard responds nicely 
to your touch making the AS-P one of the 
easiest electronic printing calculators to use. 

Forget about r ibbons. The AS-P emp loys a 
new cartridge inking system that perm its you 
to use u p  to 1 00 ro l l s  or thousands of feet of 
paper ta pe without worrying about changing 
ribbons. Simply sl ip in a new cartridge once a 
year or every 1 00 rol ls. 

Forget about special paper. The AS-P uses 
any standard adding mach ine tape. There's 
no special  thermal paper req u i red. 

Forget about noise. The Casio is  one of the 
best bu i lt  and so l id l y  designed pri nters. The 
sou nd-deaden ing system and mounting shocks 
reduce noise levels  to a m i n i m u m .  And the 
Casio doesn't a n noyingly shut off as do many 
of the t i me delay un its. 

Forget about the poor printout. the d igits on 
Casio's new Matrix printing head regi ster in  a 
so l id large nu mber with no dots or d isjO i nted 
elements. You get tru ly  the most leg ib le  pri nt
out in  the industry. 

Forget about the price. For $99.95 you can 
own a fu l l y-fu nctional,  qual ity, breakthrough 
product for the cost of an adding machine.  

BUT YOU ' L L  R E M E M B E R  
T H E  G R EAT F EATU R ES 

The Casio AS-P is an S-d igit 4-fu nction ca l
cu lator with constant that you can operate as 
eas i ly  as an adding machi ne. I t  can su btota l ,  
show negative ba la nce, give grand tota ls, c lear 
errors and produce a clear sharp printout. 

The AS-P has a decimal  selector, perm it
ting the selection of e ither a fu l l-floating, 
zero, two or four position dec i m a l .  In the 
fixed decimal  positions, you can either round 
off the digit beyond the d i splayed n u m ber or 
s imply cut the last nu mbers off. There's a l so 
do l lar  mode-a switch that a lways keeps the 
decimal  i n  the two posit ion so you don't have 
to cont i n u a l l y  enter the deci mal  point when 
you're add ing dol lars and cents. 

If you enter more than the eight dig it  ca
pacity of the pri nter, the u n it prints E on the 
tape and the unit w i l l  not operate until you 
press the clear key to clear the error. Even 

The tape on the AS-P registers large solid 
figures actually easier to read than most 
conventional adding machines. 

"Now everybody can afford their own printer. " 

The re,yolutionary new Casio AS-P 
electronic printing calculator uses no 
ribbons or special paper and repre
sents a major new printing calculator 
breakthrough. 

N A T I O N A L  
I N T RO DUCTO R Y  
SA L E  P R ICE 
Sug. Reta i l :  $ 1 49.95 

the paper ro l l  pOSit ion is u n ique.  B y  placing 
the paper ro l l  i nside the basic u n it, there is no 
conventional  overhang-a great space-saving 
design feature. 

The Casio's com pact size, only 4 3/S" x 
9 7/S" x 9 7/S" and l ight 1 0  Ib weight make 
it the idea l desk u n it for both home and of· 
fice. Now everybody in your office can own 
their own printing calcu lator thanks to the 
revolutionary features and price of the Casio. 

JS&A is  America's largest single sou rce of 
electronic ca lcu lators and Casio i s  a major 
ca lculator manufacturer k nown for their qual· 
ity products and dependable service. A lthough 
the AS-P was designed to be service-free, 
Casio's national  service network sta nds beh i nd 
every machine-further assurance that your 
modest i nvestment is  wel l  protected . 

O R D E R  BY PHON E OR M A I L  

I f  you own a Master Charge, Ba nkAmeri
card, D i ners Club or A merican E x p ress cred it 
card account, you may ca l l  our to l l -free n u m
ber and order by phone, or mai l  your check 
for $1 03.45 ($99.95 plus $3.50 for postage 
and hand l i n g ) .  I I I  residents add 5% sales tax. 

T H E  MAG I C  OF THAT TAPE 

I t  no longer makes sense to own an add i ng 
machine or desk ca lcu lator when you can own 
a f u l l y  electronic printing ca lcu l ator with 
major feature breakthroughs at an u nbel iev
able low price. Pick up your phone and order 
your Casio AS-P today. 

15 DAY F R E E  T R I A L  
O N E  Y EAR WA R R ANTY 

�NATIONAL 
O SALES 

GROUP 
DEPT. SAX-1 4200 DUN D E E  ROAD 

NORTH BROOK, I LL I NOIS 60062 
CREDIT CARD BUYERS CALL: 

(800) 323-5880 
In I l l inois ( 3 1 2 )  498-6900 © JS&A Group. l nc_. 1 974 
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The Absorption of Light in Photosynthesis 

The first steps In photosynthesis are the absorption of light 

by a pigment molecule and the delivery of the absorbed energy 

to other molecules capable of entering into chemical reactions 

When the sun shines on the leaves 
of a green plant, some of the 
radiant energy is utilized to 

promote chemical reactions, with the ul
timate result that water and carbon di
oxide are converted into oxygen and or
ganic compounds. Photosynthesis has 
been summarized in this way since the 
end of the 18th century. The summary is 
essentially correct, but it describes the 
process only in terms of what Hows into 
and out of the plant. Today a more de
tailed and more precise explanation is 
sought; we want to know what happens 
inside the illuminated leaf. It is not suffi
cient to say that light "promotes chemi
cal reactions." Rather, the molecular 
mechanism by which light is absorbed 
and by which its energy is utilized must 
be identified. 

In this article we are concerned main
ly with the first steps in photosynthesis: 
the absorption of light by a specific mole
cule and the transfer of that energy from 
one molecule to another, as in a bucket 
brigade, until it is eventually conveyed 
to those few molecules that participate 
in chemical reactions. These initial proc
esses are called the "primary events" of 
photosynthesis. They are physical in na
ture, and they must be completed before 
the chemical activities of photosynthesis 
can begin. 

Electron Flow in Photosynthesis 

Investigations of the primary events 
have been hindered by the speed with 
which the events take place and by their 
complexity and inaccessibility; many can 
be observed only in the living cell. Most 
of the experiments intended to explore 
their sequence have by necessity been 
indirect. Many of them have been quite 
ingenious, however, and they have re
vealed several important characteristics 

68 

by Govindjee and Rajni Govindjee 

of the system by which the energy of 
sunlight is made available to the photo
synthetic machinery of the plant. 

The major organic products of photo
synthesis are carbohydrates: substances, 
such as sugars and starches, whose com
position is some multiple of the empiri
cal formula (CH20). Because carbohy
drates appear superficially to be com
pounds of carbon and water, it was 
thought for many years that photosyn
thesis consisted in splitting oarbon diox
ide (C02), which would allow the oxygen 
to escape as a diatomic gas (02) and free 
the carbon to combine with water. 

It is now known that this scheme is 
wrong. Neither carbon dioxide nor wa
ter can properly be said to be split or 
decomposed in photosyntheSis. The net 
effect of the process is instead to transfer 
hydrogen atoms from water to carbon 
dioxide; the oxygen evolved comes from 
the H20, not the CO2, Because the proc
ess takes place in water solution it is not 
necessary to actually move a complete 
hydrogen atom; if an electron is trans
ferred, a hydrogen nucleus, or proton, 
can be drawn later from the aqueous 
medium to complete the atom. Chemical 
processes of this kind, in which electrons 
are transferred from one molecule to an
other, are called oxidation-reduction re
actions. The molecule that has lost elec
trons is said to have been oxidized; the 

one that has received them is said to 
have been reduced. Thus in photosyn
thesis water is oxidized and carbon diox
ide is reduced. 

Ordinarily, of course, water does not 
reduce carbon dioxide, and it is not oxi
dized by it. For the reaction to proceed 
inside the plant cell, energy must be 
supplied. The energy requirement of an 
oxidation-reduction reaction is common
ly measured in volts, and the electron 
transport involved in photosynthesis 
proceeds against an energy potential of 
about 1.2 volts . 

An electrochemical gradient of 1.2 
volts represents a rather large barrier, 
and there is reason to believe that in 
photosynthetic organisms it is not over
come by a single quantum of light; it ap
pears instead that two quanta are re
quired for the transport of each electron. 
This hypothesis is supported by numer
ous recent experiments; moreover, it ac
cords well with an important observation 
made almost 20 years ago by the late 
Robert Emerson of the University of Illi
nois. Emerson found evidence that there 
are two pigment systems in plants that 
preferentially absorb light of slightly dif
ferent wavelength (or color), implying 
that electron transport takes place in two 
main stages and involves two photo
chemical events [see "The Role of Chlo
rophyll in Photosynthesis," by Eugene I. 

FLUORESCENCE of the plant pigment chlorophyll is stimulated by illumination with 
blue light. The natural green color or the chlorophyll can be seen at the bottom of the 
container in the photograph on the opposite page. The beam of light, made visible by 
smoke particles suspended in the air, enters from the top and is absorbed by the pigment, 
which is in an ether solution. Some of the energy of the absorbed light is dissipated as 
heat; the rest is reradiated as fluorescence in the red part of the spectrum. Chlorophyll in 
the leaves of a living plant also fluoresces, but only weakly; most of the energy that in 
solution is reemitted as red light is applied to the work of photosynthesis in the plant. 
The photograph was made in the laboratory of Alfred T. Lamme at Columbia University, 
with chlorophyll extracted from the seaweed VIva by Robert K. Trench of Yale University. 
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SITE OF PHOTOSYNTHESIS in all higher plants and most algae 

is the chloroplast, an organelle having an intricate internal struc· 

ture. In the photograph ahove, made through an optical micro· 

scope, the chloroplasts are the small green bodies, and they alone 

SINGLE CHLOROPLAST is shown in cross section in an electron 

micrograph made hy Paolillo and R. Chollet at the University of 

Illinois. The most prominent feature of the chloroplast in this view 

is the network of lamellae, the memhranes on which the photosyn. 

thetic pigments are located. The lamellae are organized in dense 

stacks called grana, where many individual vesicular membranes, 

the thylakoids, are pressed together. The loosely stacked memo 

branes connecting the grana are called stroma lamellae and the 

space not occnpied by membranes is filled with stroma matrix. 
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are responsible for the color of the plant; the cells themselves are 

translucent. Some algae contain only one chloroplast per cell; 

higher plants can have as many as 1,000. The photograph was made 

by D. J. Paolillo of the University of Illinois at Urbana·Champaign. 

STRUCTURE OF THE LAMELLAE is visible in an electron mi· 

crograph made by C. J. Arntzen, also of the University of Illinois. 

The specimen was prepared by freezing eompressed chloroplast 

fragments, fracturing the frozen pellet and casting a metal replica 

of the fractured surface. At lower left is a granum; elsewhere indio 

vidual thylakoid membranes have been pulled apart longitudinally, 

revealing interior surfaces covered with grains that resemble cob· 

blestones. There are grains of various sizes and each size may be as· 

sociated with a different function in the process of photosynthesis. 
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Rabinowitch and Govindjee; SCIENTIFIC 
AMERICAN, July, 1965]. 

Not all the molecules associated with 
the two pigment systems have been 
identified, nor are all their relations yet 
clear. Nevertheless, it is possible to draw 
at least a tentative map of the electron
transport pathway [see illustration on 
page 74]. The scheme is based on a 
model proposed by Robert Hill and Fay 
Bendall of the University of Cambridge 
[see "The Mechanism of Photosynthe
sis," by R. P. Levine; SCIENTIFIC AMERI
CAN, December, 1969]. 

In the modified Hill-Bendall model, 
light striking the aggregation of mole
cules designated pigment system II re
sults in the transfer of an electron from 
a donor called Z to an acceptor called 
Q. Recent work on the kinetics of oxygen 
evolution by Pierre Joliot of the 1nstitut 
de Biologie Physico-Chimique in Paris 
and Bessel Kok of the Research Institute 
for Advanced Studies in Baltimore has 
shown that a molecule of oxygen is 
evolved after Z has given up four elec
trons, and thus accumulated four posi
tive charges; Z is eventually restored to 
neutrality by scavenging four electrons 
from two water molecules. The oxygen 
atoms from the water form an O2 mole
cule and the four protons enter the solu
tion as positive ions. 

From reduced Q the electrons are 
transferred, with the electrochemical 
gradient, to pigment system I. Several 
kinds of molecule serve as intermedi
aries, including at least one cytochrome

' 

(one of the proteins that also serve as 
electron-carriers in cellular respiration), 
an unidentified compound B, a plasto
quinone and a copper-containing pro
tein, plastocyanin. On absorbing a quan
tum of light, pigment system I promotes 
an electron from a "reaction-center" 
chlorophyll to another acceptor mole
cule, labeled X. The oxidized reaction 
center is then reduced by an electron 
that Hows from reduced Q via the inter
mediates mentioned above. The reduced 
X then donates the electron to the iron
and-sulfur-containing protein ferredoxin, 
reducing it. The ferredoxin, with the 
help of the enzyme ferredoxin-NADP+ 
reductase, ultimately reduces nicotin
amide adenine dinucleotide phosphate 
(NADP +), a molecule with many roles in 
metabolism. (In its reduced form it is ab
breviated NADPH.) This sequence of 
events is repeated for each of the four 
electrons donated by Z, so that eight 
electron transfers, and eight quanta of 
light, are required for each molecule of 
oxygen evolved. 

Energetically the transfer of electrons 
from reduced Q to the oxidized reaction-

PIGMENT MOLECULES are distinguished by systems of conjugated, or alternating, 
single and double bonds. When the pigment absorbs light an electron circulating through. 
out the system of bonds enters an excited state. In chlorophyll (le/t) the conjugated bonds 
(colored band) are in a complex ring called porphyrin. Attached to the ring is a "tail" of 
phytol, made up of carbon atoms joined mostly by single bonds. Shown is chlorophyll a; 
other forms differ from it only slightly. In the carotenoid pigments (right) the conjugated 
bonds are located in a straight chain of carbon atoms that has a cyclic ring at each end. 

PROTEIN LAYER PORPHYRIN 

ARRANGEMENT OF PIGMENTS in the lamellar membrane may be governed by the 
physical characteristics of the molecules. In this speculative model, the phytol tail, which 
is hydrophobic, or repellent to water, projects into the hydrophobic lipoid layer. The 
porphyrin ring, a hydrophilic, or water.loving, group, associates with the hydrophilic 
protein layer. Carotenoids are hydrophobic and are probably found in the lipoid portion. 
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center molecule is a downhill process 
and is coupled with the production of 
adenosine triphosphate (ATP), the ubiq
uitous energy-carrying molecule, from 
adenosine diphosphate (ADP) and inor
ganic phosphate. The existence of a cy
clic How of electrons around system I 
has also been documented. The electrons 
from reduced X, instead of reducing 
NADP+, are cycled backto the reaction 
center; when this cyclic How goes via 
plastoquinone it is coupled with the pro
duction of ATP. (Other sites have been 
implicated in ATP production, but their 
role is not yet confirmed.) The impor
tance of cyclic electron How varies from 
plant to plant, but in most cases its con
tribution to photosynthesis is rather 
small. It is ATP and NADPH that effect 
the reduction of carbon dioxide and me
diate its introduction into a carbohydrate 
cycle [see "The Path of Carbon in Photo
synthesis," by J. A. Bassham; SCIENTIFIC 
AMERICAN, June, 1962]. 

Pigment Molecules 

The photosynthetic apparatus of the 
higher plants is organized inside chloro
plasts, the cellular organelles that give 
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plants their characteristic green color. 
The chloroplasts are complex structures, 
separated from the cytoplasm of the cell 
by a membrane and apparently having 
some autonomy: each has a bit of the ge
netic material DNA and is able to syn
thesize some of the proteins it requires 
independent of the cell nucleus. 

Inside the chloroplast is an elaborate
ly folded network of membranes termed 
lamellae. In chloroplasts from most 
plants the lamellae form structures called 
grana, which are separated by a material 
known as stroma. The grana appear to be 
dense stacks of membranous sacs, which 
are the basic units of the lamellae. These 
sacs, called thylakoids, contain lipids, 
proteins and pigments. It is on and per
haps between the thylakoids that the 
business of photosynthesis is transacted. 

A further level of structural organiza
tion can be inferred in the chloroplast, 
even if it cannot be resolved with cer
tainty in the electron microscope. Exper
iments performed more than 40 years 
ago by Emerson and William A. Arnold, 
who is now at the Oak Ridge National 
Laboratory, suggested that a minimum 
of 2,400 chlorophyll molecules are re
quired to evolve one molecule of oxygen. 

500 600 

An aggregate of this size, they proposed, 
should be considered the ultimate photo
synthetic unit. We now know that eight 
photochemically driven electron trans
fers are required to generate one mole
cule of oxygen, so that a smaller unit is 
plausible, one containing 300 pigment 
molecules. This is the modem photosyn
thetic unit, the smallest unit capable of 
photochemical action. 

Embedded in the thylakoid mem
branes are the pigment molecules that 
initiate the process of photosynthesis. 
Pigments are substances that by defini
tion strongly absorb visible light. Most 
absorb only in certain regiOns of the 
spectrum and transmit light of all other 
wavelengths; as a consequence they ap
pear colored. For example, chlorophyll, 
the most important plant pigment, ab
sorbs both the longer and the shorter 
waves in the visible spectrum: red and 
orange and blue and violet. The trans
mitted wavelengths, chieHy the yellow 
and green in the middle of the visible 
spectrum, combine to yield the green of 
grass and trees [see illustration below]. 

The majority of organic molecules ab
sorb most strongly in the ultraviolet; the 
various pigments of the chloroplast ab-

GREEN YELLOW 
700 

RED 
WAVELENGTH (NANOMETERS) 

ABSORPTION SPECTRUM of the photosynthetic pigments measures the amount of light 

they absorb at various wavelengths. The chlorophylls have two absorption bands, one in 

the blue and one in the red. 
·
They are green because they transmit the intermediate wave· 

lengths. The carotenoids absorb shorter wavelengths and appear yellow or red. Phycoery. 

thrin, which absorbs blue through yellow light, is red and phycocyanin, absorbing long 

wa�es, appears blue. Together the pigments absorb most of the light in the solar spectrum. 
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sorb at the longer wavelengths of visible 
light because they have chains or rings 
of carbon atoms connected by "conjugat
ed," or alternating, single and double 
bonds. In chlorophyll the system of con
jugated bonds is located in a ring, and it 
encompasses nitrogen atoms as well as 
carbon atoms [see top illustration on 
page 71]. The ring structure is one of the 
class of compounds called porphyrins, 
which are found widely in both plants 
and animals. In chlorophyll the central 
cavity of the ring is occupied by a mag
nesium atom; the function of the magne
sium is not yet fully understood. Porphy
rin rings in the blood protein hemoglobin 
and in the cytochromes contain an atom 
of iron instead of magnesium. 

Attached to the porphyrin ring in 
chlorophyll is a long hydrocarbon "tail," 
the phytol chain. It consists of carbon 
atoms linked together, but only one of 
the bonds is double; for this reason the 
phytol chain does not appear to play an 
important part in determining the chlo
rophyll absorption spectrum. Its function 
may be to anchor the molecule in the 
thylakoid membrane. The phytol chain 
is hydrophobic, that is, it repels water 
but has an affinity for oils and fats; the 
porphyrin ring, on the other hand, is hy
drophilic, being drawn to water. It has 
therefore been proposed that the phytol 
portion of the molecule may project into 
the lipid layer of the thylakoid mem
brane, securing the porphyrin at a par
ticular location in the protein part of the 
membrane [see bottom illustration on 
page 71]. 

Three major varieties of chlorophyll 
are distinguished by small differences in 
structure in one region of the porphyrin 
ring. Chlorophyll a, the most abundant 
form, found in all higher plants and in 
all algae, has a methyl group (-CHa) at 
that position. In chlorophyll b, which is 
found only in the higher plants and in 
the green algae, the methyl group is re
placed by an aldehyde group (-CHO). 
Finally, in bacteriochlorophyll, the form 
of the pigment found in photosynthetic 
bacteria, a single bond is substituted for 
one of the double bonds in the conjugat
ed ring, and two hydrogen atoms are 
added. 

In addition to these structurally dis
tinct molecules, various spectral forms 
of chlorophyll have been detected in liv
ing cells: they can be distinguished only 
by differences in their absorption spec
tra. C. Stacy French of the Carnegie 
Institution of Washington's Department 
of Plant Biology has detected forms of 
chlorophyll a whose maximum absorp
tion of red light is at wavelengths of 660, 

670, 680, 685, 690 and 695 to 720 nano
.meters. The variations are probably pro
duced by chlorophyll molecules in dif
ferent environments; they may be aggre
gated differently with other chlorophyll 
molecules, or they may be associated 
with proteins. 

Although the chlorophylls are un
doubtedly the most important plant pig
ments, they are not the only ones present 
and they are not the only ones that par
ticipate in light absorption. The carot
enoids, found in bacteria, algae and 
higher plants, absorb mainly blue wave
lengths and are yellow, orange or red in 
color. (Their name derives from the 
same root as "carrot," and they give the 
carrot its orange color.) They consist of 
long chains of carbon atoms linked by 
conjugated single and double bonds and 
bearing a six-carbon ring at each end 
[see top illustration on page 71]. The 
carotenoids are divided into two classes: 
the carotenes, which are hydrocarbons 
and therefore consist of hydrogen and 
carbon only, and the carotenols, which 
are alcohols and ketones and contain oxy
gen as well as carbon and hydrogen. The 
final category of pigments is the phyco
bilins, named for their resemblance to 
pigments in the bile of animals. They in
clude the red phycoerythrins and the 
blue phycocyanins and are found only in 
the blue-green and red algae. The mole
cules of both types have an open ring re
lated to the porphyrin structure of the 
chlorophylls, but in the phycobilins the 
ring is bound to a protein component. 

Light Absorption 

When a photon is absorbed by an 
atom or molecule, its effect is to change 
the configuration of the electronic charge 
associated with the valence, or outer, 
electrons surrounding the atomic nu
cleus (or nuclei). Because the new con
figuration has more energy than the 
"ground," or lowest, state, the atom or 
molecule is said to be in an excited state. 
The transition from the ground state to 
an excited state can take place only un
der certain conditions prescribed by the 
laws of quantum mechanics. The elec
trons can occupy only specified, distinct 
energy states; regions between states are 
forbidden to them. Moreover, the energy 
of the absorbed photon must exactly 
match the energy of the transition. Since 
the energy of a photon is inversely pro
portional to its wavelength, only celtain 
wavelengths can be absorbed by a par
ticular atom or molecule [see top illus
tration on page 75]. 

In atoms these restrictions are quite 
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PHOTOSYNTHETIC UNIT is thought to 

consist of about 300 chlorophyll molecules; 

in the higher plants and algae that seems to 

be the minimum number necessary to bring 

about the transport of a single electron. The 

unit includes the bulk pigments, which 

serve as an energy-gathering "antenna," and 

a reaction center, where energy is trapped 

and utilized to promote chemical reactions. 
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confining, since the permitted energy 
levels are few and transitions between 
them are large. As a consequence the 
absorption spectra of atoms usually con
sist of a relatively few narrow lines. In 
molecules, however, and particularly in 
pigment molecules, a number of factors 
tend to broaden the lines into bands. For 
one thing, the conjugated bonds in pig
ments bring about a great proliferation 
of allowed states because each double 
bond adds a pair of electrons shared by 
the conjugated system as a whole. The 

effect of a large system of conjugated 
bonds is therefore to decrease the transi
tion gap between the ground state and 
the first, or lowest, excited state and to 
create many additional excited states just 
above the first. It is this effect that is re
sponsible for shifting the absorption 
spectrum of pigment molecules from the 
ultraviolet region of the spectrum into 
the visible region; because of the smaller 
transition to the first excited state pig
ments are able to absorb photons of low
er energy and hence greater wavelength. 

Two other factors also increase the 
number of possible quantum states in 
molecules: the vibrational and the rota
tional energy of the molecules. These 
motions are also confined to discrete en
ergy levels, but the levels are much more 
closely spaced, so that the ground state 
and each of the excited states broaden 
into a manifold of substates. In approxi
mate terms the transition between the 
ground state and the first excited state in 
chlorophyll a represents an energy differ
ence of between one and two electron 
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FLOW OF ELECTRONS from water to carbon dioxide proceeds 
against an electrochemical gradient of 1.2 volts and requires two 
photochemical events. Four electrons must be transferred, one at 
a time, to liberate a molecule of oxygen and reduce a molecule of 
CO2 to carbohydrate. The process begins with the absorption of a 
photon by the antenna of pigment system II. The energy of excita. 
tion is conveyed to a chlorophyll molecule in the reaction center 
of the photosynthetic unit; the molecule is designated P680 be· 
cause one of the bands in its absorption spectrum is at 680 nano
meters. The excited P680 transfers an electron to the acceptor Q, 
and subsequently recovers an electron from the donor Z. After Z 
has given up four electrons it regains them by oxidizing two mole
cules of water. From Q the electron is passed through a series of 
carrier molecules, including B, which has not been identified, plas. 
toquinone (PQ) and cytochrome f (Cyt,), to plastocyanin (PC). 
Plastocyanin injects the electron into pi gment system I. The reac· 
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tion-center chlorophyll of pigment system I, designated P700, is 
excited through its own antenna pigments, and promotes an elec· 
tron to the acceptor X. Finally, the electron is passed through ferre· 
doxin reducing substance (FRS), ferredoxin (FD) and the enzyme 
ferredoxin·NADP+ reductase (R) to nicotinamide adenine dinu· 
cleotide phosphate (NADP+), which is thereby reduced to 
NADPH. NADPH is the primary product of these reactions_ In 
addition, during two of the electron transfers adenosine triphos
phate (ATP) is generated from adenosine diphosphate (ADP) and 
inorganic phosphate. One site for ATP generation is between plas· 
toquinone and cytochrome I; the other is associated with system II 
but has not been located. The NADPH and the ATP drive the 
process by which CO2 is incorporated into carbohydrates (multiples 
of the unit CH20). There is also a cyclic system of photosynthesis, 
in which electrons pass from P700 to X and then return through var· 
ious electron carriers to P700; in this system only ATP is produced. 
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volts. (An electron volt is the energy ac
quired by an electron when it is acceler
ated through a potential of one volt.) The 
vibrational substates are separated by 
about . 1  electron volt and the rotational 
substates by about .01 electron volt. 

When a photon of appropriate energy 
strikes a molecule of chlorophyll a, the 
pigment enters an excited state almost 
instantaneously, within 10-15 second. 
This is an extremely brief interval; in a 
vacuum light travels only about three 
ten-thousandths of a millimeter in 10-15 
second. 

There are two main excited states 
available in chlorophyll a. The absorp
tion of red light (with a wavelength of 
about 680 nanometers) raises the mole
cule to the lowest and most important of 
the levels, called the first excited singlet 
state. Blue light (with a wavelength of 
about 440 nanometers) promotes the 
molecule to the third excited singlet 
state. (Transition to the second excited 
singlet state, between the first and the 
third, is weak.) The upward transition 
may begin from any of the various vibra
tional and rotational substates of the 
ground state and end on any of the sub
states of the excited state. 

Having reached an excited state, the 
chlorophyll molecule cannot in1mediate
ly and directly apply its energy to the 
tasks of biochemistry, nor is useful work 
the only possible outcome of the absorp
tion of a photon. The excited molecule 
can give up its energy in any of a num
ber of ways, all of which conform to the 
same laws of quantum mechanics that 
govern light absorption. 

The Fate of Excitation Energy 

For the purposes of photochemistry 
the most important energy level in chlo
rophyll a is the first excited singlet state. 
Molecules elevated to higher excited 
states return to the first excited singlet 
state rapidly (in from 10-14 to 10-13 sec
ond), so that they reside in the higher 
state too briefly to enter into any com
peting processes. The return to the first 
excited state is achieved through the 
small transitions separating the vibra
tional and rotational sublevels. Each of 
these transitions is so small that the 
wavelengths associated with them are 
not perceived as radiation, only as heat. 
By the same mechanism a molecule that 
has been raised to one of the higher sub
levels of the first excited state will quick-
1y decay to one of the lower substates. 
This process is called internal conver
sion; since it results in the degradation of 
the received energy to heat, it contrib-
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EXCITATION OF AN ELECTRON in a pigment molecule promotes the electron to one 
of a few discrete energy states; intermediate levels are forbidden. Superimposed on the 
permitted energy states are sub states representing the vibrational and rotational energy of 
the molecule; the sub states also are discrete, but they are closely spaced. When an electron 
absorbs a photon it is first elevated to an energy level called an excited singlet state. De· 
pending on the energy of the photon, the electron may reach the first or some higher ex· 
cited singlet state; it quickly subsides to the first, however, by dissipating part of its 
energy as heat in a process called internal conversion. In the first excited singlet state the 
molecule can utilize its energy in a chemical reaction, lose energy by internal conversion, 
reradiate it as fluorescence or enter another excited state, the triplet state. Because the 
triplet state is longer lived than the excited singlet states, light is emitted by molecules in 
the triplet state only after a delay and is called phosphorescence instead of fluorescence. 

utes only to the kinetic motion of the 
molecules, not to photochemistry. 

Because of internal conversion a high
energy photon of blue light is of no more 
use to a plant than a relatively low-ener
gy red one. The squandering of the en
ergy of short-wavelength light, however, 

EXCITED 
STATE 

GROUND 
STATE 

is less extravagant than it may at first 
seem. Although individual photons of 
short wavelength are the most ener
getic, most of the energy of the solar flux 
is distributed in the yellow and orange 
and beyond. There are simply greater 
numbers of photons at longer wave-

-+ 

+-
SINGLET EXCITED SINGLET DOUBLET TRIPLET 

SINGLET AND TRIPLET STATES are defined by the "spin" of the outer electrons in an 
atom or molecule. In this diagram the arrows represent the spin axis. If the spins are anti· 
parallel, the molecule is in a singlet state; if they are parallel it is in a triplet state. The 
doublet state requires an unpaired electron. "Singlet," "doublet" and "triplet" refer to the 
number of ways the electrons can orient themselves with respect to a magnetic field. 
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ENERGY TRANSITIONS associated with light absorption and 
fluorescence by chlorophyll are constrained by the requirement 
that the molecule occupy only discrete energy states. Only photons 
whose energy corresponds to the energy difference between the 
ground state and an excited state can be absorbed; since the energy 
of a photon is inversely related to its wavelength, the selective abo 
sorption of photons is reflected in the absorption spectrum of the 
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FATES OF EXCITATION ENERGY are of varying probability 
and of varying importance to the living plant. The pathway indio 
cated in color is the only one known to contribute to photosyn. 
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pigment (diagram and graph at left). Even though chlorophyll abo 
sorbs light in several parts of the spectrum, it fluoresces only in the 
red (diagram and graph at right). The fluorescence is from the 
first excited singlet state; molecules in higher states decay to this 
one by internal conversion. Fluorescence is at longer wavelengths 
than the lowest.energy absorption band because molecules relax to 
a low substate of the first excited singlet state before fluorescing. 
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thesis. Transitions shown in solid black lines take place in the plant 
but do not result in useful chemical reactions. Transitions indio 
cated by broken lines have not been observed in living cells. 
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lengths, and their aggregate energy is 
much greater. 

Once an excited chlorophyll molecule 
has subsided to one of the lower sub
levels of the first excited singlet state, 
several pathways are open to it. Through 
further internal conversion it can dissi
pate its remaining energy of excitation as 
heat; it can enter another excited state, 
of a somewhat different character, called 
the triplet state; it can return to the 
ground state by emitting a quantum of 
light as fluorescence; it can transfer its 
energy to an appropriate neighboring 
molecule, or it can enter into a chemical 
reaction, such as those characteristic of 
pigment systems I and II. The last proc
ess is obviously the most important, but 
it is by no means the only one that takes 
place. 

Singlet and triplet states are distin
guished by a quantum number called the 
total spin number, which has to do with 
the directions in which the electrons in a 
molecule "spin." In singlet states the 
spins of a pair of electrons are antiparal
lei, or opposite; in triplet states the spins 
are parallel. Doublet states, which are 
also found in some photosynthetic pig
ments, occur when there are unpaired 
electrons. The triplet state is so named 
because electron pairs spinning in paral
lel can align themselves in three ways 
with ap external magnetic field; more
over, they superimpose three additional 
energy sublevels on the quantum state of 
the molecule. In the singlet state all ori
entations with respect to an external field 
are equivalent, and no additional sub
levels are introduced [see bottom illus
tration on page 75]. 

The triplet state is metastable, that is, 
it is stable for a comparatively long time. 
Events that can reverse the spin of an 
electron are relatively uncommon, and 
transitions between the ground state and 
the triplet state are therefore rare. The 
triplet state can be readily entered, how
ever, from an excited singlet state. There 
is considerable evidence that molecules 
in the triplet state are present in the chlo
roplast. An analysis made in our labora
tory at the University of Illinois suggest
ed that they are present, but in low con
centration; our data suggest that at any 
given moment less than one chlorophyll 
molecule in 10 million is in the triplet 
state. J. S. Leigh, Jr., and L. P. Dutton of 
the University of Pennsylvania School of 
Medicine have found evidence for the 
triplet state of bacteriochlorophyll in 
photosynthetic bacteria, but only at low 
temperature and only when the photo
chemical oxidation-reduction processes 
driven by the pigments were blocked. 
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FLUORESCENCE EMISSION SPECTRA can discriminate between pigment molecules 
serving different functions. Intact chloroplasts at room temperature (colored line) have a 
strong fluorescence peak at about 685 nanometers and a much smaller peak at about 735 
nanometers. At low temperature a more complex pattern emerges. Pigment system I (solid 
black line) fluoresces most strongly at 735 nanometers. with minor bands at 684 and 695. In 
pigment system II (broken black line) peaks at 685 and 695 nanometers are more important. 

Even if the triplet state is present in 
illuminated plants, there is no evidence 
that it forms a part of the main photosyn
thetic pathway; there are many other 
ways in which its energy could be dissi
pated, such as internal conversion and a 
return directly to the ground state with 
the emission of light. The latter effect is 
termed phosphorescence: it is character-

ENERGY LOSS 

ized by light emitted after a delay and 
at a considerably longer wavelength than 
the light absorbed. A molecule in the 
triplet state can also return to the first 
excited singlet state if it absorbs a small 
quantum of energy; it then has before it 
all the possible fates of other molecules 
at that energy level. 

Light emitted during a transition from 

CHLOROPHYLL b 

/-------------------------------\ 

CAROTENOIDS PHYCOERYTHRIN ------7 PHYCOCYANIN 

TRANSFER OF ENERGY from one kind of pigment to another follows an established 
sequence. The carotenoids. which absorb blue light. pass their energy of excitation on to 
phycoerythrin. Energy received in this way. as well as the energy of green light absorbed 
directly by phycoerythrin. is transferred to phycocyanin. Phycocyanin absorbs orange 
light. and passes the accumulated energy to chlorophyll a. In each of these transitions 
energy is lost by internal conversion. and in some of the transfers energy is also dissipated 
as fluorescence. Chlorophyll b contributes its energy directly to chlorophyll a without loss. 
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a singlet state directly to the ground 
state is termed fluorescence instead of 
phosphorescence. Ordinarily there is lit
tle delay between absorption and re
emission, and the wavelength of the fluo
rescent light is only slightly longer than 
that of the light absorbed. The small in
crease is caused by the loss of energy 
through internal conversion. 

Fluorescence 

Fluorescence has provided some of 
the most valuable techniques available 
for the investigation of photosynthesis, 
but for the plant it is an entirely waste
ful phenomenon. Ordinarily, however, 
the magnitude of the effect is rather 
small. For every 100 photons absorbed, 
only from three to six are reemitted. For 
this reason fluorescence in living plants 
is faint and can rarely be detected by the 
unaided eye. The fluorescence of chloro
phyll in solution, on the other hand, can 
be quite bright, since the process that 
would normally drain away most of the 
energy of excitation-photosynthesis-is 
disrupted. 

Chlorophyll fluorescence is invariably 
red, even if the exciting light is blue or 
green or yellow. The fluorescent light is 
emitted in a transition from the first ex
cited singlet state, and molecules pro
moted to higher states by more energetic 
photons merely dissipate part of their en
ergy as heat before fluorescing [see top 
illustration on page 76]. At room tem
perature the fluorescence spectrum con
sists of a major band at 685 nanometers 
and a minor band at about 740 nanome
ters. When the spectrum is measured at 
low temperature, bands appear at 685, 
695 and 720 nanometers. Pigment sys
tem II is primarily responsible for the 
bands at 685 and 695 nanometers, and 

FLOW OF ENERGY through chlorophyll 
molecules in the thylakoid membrane is 
thought to be rapid and efficient, but undi· 
rected. In the diagrams at left each square 
represents a pigment molecule; there is one 
reaction center (black squares) for approxi. 
mately 300 antenna molecules. In the "lake 
model" (top), energy absorbed by any mole. 
cule can wander through the entire mass of 
pigments until it is trapped in a reaction 
center or until it is reemitted. In the "iso· 
lated puddle model" (bottom), a single reo 
action center is committed to each aggregate 
of about 300 chlorophyll molecules. Tbe 
energy again meanders randomly, but only 
within the confines of the 300·molecule unit. 
The mechanism of energy transfer, which 
probably involves resonance between nearby 
molecules, operates with perfect efficiency. 
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pigment system I for the 720-nanometer 
band. 

In living cells the intensity of chloro
phyll a fluorescence changes -as a func
tion of time. This effect, discovered by 
the late Hans Kautsky of the University 
of Heidelberg, consists of a fast change, 
completed about two seconds after the 
plant is illuminated, and a slower fluc
tuation that achieves a steady state only 
after several minutes. Both temporal pat
terns could reflect the shifting relation 
between pigment systems I and II. The 
fast change is sensitive to the rate of 
electron flow through the transport sys
tem and might be explained as indicat
ing that pigment system II briefly gets 
ahead of system I, and wastes the sur
plus energy in fluorescence. 

The slow change is thought to be re
lated to temporary alterations in the 
thylakoid membrane. One hypothesis 
suggests that if the two pigment systems 
are spatially close together when the 
light is first turned on, energy from pig
ment system II, which is highly fluores
cent, might "spill over" into the weakly 
fluorescent system I, thereby diminish
ing the overall light emission. If the two 
systems were then separated, the spill
over would be eliminated and the fluo
rescence would increase. The conforma
tional change in the thylakoid membrane 
required by this theory might be caused 
by the movement of ions. An alternative 
explanation postulates changes in the 
density or spacing of chlorophyll mole
cules in pigment system II. Separating 
the molecules from one another could be 
expected to decrease internal conversion 
and thus to increase fluorescence. 

The lifetime of an excited state in a 
fluorescent molecule is an important 
parameter in photosynthesis, since it 
gives an indication, albeit an indirect 
one, of how much time is available for 
the energy of excitation to reach a chem
ically active molecule. The lifetime is de
fined as the time required for fluores
cence to decay to 1/ e of its maximum in
tensity (e is approximately 2.7). As we 
have mentioned, the lifetime of the high
er singlet states is extremely brief, from 
10-14 to 10-13 second; these states, how
ever, do not enter into photochemistry. 
The first excited singlet state is much 
longer lived. Its lifetime was first mea
sured by Seymour S. Brody at the Uni
versity of Illinois and by Aleksander N. 
Terenin and his colleagues 'at Leningrad 
State University. New measurements in 
our laboratory of the lifetime of chloro
phyll a in living cells, made with photo
synthesis stopped by inhibitors or by low 
temperature, or made in light so bright 
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TRANSPORT OF ELECTRONS "uphill," against an electrochemical gradient, in the re
action center of the chloroplast takes place in three stages. On absorbing a photon (a), an 
electron in a pigment molecule is promoted to an excited state. The electron can then be 
transferred to the acceptor molecule (b); because the pigment is in an excited state this 
process is "downhill," that is, it is favored by the electrochemical gradient. In the final 
step (c), the pigment regains an electron from a donor molecule, another downhill process. 

it saturates the photochemical system, 
yield a lifetime of about 2 X 10-9 second. 
Michael Seibert of the General Tele
phone and Electronics Research Labora
tories and R. R. Alfano of the City Col
lege of the City University of New York 
have recently employed a laser and an 
instrument capable of marking extreme
ly brief intervals in measuring fluores
cence lifetimes in chloroplasts. At the re
sulting low average intensities they dis
covered two fluorescing species, one 
with a lifetime of less than 10 X 10-12 
second, the other with a lifetime of about 
300 X 10-12 second. From the emission 
spectra they have suggested that the two 
species are molecules of chlorophyll a in 

different environments, the more rapidly 
decaying one making up part of pigment 
system I, the other contributing to pig
ment system II. 

The Transfer of Energy 

Most of the pigment molecules in the 
chloroplast do not take part directly in 
the chemical processes of photosynthe
sis. Of the 300 molecules in the basic 
photosynthetic unit, almost all are 
thought to serve merely as "antenna" 
molecules. (The metaphor is not far
fetched; after all, the molecules are 
tuned to receive signals of a particular 
wavelength.) The antenna pigments 
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transfer the energy they absorb to a re
action center, which might consist of a 
single specially deployed molecule of 
chlorophyll a. This molecule then intro
duces the energy into the oxidation-re
duction cycle. 

If such a system is to operate efficient
ly, some method of rapidly transferring 
the energy of excitation from one mole
cule to another must be provided. That 
energy is indeed transferred is suggested 
by a simple observation: green leaves 
contain chlorophyll b, which is fluores
cent in isolation, yet in living cells only 
the fluorescence of chlorophyll a can be 
detected. Evidently the accessory pig
ments transfer their energy to chloro
phyll a so efficiently that their own fluo
rescence is quenched. The effect can be 
demonstrated directly in monomolecular 
layers of mixed chlorophyll a and b; even 
when the mixture is illuminated at a 
wavelength that will stimulate only chlo
rophyll b, only chlorophyll a fluorescence 
is observed. 

Among the accessory pigments a se
quence of energy-carriers has been 
worked out. It begins with the carot
enoids, then passes through phycoery
thrin, phycocyanin and allophycocyanin 

PHOTON 

PIGMENT SYSTEM I 

CAROTENES 

CHLOROPHYLL b 

CHLOROPHYLL a 660 

CHLOROPHYLL a 670 

(another phycobilin) to chlorophyll. In 
plants that have no phycobilins, energy 
can be transferred directly from the 
carotenoids to the chlorophylls, but 
when the phycobilins are present they 
are invariably utilized in sequence. Each 
transfer from one kind of pigment to an
other involves- a modest loss of energy as 
fluorescence or heat [see bottom illustra
tion on page 77]. 

Once the excitation energy has been 
passed to a chlorophyll a molecule it can 
migrate through the entire population of 
chlorophyll a molecules without loss. 
That the migration does take place was 
first shown by Arnold and E. S. Meek at 
Oak Ridge in 1956. Arnold and Meek il
luminated chloroplasts with plane-polar
ized light and observed the resulting flu
orescence. If the exciting energy had 
been retained by each molecule during 
its fluorescence lifetime, the polarization 
would have been maintained in the flu
orescent light; it was in fact destroyed 
entirely, indicating extensive energy mi
gration. 

One possible explanation of the 
mechanism underlying this migration is 
called the Forster resonance theory, for
mulated in 1948 by the late Theodor 

EXCHANGE OF EXCITATION ENERGY 

REACTION CENTER 

Forster of the Technical University in 
Stuttgart. The theory holds that a mole
cule must first subside to the lowest vi
brational sublevel of the first excited sin
glet state before its energy can be trans
ferred; once this requirement is met the 
molecule is coupled to its neighbors by a 
resonance fundamentally dependent on 
their distance and orientation and on the 
overlap between the fluorescence spec
trum of the donor and the absorption 
spectrum of the acceptor. 

Faster mechanisms, in which the 
molecule need not first relax to its lowest 
vibrational state, have been proposed. 
They cannot yet be excluded, but calcu
lations based on measurements of fluo
rescence lifetime support Forster's the
ory. An upper limit to the time required 
for energy transfer has been provided by 
an experiment devised by Peter M. 
Rentzepis of Bell Laboratories. Working 
with bacterial photosynthetic systems 
that had been stripped of all antenna 
pigments, so that only the reaction cen
ters remained, he observed an energy ex
change in 6 ± 2 X 10.12 second. 

The path taken by the migrating ex
citation energy in the antenna pigments 
is thought to resemble a "random walk" 
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CAROTENOLS 

CHLOROPHYLL b 

CHLOROPHYLL a 660 

CHLOROPHYLL a 670 

REACTION CENTER 

DISTRIBUTION OF PIGMENTS in the higher plants is different 
in the two pigment systems. Among the carotenoids, carotenes 
dominate in system I and carotenols in system II. Chlorophyll b is 
more abundant in pigment system II. Chlorophyll a is the most im· 

portant pigment in both systems, but each has a characteristic as· 
sortment of forms of this pigment, distinguished by their absorp. 
tion spectra ( black ) and fluorescence spectra (color) . The reaction 
center pigments of the two systems also exhibit different spectra. 
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WHEN You PAY 
OVER $12 FOR 
MUMM CHAMPAGNE, 
You SHOULD 
KNow WHY. 

S O M E  sparkl  ing 
w i n es ca l l  them 
selves Champagne.  But true Champagne 
comes o n l y  from the prov i n ce of 
Champagne i n  northeastern France. A n d  
from h e r e  comes Mumm, the fi n est Cham 
pagne the wor ld  has ever known.  

What sets  Mumm apart ? Very 
s i m p l y ,  i ts  except ional  qual i ty and u n i que 
Jt yle, or taste.  For 1 5 0 years, the d i st i n c 
t i v e  taste of  Mumm h a s  been cons i stently 
achi eved . Here's how i t ' s  done. 

HARVEST 
E V E RY S ING L E  G R A P E  that goes i nto 
Mumm Champagne is i nspected by 
hand .  Sk i l led sorters merc i l es s l y  rej ect 
grapes w h i ch are imperfect . 

THE CUVEE ( B l end ) 
A FT E R  T H E  G R A P E S  are p ressed and 
the j u i ce has fermented, expert w i n e 
tasters note t h e  q u a l  i t i es of t h e  best 

w i nes from 
the provi nce. Up to 30 w ines 
a re then prec i se ly  b lended ro ach i eve the one 
perfect harmony of taste. 

FERMENT A nON 
T H E  SECOND F E R M E NTATION must take p l ace 

very s low l y  ill the bOllle to p roduce the l ight, 
cont i n uous bubbles  of great Champagne .  
A s  the  w i n e  approaches matur i ty ,  after years 

of ag i ng, the bott les are turned d a i l y  and 
t i lted downward to col l ect the t i ny yeast 

part i c l es ,  a natural by-product . 

DEGORGEMENT 
A FEW MONTHS before s h i p p i ng, a 
b i t  of the w i n e  i n  the neck of each 
bott l e  is frozen and an expert q u i ckly  
removes the cork and the yeast which 

has so l i d i fied next to i t .  W i thout 
l o s i ng any of the sparkle ,  the bott les 
are recorked and p repared for export 
th roughout the wor l d .  

Today you c a n  st i l l  e n j oy the 
fi n est Champagne the world has ever 
known . Ask for Mumm Extra Dry,  
Cordon Rouge B ru t  and i n comparab l e  
Rene Lalou a t  fi n e  w i n e  merchants 
and better restaurants .  

MUMM'S 
THE WORD 

I M P O R T E D  BY B R O W N E  V I N T N E R S  N E W  Y O R K .  N . Y . A N D  S A N  F R A N C I S C O .  C A  
T O  L E A R N  M O R E  A B O U T  O U R  F I N E  CHAMPAG N E S .  W R I T E  B R O W N E  V I N T N E R S .  5 0 5  B EACH S T R E E T .  S A N  F R A N C I S C O .  CA 94 1 33 
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A cartridge 
in a pear tree. 

A g i ft of t h e  S h u re Y·1 5 Type  I I I  s t e r e o  
phono cartridge w i l l  e a r n  you t h e  eternal 
e ndearment of the discrimi nating audio· 
phile. I t  has the abi l i ty to extract the real 
sound of pipers pip ing, drummers drumming, 
ri ngs ringing, etc., etc.  I n  test reports that 
express more superlatives than a Christmas 
dinner ,  the V·IS  Type I I I  has been described: 
" . . .  Sound is as neutral and uncolored 
as can be desired." Make a hi·fi enthusiast 
de l i riously happy. ( If  you'd l i ke to rece ive it 
yourself, keep you r fi ngers crossed!) 

Shure Brothers I nc. ,  
222 Hartrey Ave . ,  Evanston, IL  60204 

S H U R E  
® 

Manufacturers af high fidelity campanents, micro· 
phones, sound systems and related circuitry. 
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that continues until the energy quantum 
happens to encounter an available reac
tion center, or until it is reradiated by 
fluorescence. The reaction centers them
selves might be dispersed randomly in a 
monolithic bed of bulk pigment, so that 
any quantum of energy could wander 
throughout the mass and in principle 
could eventually reach any of the reac
tion centers. Alternatively, each reaction 
center might be surrounded by, and 
served exclusively by, a fixed aggregate 
of pigment molecules. These two hy
potheses are called the '1ake model" and 
the "isolated puddle model." The actual 
situation appears to be a hybrid of the 
two, calling for a "connected puddle 
model" [see illustrations on page 78]. 

The Reaction Center 

The elaborate system of pigmentation 
in plant cells is intended solely to con
vey the energy of light quanta to reac
tion centers where the central events of 
photosynthesis take place. Learning the 
nature and the exact business of the re
action center has been an intractable 
problem in the study of plant metabo
lism, but some of the molecules active 
there have now been at least labeled 
spectrally if not identiRed chemically. 
Louis N. M. Duysens of the University 
of Leiden discovered the first of these 
molecules when he observed a light-in
duced change in the absorption spec
trum of photosynthetic bacteria at B90 
nanometers; the change was later shown 
to be produced by bacteriochlorophyll in 
the reaction center. Kok identiRed a sim
ilar change in the absorption of green 
plants at 700 nanometers ; this light-in
duced absorption change is now known 
to be caused by the reaction-center mole
cule of pigment system I, designated 
P700. Exposure to light has been dem
onstrated to oxidize P700. The analogous 
molecule for pigment system II was dis
covered by G. Doring and Horst T. Witt 
of the Technical University in West Ber
lin and is labeled P6BO or P690; whether 
or not it is a direct party to an oxidation
reduction process has not been deRnitely 
determined. 

These specialized pigment molecules 
appear to stand at the culmination of the 
physical, energy-gathering stage of pho
tosynthesis, and at the beginning of the 
chemical, energy-storing phase. There 
are a number of ways of determining 
whether or not they do mark that inter
section. The chemical processes they 
participate in should be the Rrst to take 
place after a brief flash of light, and they 
should be in the main pathway of photo-

synthesis. From experiments on the in
hibition of photosynthesis by low tem
perature we know that the reactions 
should also continue even at very low 
temperatures (below 77 degrees Kelvin, 
or 77 degrees Celsius above absolute 
zero). These tests have been made and 
the evidence that has accumulated is en
couraging. P700 is in fact oxidized by 
light at 77 degrees Kelvin (although the 
pigment cannot be fully reduced at that 
temperature). The absorption change as
sociated with P6BO or P690 has been 
observed at low temperatures. A series of 
calculations, beginning with early mea
surements made by Kok, show that the 
oxidation of P700 is a highly efficient 
reaction, and therefore it must be part of 
the main pathway. (If it was not, it 
would compete successfully with the 
main course of events.) 

Finally, if P6BO and P700 are the ac
tive molecules of the reaction center, 
they must be capable of initiating the se
quence of events that leads to the trans
fer of electrons. They could do so, when 
they are in the photoexcited state, by 
donating one of their own electrons to 
the acceptor molecule, then recovering 
it when in the ground state from the 
donor [see illustration on page 79]. In 
the case of pigment system II, for exam
ple, P6BO, after absorbing a photon, 
would transfer one of its valence elec
trons to the molecule labeled Q and in 
the process would return to the ground 
state. It could then accept an electron 
from the donor molecule Z. This hypoth
esis implies that the reaction-center pig
ments bear a positive charge during the 
electron transfer, and the presence of 
chlorophyll ions in the chloroplast has 
indeed been demonstrated by electron
spin-resonance techniques that monitor 
unpaired electrons. 

If this sequence of events is correct, 
some means must be provided to prevent 
Z and Q from reacting with each other 
to annul the charges developed on them. 
A direct reaction between them is ther
modynamically the most favorable of all 
reactions, and it is known to take place, 
although only to a minor extent. (It is re
sponsible for the delayed light emission 
discovered in 1951 by Arnold and Ber
nard L. Strehler at Oak Ridge.)  The 
back-reaction between Z and Q must not 
be allowed to dissipate a significant 
amount of the absorbed energy, how
ever, if photosyn thesis is to achieve use
ful results. What mechanism intervenes 
to separate them is for now entirely un
known . That is only one of several mys
teries, however, that remain to be solved 
by further study of photosynthesis. 
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Your  house can hit back 
when the energy crisis 
h its home. 
Aluminum building products can 
help your house put the crunch on 
energy consumption. One example 
is Alcoa® Siding. When properly 
applied over reflective aluminum 
fOil ,  it forms a protective insulating 
envelope that can reduce heat loss 
in winter and heat gain in summer. 
Read on for more ways to beat the 
weather. 
Storm wind ows and doors can 
effectively " butto n - u p "  your h ouse. 
Th ey're a trad it ional  barri er  agai nst 
cold and can save u p  to 1 5  perc e n t  
of the en ergy u s e d  to h eat the 
typ ica l  h ome.  Low-maintenan c e  
a l u mi n um frames c a n  stand u p  t o  
a l l  k i n d s  of weather. Tight ly  c l osed 
a l u m i n u m  venetian b l i nds can 
red u c e  heat gain through wind ows 
and save on air  condit i o n i n g  c osts. 

The reasons for using aluminum 
are found in aluminum itself. 

For new h omes or new add it ions,  
the Alcoa I nsu lati n g  Wi n d ow keeps 
Old Man Winter outsid e  the h ouse 
where. h e  belongs. A spe c i a l ly 
d es igned th ermal barri er and twi n 
panes of i nsu lati ng g l ass h e l p  to 

' I  

r11ALCOA 

m i n i mize h eat loss and messy 
"sweati n g . "  

I nadeq uate i nsu lat ion can cause 
one of the b iggest energy drains on 
your h ouse. Si xty percent  of the 
h eat l oss thro u g h  u n i nsu lated wal ls 
and a f u l l  90 percent  of t h e  h eat 
l oss through an u n i nsu lated roof 
can be preve nted by proper i ns u l a 
t ion.  A l u m i n u m  foi l acts a s  a vapor 
barri er when atta c h ed to fi brous 
i nsu lat ion and wi l l  h e l p  maintain 
h igh h umid i ti es that make lower room 
temperatu res more comfortab le .  

I f  you'd l i ke to learn  more about  
h ow Alcoa Sid i n g  can h e l p  insu late 
your home, write for our  bro c h ure,  
Home Insulation Can Be Beautiful, 
Alumi n u m  Company of Ameri ca,  
352-M Alcoa B u i ld i n g ,  P i ttsb urg h ,  
P A  1 521 9. 
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The four-element glass photo

graphic objective of the SX-70 

has qualities never before seen 

in a camera lens .  It's remark
ably compact ( I  inch in diame

ter ,  and even less than that in 
thickness) ; and, with less than 
1;4 inch movement, it focuses on 

subjects as close as 1 0 .4  inches 
away for remarkable close-ups. 

To appreciate this accom

pl i shment ,  cons ider a conven

tional lens l ike the Tessar design 
shown above.  To produce the 

THE STORY OF THE POLA 

same close-up picture that the 

SX-70 Land camera can make 
(about 1/2 life-size) , the entire 

Tessar lens (shown above) would 

have to move forward 2 . 350  

inches from i t s  inf in ity-focus  

position . But the SX-70 lens can 
make the same picture by mov

ing only its front element a mere 
.226 inch . (If the Tessar lens 
were restricted to this . 226 inch 
travel , it would focus no closer 
than 7 feet . )  

Furthermore , since j u st the 

front element of the SX-70 lens 

moves during focusing, the cam

era does not require the expo

sure adjustment of 1 1;4  f-stops 

(the "bellows factor") which is 

n eeded when the entire l ens  

moves  away f rom the f i lm to 
take such a picture . 

When we started on this proj 
ect, our optical team knew only 
that the SX-70 would require a 

lens of unprecedented compact
ness with about a 5 inch focal 
length and as extensive a focus-
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DID SX-70 CAMERA LENS. 

ing range as possible . 

During the early stages of the 
design, we considered three and 

fou r -element systems ,  fl i rted 

with aspherics ,  and even ex
plored approaches in which all 
of the lens elements moved in 

relat ion to e ach other as the 
camera was focused. 

As we entered into the proj

ect, we found that normal com
puter optical  des ign rout ines  
were inadequate . Our stringent 

space limitations didn't permit 

the significant variations in ele
ment thickness or air spaces that 
convent ional  rout ines  require .  

Furthermore, we wished to opti

mize the system's performance 
over i t s  extremely large focus

ing range, a feat which proved 

to be difficult at best with exist

ing programs. Ultimately, we de
vised a whole new computer 

opt imizat ion rout ine appropri

ate to the extraordinary design 
task we had undertaken . 

Our lens designers spent well 

over 1 ,000 hours using these 
powerfu l new computer tech 

niques, exploring in detail some 
30 different lens designs, most 

of which would have performed 
adequately in all but the most 
cr i t ical s i tuat ions .  F inally we  

chose  a fou r - element des ign 

with front - element focus i ng 

whose deceptively simple form 
belies its unusual performance 
capability. 

The design of the mounting 
Continued on next page. 
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cell for the lens elements was 

also a formidable task . Al 
though we were quite successful 
in minimizing the sensitivity of 
the lens elements to mounting 

variations, our constant search 

for compactness ,  coupled with 
the unusual focus ing  range,  
placed uncommonly str ingent 

demands on the precision of the 

front element motion. 

We discovered we could pro

vide this controlled motion by 
replacing conventional "V" 
threads with a special four-start 

square thread . 

This led to a s imple 3 -piece 

mounting cell suitable for eco
nomical , high volume manu

facture . Nevertheless, several of 

its dimensions are held to toler
ances  measured i n  tenths of 

thousandths of an inch (O .OOO l If ) 

to assure that the lens system 
will reach its ultimate perform
ance capability . 

Having found an elegant solu

tion to the lens design problem, 
we turned our attention to assur

ing that each lens would achieve 
the outstanding performance 

specifications that  our design 

permitted . We wanted to avoid 
some well-known shortcomings 
of conventional photographic 

resolution tests .  

Look closely at the enlarged 
resolut ion target (Figure A) . 

While the right-hand target is 

considerably "sharper," the re

solving power (determined by 
the smallest bar set in which the 
bars and spaces can be defined) 

FIGURE A. 

is higher on the left. 
H i g h  r e s o l u t i o n  

does not always pro-

FIGURE B .  

duce sharp pictures .  

In a search for 

the best measure of 

the optical perform

ance of this unusual 

lens system, we con

sidered the role of 

the human eye in  

perceiving picture sharpness .  

We made extensive modulation 

transfer function (MTF) mea

surements on the first lens sam

ples obtained from production 

tooling. We analyzed literally 

thousands of photographs taken 

under carefully controlled con
ditions .  And while we found 

that a study of a single photo

graph was often inconclusive, 

comparisons among a series of 

photographs taken as the lens 

was focused for slightly differ

ent object distances, accurately 
predicted performance in a wide 
variety of conditions .  

This so-called "through-focus 

series" required an examination 

of many portions of the image 

plane as the lens was focused 
through optimum. Each series 

took hours of an experienced 

photo technician's time. And we 

knew that ,  if  we were to test  

each lens to maintain our high 

standards, we must perform this 

analysis in a matter of 3 seconds. 

Clearly, we needed to automate 

the image analysi s  process .  

To replace the photographer, 
camera and film, we turned to 

p h o t  o - d e  t e c  t or s ,  
electronic s ignal 
processing, servo
mechanisms and 
computers .  An ex
haustive study cor
r e l a t i n g  p h o t o

graphs and MTF 

measurements of 
r e p r e s e n t a t i v e  

lenses convinced 

us that we could derive the re
quired information from accu

rate single-frequency contrast 

transfer measurements .  To do 

that we needed a way to keep 

track of the variation of contrast 

transfer at many locations in 
the field as the lens was focused . 

Our sol ution uses  conven

t iona l  rotating l ight choppers 

and an electronic techn i q ue 

k n o w n  a s  " m u l t i p l e x i n g."  

Thirteen rotating slotted wheels 

are illuminated by a single light 
bulb (Figure B) .  The lens being 

tested focuses the slots of each 

wheel onto one of 1 3  slits in its 
image plane .  All of the l ight 

passing through the slits is col
lected onto a s i ngle photode
tector . 

By spinning each wheel at a 

different speed, the light passing 
through each of the 1 3  channels 
is  modulated at a different audio 
frequency. As the lens is focused, 

the rise and fall in intensity of 

each tone is  proportional to the 
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contrast transfer at a particular 

slit location . By applying simple 

computer logic to these signals,  

we are, in fact, able to duplicate 
t h e  r e s u l t s  of h o u r s  of o u r  
through-focus picture analysis 

in the required 3 seconds . 
We perform this complex full

field image quality test and also 
check the scatter and color bal
a n c e  c on t r i b u t i o n s  of o v e r  

1 ,000 lenses per hour o n  auto-

mated testing equipment.  Every 

SX-70 lens is produced for us 

by Corning Glass Works. And 

every lens must pass this test. 

You have seen how our quest 

for an extraordinary lens of un
compromising quality and versa
t i l i ty led us to new levels of 

sophistication in optical design, 
manufacturing and testing. This 
endeavor has produced a lens 
capable of doing what no cam-

era lens has ever been asked to 

do before . 

But then, the SX-70 system 

i n  i t s  enti rety does what no 

photographic system has  ever  
done before .  I t  does all the things 

you had to do before . And it 
does them so unobtrusively that, 

as you watch your photograph 
materialize before your eyes, 

you may wonder, briefly, how it 

got there . 

The S�70 System from Polaroid 

© 1 9 7 4 P o l a ro i d  Corporat ion  P o l a r o i dill SX _ 701M 
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THE SOLIDIFICATION OF CASTINGS 

Many properties of a cast metal part arise from events that take 

place as the molten metal solidifIes in the mold. Advances in 

understanding of these events make it possible to control them 

I
n modern technology metal is fonned 

in many ways, notably machining, 
forging, stamping, rolling, extruding 

and casting. In the broadest sense they 
all begin with casting, which is defined 
as shaping metal by first melting it and 
then allowing it to solidify in a mold. 
Usually the term casting is applied to ob
jects that are given what is essentially 
their final shape in this way. For the oth
er methods of metal forming a casting is 
the primary simple shape, such as an 
ingot, on which the final form is imposed 
by one or more of the other methods. 

What happens as the metal solidifies 
in casting is crucial, because many of the 
properties of the finished product arise 
from the events of solidification. Until 
fairly recently, when modern techniques 
of research and inspection were brought 
to bear on the subject, exactly how a 
melt solidified was a mystery. Casting 
was more of an art than a science, and 
foundry operators tended to be secretive 
about the techniques they had found 
successful. Some features of the solidifi
cation process remain poorly understood 
today. However, the interaction between 
theory and practice in the field of solidi
fication has been strong in recent years, 
to the great benefit of both. 

Solidification, which is a freeZing 
process just as the transfonnation of wa
ter into ice is, begins at the wall of the 
mold and proceeds inward. At any given 
moment during solidification one would 
usually find a zone of solid metal, a zone 
of liquid metal and between them a zone 
where the liquid was being transfonned 
into the solid. In the industry this latter 
region is termed the mushy zone. 

Only when the metal is extremely 
pure or when special control is exercised 
over solidification does one find a smooth 
interface between the solid zone and the 
liquid zone. If impurities or alloying sub
stances are present, even in small 
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amounts, they tend to be rejected by the 
metal solidifying at the interface. They 
then lower the melting point of the liq
uid next to the growing solid and cause 
the growing interface to become un
stable. As a result the interface becomes 
jagged. Tiny crystalline protrusions, of
ten shaped somewhat like pine trees, ex
tend into the liquid; they are called den
drites, from the Greek for tree. 

In their commonest form dendrites 
have similar dimensions in all directions. 
They are therefore "equiaxed," meaning 
that the distance along each crystal axis 
is approximately equal to that along the 
others. In a mold where the thennal 
gradient from outside to inside is steep 
many of the dendrites grow in a direc
tion approximately perpendicular to the 
mold wall; they are known as columnar 
dendrites [see illustration on page 90]. 

A look into some molds during solidi
fication would not show a solid, a mushy 
and a liquid zone simultaneously. An ex
ample is a nonferrous alloy that freezes 
over a relatively wide range of tempera
tures when it is cast in a mold such as 
sand, which has good insulating proper
ties. In this case thermal gradient within 
the metal from outside to inside is not 
steep. Here the fully liquid zone disap
pears quite early in solidification and the 
fully solid zone does not appear until so
lidification is almost complete. During 
most of the process liquid and solid co
�xist throughout the casting. 

It is well to remember that the solu
tion of important practical problems in 
the field of solidification has called for 
conceptualizing on vastly different scales 
simultaneously, which is more difficult 
than one might suppose. Processes at the 
liquid-solid interface must be visualized 
at the level of angstrom units: IO-bil
lionths of a meter. Inclusions, which are 
impurity compounds that form during 
solidification, are on the scale of microm-

eters: millionths of a meter. The spac
ing of the anns of the dendrites is usu
ally some fraction of a millimeter. The 
crystal grains of the metal itself range in 
size from millimeters to centimeters. 
Castings and ingots can be on the scale 
of meters. One cannot understand struc
tural features such as surface finish, 
shrinkage and segregation (the separa
tion of alloying elements in the course of 
solidification) without at the same time 
understanding the processes that are tak
ing place at the microscopic level. 

T
he dendrites that fonn in the mushy 
zone in equiaxed dendritic solidifica

tion arise from either of two mecha
nisms. One is heterogeneous nucleation, 
in which the formation of crystals out of 
the liquid is initiated by foreign parti
cles. The other is the multiplication of 
dendrites, a phenomenon that has only 
recently become known in metallurgy. 

In equiaxed dendritic solidification 
the orientation of the dendrites is ran
dom. If the heterogeneous nuclei pres
ent are not too potent, however, and if 
dendrite multiplication is minimized (by 
minimizing convection or maintaining a 
steep temperature gradient or both), an 
aligned columnar dendritic growth is ob
tained. Except for the obvious difference 
in the alignment of the dendrites, the 
process of solidification is basically the 
same for both the randomly oriented and 
the columnar dendrites. 

On the other hand, if the alloy is vig
orously agitated during at least the first 
stages of solidification, dendrite multipli
cation occurs to such an extent that the 
usual dendritic structure is no longer ob
tained. Instead, solidification proceeds 
from spheroidal growth centers. The 

-rheological (How) properties of this 
structure are quite different from those 
of the dendritic structure. 

The three structures within a solidify-

© 1974 SCIENTIFIC AMERICAN, INC



ing metal described so far-equiaxed 
dendritic, columnar dendritic and sphe
roidal-are readily obtained in normal 
castings and ingots at the relatively low 
values of G/R (thermal gradient divided 
by growth rate) that are customary in 
those processes. Other structures are ob
tained when G/R is increased by adding 
heat at one end of a solidifying alloy 
while extracting it at the other end. At 
intermediate values of G/R a cellular 
structure appears. It too can be either 
equiaxed or columnar. At high values of 
G/R one obtains either of two plane
front structures. One is a Single-phase 

structure; it is obtained in conventional 
Single-crystal growth. The other is a 

two-phase structure; it is obtained in the 
in situ composites of which I shall say 
more subsequently. 

At the scale of the crystal grains in a 

solidifying metal one finds that each 
grain is composed of tens or tens of thou
sands of dendrite arms. All the arms of a 
grain, however, developed from the 
same initial growth point, and their crys
tallographic orientation is approximately 
the same. It is therefore customary to say 
that the grain consists of a single den
drite. 

Going in the other direction on the 
size scale, that is, toward structures that 
require higher magnification to be seen, 
one next encounters inclusions [see il
lustration at bottom right on page 91]. 
They are of two types. One type, of 
which oxysulfides in steel are an exam
ple, is trapped by growing dendrites. 
The other type has a tendency to be 
pushed by the growing metallic solid 
into the spaces between the dendrites; 
examples are silica and alumina, oxides 
of silicon and aluminum. Inclusions of 
the second type can form before or dur
ing the solidification of the metal. At 

SOLIDIFYING ALLOY was photographed at the interface between 

the liquid and solid phases. The alloy consisted of aluminum, cop· 

per and nickel. In this micrograph, in which the enlargement is 

about 320 diameters, the solid part of the alloy is at bottom and the 

liquid part, which is dark, is above it. The treelike solid structure 

at right is a primary dendrite, or grain, and the bladelike struc· 

ture at left is a two.phase eutectic cell, meaning a structure of two 

different solid components that is freezing out of the liquid phase 

at a lower temperature than other components. The material on 

each side of these protruding structures is a three.phase composite. 

89 
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FINE STRUCTURES OF SOLIDIFICATION are portrayed at a magnification roughly 

comparable to the one in the micrograph on the preceding page. In each case the mold wall 

is at bottom, the solid phase is above it and the liquid phase is at top. The structures are (a) 
equiaxed dendritic, meaning that the dimensions of each dendrite are similar in all direc· 
tions, (b) equiaxed nondendritic, (c) columnar dendritic, (d) cellular, (e) plane.front, sin
gle phase and (I> plane-front, two phases. Darkening indicates enrichment of liquid by solute. 
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both stages they are free to move and 
therefore to collide with one another 
forming clusters. Another featurA found 
at this scale is microporosity, extremely 
small vacant spaces resulting from 
shrinkage or the evolution of gas during 
solidification . 

.N.. still higher magnification one reaches 
the atomic scale. One must turn to 

this scale to form a picture of the charac
ter of the liquid-solid interface. A simple 
model is a flat interface. On one side of 
the interface, according to this model, all 
the atoms are in the liquid state. On the 
other side they are in the solid state, and 
they lie in precisely the crystallographic 
positions dictated by the characteristic 
crystal habit of that substance. 

Another model, devised by my col
league}. W. Cahn at the Massachusetts 
Institute of Technology, depicts a dif
fuse interface [see illustration at bottom 
left on opposite page]. Here the bound
ary between liquid and solid is not sharp 
or smooth. Some of the atoms on the 
"liquid" side of the line lie in crystallo
graphic positions, as in a solid, and some 
of the atoms on the "solid" side of the 
line are not exactly in their proper crys
tallographic positions. 

The second model is probably the 
more realistic representation of the in
terface in a solidifying metal. It must be 
said, however, that this area of solidifica
tion is notably lacking in good experi
mental work. A better understanding of 
the atomic structure at the. interface is 
needed because it is the processes at this 
level that determine the preferred crys
tallographic growth directions of den
drites and whether or not regions called 
facets (flat, slow-growing crystal faces) 
appear on dendrites during solidifica
tion. 

Against this background of general 
remarks about the structures and proc
esses of solidification, I turn to examples 
of recent advances in solidification the
ory and practice and of how the theory 
and practice have interacted. The ex
amples are presented more or less ac
cording to their significance and to the 
degree of their success in advancing 
knowledge of solidification. They there
fore move up and down the scale of size. 

The spacing of the arms of the den
drites in a given alloy is found to depend 
strongly and solely on the cooling rate. 
Moreover, it does not vary much from 
alloy to alloy. The importance of the 
spacing is that mechanical and other 
properties of a variety of alloy castings 
and materials wrought out of cast in
gots depend strongly on the spacing. For 
example, by suitably chilling a sand-cast 
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aluminum alloy to achieve a fine spacing 
of the dendrite arms it is possible to pro
duce castings of premium quality, which 
have higher tensile strength and yield 
strength than ordinary castings. This 
principle has been employed by a seg
ment of the aluminum-foundry industry 
for a number of years to produce such 
premium-quality castings for the aero
space industry. The principle stems from 
basic work on the relations between so-

lidification and structure that has been 
done at M.I. T. for more than 20 years. 

High-performance wrought alloys of 
high quality are now made by processes 
(or with process controls) that achieve 
fine spacing of dendrite arms. Examples 
include aluminum alloys of high strength 
and tool steels of exceptional quality. 
The properties of wrought materials with 
fine spacing of the dendrite arms are 
measurably and sometimes dramatically 

better than the properties of conven
tional material. 

The key to fine spacing of dendrite 
arms is a high cooling rate. One way of 
achieving such a rate is to cast smaller 
ingots. Others are increasing water chill
ing in direct-chill casting, employing the 
electroslag remelting process and mak
ing billets by compacting atomized liq
uid droplets. 

The spacing of the dendrite arms in 

GRAIN STRUCTURE in a solidified casting or ingot is shown ad· 
jacent to the mold wall. The structures are (a) equiaxed dendritic 
and (b) columnar dendritic. Each grain consists of a large number 

of dendrite arms, perhaps as many as tens of thousands. They are 
portrayed schematically. The size of the grains, which are individ· 
ual crystals in the solid, ranges from millimeters to centimeters. 

DIFFUSE INTERFACE between the liquid and the solid in a so· 
lidifying casting is depicted at the scale of atoms. The broken 
colored line roughly divides liquid and solid phases, but some of 
the atoms above it lie in the crystallographic positions of a solid and 
some below it are not precisely where they would be in a solid. 

TINY INCLUSIONS, which are of micrometer size, often appear 
during solidification. They are particles of impurities. The black 
circles represent inclusions that were trapped by growing den· 
drites. Small gray circles represent inclusions that were pushed 
ahead of the advancing solid. Larger open spaces represent voids. 
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atomized droplets is very fine indeed. 
One alloy of current industrial interest 
made in this way is IN 100, a nickel
base superalloy containing cobalt, mo
lybdenum, titanium, aluminum and oth
er elements. In the cast form this alloy 
has an ultimate tensile strength of 
140,000 pounds per square inch. It has 
a ductility of only 1 percent, that is, it 
can be stretched under test only 1 per
cent of its length before it breaks; ac
cordingly it is difficult or impossible to 
forge. The compacted version has a ten
sile strength of 220,000 pounds per 
square inch, and with a ductility of up to 
18 percent it can be readily worked. This 
material, with its fine dendrite structure 
and grain size, is ideal for applications at 
temperatures below about 1,400 degrees 
Fahrenheit (760 degrees Celsius). 

Improvements to be gained by 
achieving a fine spacing of dendrite arms 
are not limited to metallic alloys. 
Marked improvements have been 
achieved recently in the performance of 
alumina-zirconia abrasives, notably by 
the Norton Company with its ZF and ZS 
abrasives. The abrasive grit in these 

HOT TOP 

y 

SHRINKAGE 

"A" SEGREGATION 

SEGREGATION 

UNDER HOT TOP 

"V" SEGREGATION 

LARGE-SCALE FEATURES of solidifica

tion appear in a steel ingot weighing several 
tons. They include shrinkage in the hot top, 
which is a reservoir of molten metal de
signed to ensure complete filling of the 
mold. Below the hot top are various forms 
of segregation, which is a separation of al
loying elements during solidification. They 
include a rectangular region rich in solutes, 
A-shaped segregations similar to the "freck
les" descrihed in the text and segregations 
of V shape. Segregations are defects that 
good casting practice tries to minimize. 
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products is melted and cast before being 
milled and incorporated into the grind
ing wheel. The improvement in perform
ance, which is roughly double that of 
conventional abrasives, is achieved by 
controlling the casting process to obtain 
the fine spacing of the dendrite arms. 

W
hy is it that the spacing of dendrite 
arms is so strongly (and apparently 

so exclusively) dependent on the cooling 
rate? The practical importance of den
drite-arm spacing has led to considerable 
work on this fundamental question, part
ly in the hope of finding some other way 
to control spacing. The answer to the 
question has now largely been given, 
and it proves to be not at all what was 
expected. 

It turns out that when a dendrite is 
growing in a melt, the arm spacing is at 
first very fine, even if solidification is 
proceeding slowly. As solidification at a 
given location continues, however, only 
some of the arms continue to grow. Oth
ers dissolve, so that during solidification 
the spacing of dendrite arms becomes 
progressively larger. Essentially, then, 
the final spacing of the arms is deter
mined by a coarsening process. (This 
conclusion stems from work done by 
T. Z. Kattamis, now at the University of 
Connecticut, when he was a graduate 
student in my laboratory.) The less time 
the foundryman allows this process to 
continue, the finer the spacing will be. 

Castings with a fully columnar struc
ture can be made by reducing convec
tion to a low value and by being sure 
that effective heterogeneous nuclei are 
not present. These objectives are 
achieved by extracting heat unidirec
tionally through one face of the casting. 
In most metals the orientation of the 
crystals at the chill face is random, but 
the grains most favorably oriented for 
growth gradually crowd out their neigh
bors. The result is a columnar structure. 
Ferrous and superalloy castings pro
duced in this way typically have better 
ductility at room temperature and better 
strength at high temperature than equi
axed structures. Therefore much effort 
has been devoted to making blades and 
vanes for gas turbines with this kind of 
structure. 

By suitable manipulation, as by mak
ing the grain grow through a small hole 
or around several corners, it is possible 
to obtain a structure that consists of only 
one crystal grain. The structure there
fore has a preferred orientation perpen
dicular as well as parallel to the axis of 
growth. The casting has no grain bound
aries, although it does have a dendritic 
structure. These unidirectional struc-

tures have even better properties, such 
as resistance to creep, than the castings 
with columnar structure. 

Columnar structures have other uses. 
One of them is to attain improved mag
netic properties. In one alnico composi
tion, for example, the maximum energy 
obtainable in a columnar structure is 
twice what can be obtained in the equi
axed alloy. Many alnico m�gnets are 
therefore made with at least a partly co
lumnar structure. 

Other articles in this magazine have 
described the value of composite ma
terials, in which two materials are com
bined in such a way as to yield proper
ties that are superior to (or radically dif
ferent from) those of either material 
alone. Usually the two materials are 
combined mechanically, as when strong 
fibers are embedded in a matrix of epoxy 
resin. Composites can be made in one 
step by casting, provided that the value 
of GIR is raised high enough. At inter
mediate values; as I have mentioned, 
one achieves a cellular structure. In an 
alloy that has two phases, or compo
nents, after solidifying, casting at a still 
higher value of GIR causes the cells to 
become gradually shorter, and also 
smaller in cross section, until finally they 
can be pictured as being driven back into 
the fully solid interface. At this critical 
value one achieves the plane-front com
posite solidification that I touched on 
above. A structure made in this way is 
called an in situ composite. It has been 
known for many years' that plane-front 
solidification could be obtained with 
single-phase alloys at sufficiently high 
GIR. Only through recent work in my 
laboratory by F. R. Mollard did it be
come understood that two-phase in situ 
composites could be similarly grown. 

Studies on such low-temperature 
model systems as tin-lead and alumi
num-copper-nickel alloys have been of 
great value in developing an understand
ing of the fundamentals of solidification 
in in situ composites and in defining the 
conditions of growth necessary to pro
duce similar structures in high-tempera
ture alloys, which are the focus of cur
rent practical interest. On an experimen
tal basis H. Bibring and his colleagues of 
the French National Office of Aerospace 
Studies and Research have produced an 
in-situ-composite alloy of tantalum car
bide rods in a cobalt matrix. This alloy 
and others have Significantly better 
properties at high temperatures than 
conventional superalloys, and so a great 
effort is being made to develop practical 
processes to make gas-turbine blades 
and vanes having this in-situ-composite 
microstructure. 

© 1974 SCIENTIFIC AMERICAN, INC



2 

GROWTH OF DENDRITE in a melt normally entails a coarsening 
process. At first (1) the spacing of the arms of a dendrite is quite 
fine. As solidification proceeds within the mold (2), only a few of 
the arms continue to grow. Others melt, so that the spacing of the 

arms becomes progressively larger (3). A fine spacing of dendrite 
arms, resulting in a finished product with small grains, is desirable 
for castings of high quality. Therefore the sooner the foundryman 
can curb the process of coarsening, the better the casting will be. 

The theoretical aspects of the growth 
of in situ composites and of structures 
obtained at intermediate values of G/R 
have been intensively studied in recent 
years. These investigations will no doubt 
continue. Many interesting and impor
tant areas for study remain, including 
how to get around the G/R restriction, 
how structure changes at angles and cor
ners and how solidification occurs when 
one or more phase is faceted. 

Turning now to a large-scale feature 
of solidification, the development of new 
ingot-making processes over the past 
decade or so has led to unforeseen forms 
of segregation in castings. As I have 
mentioned, segregation is a casting de
fect resulting from the separation of al
loying elements in the course of solidifi
cation. The new forms of segregation in
clude "freckles" in consumable-electrode 
ingots and inverse centerline segregation 

(a depletion of solutes, rather than the 
usual enrichment of them, near the cen
ter of the casting) in continuous castings 
[see illustration on opposite page]. 

The textbook explanations of segrega
tion did not suffice for these new forms. 
As a result extensive fundamental work 
has been done on the problem, yielding 
entirely new· explanations. These ex
planations, introduced originally by 
Robert Mehrabian and others while they 

-I- -

DENDRITE MULTIPLICATION is a recently discovered solidi· 
fication event that opens a way to improved castings. As a dendrite 
grows (1), some of the arms melt off their roots and are carried 
elsewhere by convection (2). Convection also reduces the tempera· 

ture in the bulk liquid, so that when a melted·off arm arrives in its 
new location it can grow into a new grain. Stirring of the melt pro· 

motes multiplication. Gentle stirring results in fine· grained equi· 
axed dendritic castings, vigorous stirring in nondendritic castings. 
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were students in my laboratory and now 
confirmed as being largely correct, have 
led in turn to significant advances in in
got-making processes that reduce or 
eliminate segregation. 

A simple example is the kind of seg
regation often found under the "hot top" 
in large ingots. (A hot top is an insulated 
reservoir on the top of an ingot mold. 
The reservoir holds molten metal, which 
Rows downward from the hot top to feed 
the contraction that occurs in the metal 
in the ingot during solidification.) Ac
cording to conventional wisdom, the seg
regation results because this area freezes 
after the bulk of the ingot, so that the 
alloying element (such as carbon) is 
pushed there by the advancing solidifica
tion front. 

The recent experimental work has 
shown that this type of segregation ap
pears only when hot-topping practice is 
inadequate, resulting in a negative tem
perature gradient during solidification of 
the hot top. In this circumstance the 
structure in or just below the hot top has 
cooler, more solute-rich liquid in the in
terdendritic spaces above the warmer, 
solute-poor liquid. Convection currents 
are thereby set up in the interdendritic 
regions; they carry the solute-rich liquid 
downward and result in the solute-rich 
segregation observed. The problem is 
eliminated by improving the hot-topping 
practice. 

O n a scale finer than dendrite arms, 
inclusions constitute an important 

structural feature. They affect the surface 
finish of the ingot and the machinability 
and mechanical behavior of the final cast 
or wrought structure. In the past much 
attention has been paid to the thermo
dynamics of the formation of inclusions. 
Only recently have inclusions been seen 
as a problem of solidification. 

Inclusions can nucleate, multiply and 
grow dendritically just as. the primary 
metallic phase does. They may grow be
fore or during the growth of the metallic 
phase. They interact with growing metal 

RANGE .OF STRUCTURES can be ob

tained in directionally solidified, multi com

ponent alloys by varying GIR, wbich is the 

thermal gradient divided by the growth rate. 

The structures, which appear here in order 

of increasing GI R in a three-phase alloy, in

clude one with equiaxed grains, a two-phase 

eutectic and a three-phase eutectic (a), 
aligned single-phase dendrites with two

phase eutectic cells and an aligned three

phase composite (b), aligned cells of each 

type of phase (c), aligned single-phase cells 

with an aligned three-phase composite 

(d) and aligned three-phase composite (e). 

phases in several ways. Nucleation of the 
metal sometimes seems to occur prefer
entially on inclusions. Sometimes inclu
sions are entrapped by the growing 
metal, as with oxysulfides in steel, and 
sometimes they are pushed into inter
dendritic spaces, as inclusions of silica 
and alumina tend to be. 

A particularly interesting problem in
volving inclusions is isothermal solidifi
cation, which occurs (to take a single 
case) during the deoxidation of steel by 
aluminum. When aluminum is added to 
a steel melt that contains oxygen, the 
driving force for the isothermal solidifi
cation of aluminum oxide (AI20a) is sub
stantial. Solidification of this phase takes 
place rapidly, apparently limited only by 
convection and diffusion of the alumi
num into the melt. A number of inclu
sion structures have been bund in melts 
deoxidized by aluminum, including den
dritic, faceted and clustered. 

A possible but not yet proved explana
tion is that these three structures form 
sequentially. Fine dendrites form first 
because of the large driving force for the 
solidification of the aluminum oxide. 
Then the dendrites break up by the den
drite-multiplication process. Finally, the 
inclusions collide and partly coalesce. 
This coalesced structure is the cause of 
blockage in nozzles when metal is 
poured into a mold and also of poor sur
face finish in the casting of ingots, par
ticularly continuous casting. Many inter
esting and unsolved problems in the so
lidification of inclusions seem ripe for 
attack. 

A
nother area of advance is in under-

standing the dendrite multiplication 
that I have mentioned. Until recently it 
was thought that all new grains in cast
ings and ingots arose from a nucleation 
event, with the nucleus being generated 
as described by the classical theories of 
homogeneous and heterogeneous nuclea
tion. Now it is known that this view is in
correct. Indeed, it seems likely that in 
steel, at least, the great majority of 
grains (perhaps all but one) arise from a 
dendrite multiplication [see bottom illus
tration on preceding page J. 

A dendrite, once it forms, quickly be
comes highly unstable because of its 
large surface area. That area can be re
duced by the coarsening process that I 
discussed above. It results in a decline 
in the number of dendrite arms as solidi
fication proceeds. The same process, 
however, can also cause arms to melt or 
dissolve off completely. The process is 
enhanced by convection, which brings 
thermal pulses to the tip of the dendrite, 
possibly straining it somewhat, and has 
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the additional effects of carrying the re
melted dendrite arm to another place, 
where it can grow to a new grain, and of 
reducing the temperature gradient in the 
bulk liquid so that the melted-off arm is 
less likely to be dissolved while it is be
ing carried away. 

Had this multiplication mechanism 
and its effectiveness been known earlier, 
far less time and money would have been 
spent in trying to promote heterogeneous 
nucleation (and thus fine grain structure) 
by such techniques as vibrating the mold 
and applying ultrasonic waves to the 
solidifying melt. In fact, as one looks 
over the meager successes of experi
ments in grain refinement by these meth
ods, it seems likely that even these re
finements were attributable to grain mul
tiplication, and that the same or better 
results could have been obtained by 
gently stirring the melt, as is now on oc
casion done commercially to achieve fine 
grain size. 

An interesting nondendritic structure 
is obtained when the melt is stirred with 
exceptional vigor. It is the structure 
identified as "equiaxed nondendritic" in 
the illustration on page 90. This struc
ture and its unique rheological proper
ties for metal were first observed by Da
vid Spencer during his graduate work at 
M.LT. He partly solidified a tin-lead al
loy between two counterrotating cylin
ders. The resulting structure of solidified 
small spheroids suspended in a liquid 
was found to How as a slurry. 

As a result it became evident that vig
orously agitated, partly solidified slur
ries could be formed into shapes by con
ventional casting processes, such as die 
casting, or (if the fraction of solid ma
terial was higher) by forging or pressing. 
Extensive studies, both in my laboratory 
at M.LT. and in industry, have demon
strated these possibilities of shaping slur
ries. 

Until now all metal forming of com
mercial significance has been done in ei
ther the fully liquid or the fully solid 
state. The reason is that foundrymen 
could not run their castings satisfactorily 
when solid dendrites began to form and 
that solids could not be worked satis
factorily when liquid was present. The 
unique structure obtained by vigorous 
agitation during solidification appears 
to circumvent both of these difficulties 
and to lay the foundation for the devel
opment of improved or entirely new 
metal-forming processes, which promise 
to be more economical than the present 
ones. 

One area of application of this process 
that is being explored is continuous cast
ing, the aims being to speed up the proc-

ess and thereby make it more economical 
and to achieve a finer, more easily work
able structure. Another area of applica
tion being studied is die-casting metals 
of relatively high melting points, partic
ularly ferrous metals. They are not die
cast in Significant quantity now because 
the thermal shock to the metal compo
nents, including the mold, is so severe 
that the life of the components is short. 
The casting of a somewhat viscous, semi
solid alloy of the slurry type can result 
in much reduced thermal shock to the 
surface of the die. 

Another potential application for 
forming semisolid metals is the casting of 
composite materials. An example is 30-

percent silicon carbide in an aluminum
alloy matrix. A wide variety of particu
late and fibrous materials can be mixed 
readily into an agitated semisolid metal. 
They are retained as a dispersion be
cause the solid in the mixture apparent
ly prevents them from Hoating or ag
glomerating. Parts made in this way 
could be expected to have improved re
sistance to abrasion. Low-friction appli
cations are also pOSSible. The method 
may also provide a practical way of low
ering the cost and weight of die castings 
that do not need to exhibit high strength. 
One can envision diluting the metal in 
the melt with a material such as recycled 
glass. 

ALUMINUM CASTING of premium quality was made as an airplane part. A fine spacing 

of its dendrite arms, achieved by appropriate chilling in the mold, gives it a high strength. 
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THE MYSTERY OF PIGEON HOMING 

Recent findings have upset previous explanations of how pigeons 

find their way home from distant locations. It appears that they 

have more than one compass system for determining direction 

by William T. Keeton 

H
ow does a homing pigeon find its 

way back to its home loft from 
hundreds of miles away? The 

answer does not lie in visible landmarks; 
pigeons taken in covered cages to areas 
they have never seen before have little 
trouble finding their way home. Nor does 

it lie entirely in the bird's ability to de
termine compass directions from the sun 
or the earth's magnetic field. Even when 
a pigeon can determine compass direc
tions, how can it know which way home 
is? Although the homing prowess of the 
pigeon has long engaged the curiosity 

of man, the full story of how the bird 
navigates still remains a mystery. None
theless much has been learned about the 
pigeon's navigational abilities in the past 
two decades, particularly in the past six 
years. 

The modern homing pigeon, a de-

PIGEON IN ISOLATION CHAMBER has been prepared for tests 

of its unusual sensory capabilities. Two wires go to electrodes on 
the pigeon that give it a mild electric shock during the test, and 
two other wires are connected to electrodes that pick up the bird's 

heartbeat. The pigeon is restrained by a harness to keep it from 

moving. In a typical experiment the bird receives a shock follow· 
ing a specific stimulus, which might be a change in the strength of 
an induced magnetic field, a change of air pressure or a change in 
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the plane of polarized light falling on the pigeon's eye. If the bird 

is able to sense the changes in the stimulus, it begins to anticipate 
the shock and its heart rate increases at the beginning of the stimu· 
Ius, which is given at random time intervals. Experiments in the 
author's laboratory indicate that the pigeon is capable of sensing 
tiny fluctuations in atmospheric pressure. In addition pigeons, like 

honeybees, can detect changes in the plane of polarized light. The 
photograph was made with a camera placed inside the chamber. 
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scendant of several earlier breeds of pi
geons, was developed in Belgium in the 
middle of the 19th century. Today, in 
addition to serving as message carriers, 
homing pigeons are raised for competi
tive racing. This sport is widespread and 
very popular in Europe, and has become 
firmly established in many parts of the 
U.S. as well. Often several thousand pi
geons are entered in a single race. The 
birds are shipped to a deSignated point, 
usually between 100 and 600 miles 
away, and are then released simultane
ously. After the owners of the birds have 
recorded the arrival times at home, using 
special devices designed for the purpose, 
the speed of the individual birds is cal
culated to determine the winners. Speeds 
of 50 miles per hour are common; the 
best pigeons can make it home from 600 
miles away in a single day. 

The remarkable ability of pigeons to 
find their way home has been known for 
at least as long as there has been written 
history. The armies of the ancient Per
sians, Assyrians, Egyptians and Phoeni
cians all sent messages by pigeon from 
the field. It is known that regular com
munication via pigeon existed in the 
days of Julius Caesar. During the siege 
of Paris in 1870 more than a million 
messages reached Parisians by means of 
pigeons that had been smuggled out of 
the city in balloons. Pigeons did such 
valuable service in both world wars that 
monuments in their honor were erected 
in Brussels and in the French city of 
Lille. In the U.S. some famous pigeon 
"heroes" were stuffed and mounted after 
their death; they are on display at the 
Army Signal Corps Museum and the Na
tional Museum. 

In 1949 Gustav Kramer and his students 
at the Max Planck Institute for Marine 

Biology at Wilhelmshaven in Germany 
demon�trated that a pigeon in a circular 
cage with identical food cups at regular 
intervals around its periphery could eas
ily be trained always to go to a food cup 
located in a particular direction, for ex
ample the northwest, even though the 
cage was rotated and the visual land
scape around it was changed. They 
found that the pigeon's ability to deter
mine a direction depended on the bird's 
being able to see the sun. Under a heavy 
overcast the bird's choice of food cups 
became random. If the sun's apparent 
position was altered by mirrors, the pi
geon's choice of food cups was corre
spondingly altered. 

It is obvious that if birds can use the 
sun as a compass to determine directions, 
they must be able to compensate for the 
change in the sun's apparent position 

FROSTED CONTACT LENS is placed on a pigeon's eye before a test release. When both 

of the pigeon's eyes are covered by the lenses, the pigeon is unable to see objects that are 
more than a few yards away. Control pigeons have clear lenses put on their eyes and are 
released at the same time from the site. Experiments by Klaus Schmidt.Koenig and H. J. 
Schlichte of the University of Gottingen, who developed the technique, have demonstrated 
that pigeons wearing the frosted lenses are able to orient their flight in a homeward direc· 
tion when they are released at a distant site, and that some pigeons are able to fiy back to 
their home loft. Lenses currently in use are made of a gelatin that dissolves in a few hours. 

NIGHT NAVIGATION of pigeons is being studied by Cornell workers. Pigeons with radio 
transmitters on their back are released and tracked by a radio receiver in the truck. In this 
time exposure three successive light fiashes were used to illuminate the fiying pigeon. 
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SUN.ARC HYPOTHESIS was proposed by G. V. T. Matthews of the University of Cam· 
bridge in the 1950's to explain how pigeons could obtain from the sun alone all the infor. 
mation required to determine their north·south and east·west displacement from home. 

For example, if a pigeon were released at noon at an unfamiliar site that is southwest of its 
home loft, the bird would observe the sun's motion and quickly extrapolate along the sun's 
arc across the sky to the noon position. It would then compare the sun's noon altitude with 
the remembered altitude at noon at home. Since the bird is south of home, the sun would 

be higher at the release site, and the pigeon would know that it has to fly north to make 
the sun appear lower. In order to determine its east·west displacement the pigeon would 
compare the position of the sun at the release site with the position the sun should have 
according to the bird's internal clock. In this instance the bird's clock would inform it that 
the time at home is noon. The sun at the release site, however, is at an altitude lower than 
that at noon, so that the bird knows it must fly east. By combining the two displacements, 
the bird would know that it should start flying to the northeast to get to its home loft. 

CLOCK·SHIFTED PIGEONS (SIX HOURS SLOW) 
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TESTS OF TWO SUN NAVIGATION HYPOTHESES were made with pigeons whose in· 

ternal clocks had been shifted six hours slow by altering their day·and·night time periods 
in the laboratory. According to the sun·arc hypothesis, when the clock·shifted pigeons are 
taken south of their home loft and released at noon, their internal clock tells them that it is 

6:00 A.M. at home. They observe that the sun at the release site is too far along its arc for 
6:00 A.M. and that they therefore should fly west (top left). The alternative map·and.com. 

pass hypothesis suggests that the pigeons know where they are relative to home from some 
kind of map, and that they use the sun only to get compass direction. Their internal clock 
says it is 6: 00 A.M., and they therefore assume that the sun is in the east. Since the sun is real· 
ly in the south, they should begin flying east, thinking that this direction is north (bottom 
left). When the experiment was carried out, the clock·shifted pigeons flew east, thereby 
supporting the map-and.compass hypothesis and contradicting the sun·arc hypothesis. Nor. 
mal pigeons released at the same site departed in the correct homeward direction (right). 
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during the day. In the Northern Hemi
sphere the sun rises in the east, moves 
through south at noon and sets in the 
west. If a pigeon is to determine a par
ticular direction, it cannot simply select 
a constant angle relative to the sun. It 
must change the relative angle by about 
15 degrees per hour, which is the aver� 
age rate of change of the sun's position 
throughout the day. In short, the bird 
must have an accurate sense of time, an 
internal clock, and that clock must some
how be coupled with the position of the 
sun in the sky if an accurate determina
tion of direction from the sun is to be 
possible. 

In a simple but elegant fashion 
Kramer demonstrated that birds do in
deed compensate for time when they are 
using the sun as a compass. He trained 
some birds, in this case starlings, to use 
the sun to go in a particular direction to 
get to a food cup. He then substituted a 
stationary light for the sun. The starlings 
responded to the light as though it were 
moving at 15 degrees per hour. Since 
the light was in fact stationary, the bear
ing taken by the birds shifted approxi
mately 15 degrees per hour. 

Klaus Hoffmann, one of Kramer's stu-
dents, went an important step fur

ther in demonstrating the role of the in
ternal clock in sun-compass orientation. 
He kept starlings for several days in 
closed rooms where the artificial lights 
were turned on six hours after sunrise 
and turned off six hours after sunset. It is 
known that the internal clocks of most 
organisms can be shifted to a new 
rhythm in this manner; the process is 
very similar to what is experienced by a 
human being who Hies from the U.S. to 
Europe in a few hours and then takes 
several days to adjust to European time. 
When the starlings whose internal clocks 
had been shifted six hours slow were 
tested in a circular cage under the real 
sun, they selected a bearing 90 degrees 
to the right of the original training di
rection. Since their internal clocks were 
a quarter of a day out of phase with sun 
time, they made a quarter-circle error in 
their selection of food cups. 

Although Kramer and his colleagues 
had clearly demonstrated that some 
birds, including pigeons, can use the sun
as a compass, their discovery by itself 
cannot explain how pigeons home. As I 
have indicated, homing requires more 
than a compass. If you were taken hun
dreds of miles away into unfamiliar ter
ritory, given only a magnetic compass 
and told to start walking toward home, 
you would not be able to get there. Even 
though you could determine where north 
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was, you would not know where you 
were with respect to home, hence such 
compass information would be nearly 
useless. 

In 1953 G. V. T. Matthews, who was 
then working at the University of Cam
bridge, suggested that pigeons get far 
more information than compass bearings 
from the sun. He hypothesized that the 
sun gives them all the information they 
need to carry out true bicoordinate navi
gation. Stated briefly, on release at a 
distant site a pigeon would determine 

<�, 'V 
BRASS MAGNET 

its north-south displacement from home SUNNY DAY 

by observing the sun's motion along the !\ HOME 

z. 1\ .. arc of its path across the sky, extrapolat-
ing to the sun's noon position on that arc, 
measuring the sun's noon altitude and 
comparing it with the sun's noon altitude 
at home (as the bird remembered it) . If 
the sun's noon altitude at the release site 
was lower than it was at home, the bird 
would know that it was north of home; 
if the sun was higher than it was at 
home, the bird would know that it was 
south of home. To calculate the east
west displacement the bird would de-
termine local sun time by observation 
of the sun's position on its arc at the 
release site and compare the local time 
with home time as indicated by its in
ternal clock. A local time ahead of home 
time would indicated the bird was east 
of home; a local time behind home time 
would indicated the bird was west of 
home. Thus, according to Matthews, the 
bird would determine its north-south dis
placement from the sun's altitude and its 
east-west displacement by the time dif
ference; combining these data would in
dicate the homeward direction [see top 
illustration on page 98.] 

Matthews' sun-arc hypothesis was a 
major stimulus to further research on pi
geon homing, and it formed the basis for 
many of the experiments conducted in 
the following decade. Unfortunately, 
however, nearly all the results of these 
experiments contradicted the hypothesiS, 
and investigators actively engaged in re
search on pigeon homing today no long
er regard it as being probable. The evi
dence against the hypothesis is so ex
tensive that most of it cannot be dis
cussed here. For the moment I shall 
mention only one kind of experiment to 
help the reader understand some of the 
more recent research. 

Klaus Schmidt-Koenig, another of 
Kramer's students, showed in 1958 that 
when pigeons whose clocks have been 
artificially shifted are released at a dis
tant site, their initial choice of direction 
is shifted. Their vanishing bearings (the 
bearings at which they vanish from the 
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MAGNETIC-FIELD HYPOTHESIS, proposed more than a century ago, had been rejected 

until recently because earlier experiments failed to show that putting a magnet on a pigeon 

disorients its homing. Recent tests show, however, that pigeons with bar magnets attached 

to them are disoriented when they are released at an unfamiliar site under a total overcast 

but are not disoriented when the sun is visible. Control pigeons with brass bars attached 

to them show little difference in their mean vanishing bearing under the sun or an overcast. 

The vanishing bearings of individual pigeons, as determined by an observer with binocu

lars, are shown by the solid circles. The broken line indicates the true home bearing. The 

mean vector, or directional tendency, of all the birds in a test group is shown by the arrow. 

The length of the mean vector is a statistical representation of the degree of agreement 

among the birds in selecting a direction. Perfect agreement would give a vector length equal 

to the circle's radius; the more scattered the departing directions, the shorter the vector. 

view of an observer using high-power 
binoculars) deviate from those of normal 
pigeons by 15 degrees for each hour the 
birds have been clock-shifted. 

�t us examine a test involving clock-
shifted pigeons to see whether or not 

the results agree with what would be pre
dicted by the sun-arc hypothesiS. Sup
pose we shift the birds' internal clock so 
that it is six hours slow and then release 
them at noon 100 miles south of their 
home loft. According to the sun-arc hy
pothesis, the birds would observe that it 
is noon at the release site, but their in
ternal clock would tell them it is only 
6:00 A.M. at home. They should there
fore react as though they were thousands 
of miles east of home, and they should 
start flying almost due west. When such 
an experiment is actually performed, 

however, the birds vanish nearly due 
east, exactly opposite what the sun-arc 
hypothesis predicts [see bottom illustra
tion on page 98]. 

Is there any way we can make sense 
of these results? The answer is yes, but 
to do so we must turn from Matthews' 
sun-arc hypothesis to an alternative mod
el proposed by Kramer. Kramer empha
sized that all the evidence supports the 
conclusion that pigeons get only compass 
information from the sun and nothing 
else. They appear to behave in a manner 
analogous to a man who uses both a map 
and a compass, as though they first deter
mine from some kind of map where they 
are relative to home and in which direc
tion they must fly to get home and then 
use the sun compass to locate that direc
tion. 

Since Kramer could never explain 
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HELMHOLTZ COILS above the pigeon's head and around its neck induce a relatively 
uniform magnetic field through its head. The coils are powered by a small mercury battery 
on the bird's back. Direction of the induced field can be reversed simply by reversing the 

connections of the battery. The strength of the magnetic field can be varied by controlling 
the amount of current passing through the coils. Battery is exhausted in two or three hours. 
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PIGEONS WITH HELMHOLTZ COILS in which the current flows counterclockwise 
(south.seeking pole of a compass in the induced magnetic field points up) fly almost directly 

homeward on both sunny and overcast days. When the current in the coils is made to flow 
clockwise (north·seeking pole of a compass in the induced magnetic field points up), the 
pigeons still fly homeward on sunny days, but on overcast days they fly almost 180 degrees 
away from home. These results were obtained in several experiments conducted by 
Charles Walcott and Robert Green of the State University of New York at Stony Brook. 

102 

what the source of the map information 
might be, let us for the sake of our ex
ample pretend that before we release 
each pigeon we whisper in its ear, 
"Home is due north." Now the bird must 
use its sun compass to locate north. Its 
internal clock says it is 6:00 A.M., when 
the sun should be in the east; hence 
north should be approximately 90 de
grees counterclockwise from the sun. 
Remember, however, that the bird's 
clock is six hours slow; it is actually noon, 
when the sun is in the south. Hence the 
bird's choice of a bearing 90 degrees 
counterclockwise' from the sun sends it 
east, not north. We can summarize by 
saying that no matter what combination 
of directions and clock-shift we use in 
actual experiments, the results come out 
consistent with the predictions of Kra
mer's map-and-compass model and not 
with Matthews' sun-arc hypothesis. 

Because the pigeon's use of the sun 
compass in orientation was the one thing 
that was firmly established, there was a 
tendency in the 1960's for many investi
gators to assume that the sun is essential 
for homeward orientation at an unfa
miliar release site. Several discrepancies, 
however, led me and my colleagues at 
Cornell University to doubt it. First, I 
knew of numerous instances of fast pi
geon races under heavy overcast. Sec
ond, our pigeons seemed to perform well 
under overcast if they had first been 
made to fly in the vicinity of the home 
loft in rainy weather. Third, the pub
lished evidence that pigeons were dis
oriented under heavy overcast was not 
entirely consistent, and fourth, we and 
others had been able. to get pigeons to 
home at night. 

We set out to reexamine the impor
tance of the sun in pigeon navigation. In 
our most important experiments we too 
used clock-shifted pigeons. As we ex
pected, when pigeons whose internal 
clocks had been shifted six hours fast or 
slow were released under sunny condi
tions, their vanishing bearings were 
roughly 90 degrees to the right or left of 
the vanishing bearings of control pigeons 
whose internal clocks had not been al
tered. When the pigeons were released 
in total overcast, however, the results 
were quite different: both the clock
shifted birds and the control birds van
ished toward home and there was no sig
nificant difference in their bearings. This 
was true even when the release site was 
completely unfamiliar to the pigeons. 

These results led us to several con
clusions: ( 1) Pigeons accustomed to fly
ing in inclement weather are able to 
orient homeward under total overcast. 
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Since there is no difference between the 
bearings of control and clock-shifted 
birds under such conditions, it is clear 
they are not able to see the sun through 
the clouds and hence are no longer using 
the sun compass. (2) There must be re
dundancy in the pigeons' navigation sys
tem. They use the sun compass when it 
is available, but they can substitute in
formation from other sources when it is 
not. (3) The alternative information used 
in lieu of the sun compass does not re
quire time compensation. (4) The alter
native system cannot be pilotage by fa
miliar landmarks, because pigeons can 
correctly orient themselves homeward 
under overcast even in distant, unfamil
iar territory. 

Recognition of the fact that pigeons 
are able to use alternative cues, depend
ing on the circumstances involved, 
meant that the results of many older ex
periments could no longer be accepted 
at face value. For example, if an experi
menter altered cue A while keeping oth
er conditions optimum, and if the pi
geons continued to orient well, they may 
simply have used cue B as an alternative 
to A. Similarly, if B was altered while 
everything else was kept at an optimum 
and the birds oriented well, they may 
have used A as an alternative to B. In 
short, we would have been wrong if we 
had concluded from these experiments 
that cues A and B are not elements in the 
pigeons' navigation system. In fact, such 
experiments show only that neither A 
nor B alone is essential for proper orien
tation under the particular test con
ditions. 

This kind of reasoning led us to con
duct experiments in which we varied 
several possible orientational cues simul
taneously, on the assumption that if we 
could interfere with enough of them at 
the same time we could hope to learn 
which cues are more important and how 
tl1ey interact with one another. 

We chose first to look again at the old 
idea that birds might obtain direc

tional information from the earth's mag
netic field. Although this hypothesis had 
been known for more than a century, 
there was no evidence for it and much 
experimental evidence against it. None
theless, it seemed worth reexamining. 
And it was! When we repeated older ex
periments of putting bar magnets on pi
geons to distort the magnetic field 
around them, we found, as had others 
before us, that the birds had no difficulty 
orienting on sunny days. When the test 
releases were conducted on totally over
cast days, however, the birds carrying 
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MAGNETIC DISTURBANCE (12-HOUR MEAN K VALUES) 

DISTURBANCES OF THE EARTH'S MAGNETIC FIELD caused by solar activity appear 

to affect a pigeon's initial choice of bearing when it is released at a distant site under sunny 

conditions. The K-index scale is used to indicate the degree of magnetic activity, ranging 

from quiet (less than 2) to a major magnetic storm (6 or more) . In 1972 a series of releases 

of Cornell University pigeons from a site 45 miles north of the home lofts revealed that, as 

the degree of magnetic disturbance increases, the vanishing bearing of the birds steadily 

shifts to the left as seen by an observer facing homeward (black curve). At this release site 

the shift to the left brought the birds' vanishing bearings closer to the true home bearing, 

but success in homing was not improved. In another series of tests, pigeons from a different 

loft were released from a site west of their home_ A similar leftward shift of vanishing bear

ings with increasing magnetic disturbance was found (colored curve). In this instance the
' 

shift to the left caused the vanishing bearings to recede. away from the true home bearing. 

magnets usually vanished randomly 
whereas control birds carrying brass bars 
of the same size and weight vanished 
toward home. Several other workers 
have since repeated these experiments, 
with the same results. 

More recently Charles Walcott of the 
State University of New York at Stony 
Brook and his student Robert Green 
have gone one step further. Instead of 
working with bar magnets, they put a 
small Helmholtz coil on the pigeon's 
head like a cap and another coil around 
its neck like a collar. Power is supplied 
from a battery on the bird's back. This 
device makes it possible to induce a rela
tively uniform magnetic field through the 
bird's head. The direction of the induced 
magnetic field can be made to point up 
through the bird's head or to point down 
simply by hooking up the battery to 
make the current in the coils flow clock
wise or counterclockwise. Under sunny 
conditions Walcott and Green found that 
the direction of the induced magnetic 

field did not affect the pigeon's ability to 
orient homeward. Under total overcast, 
however, the direction of the induced 
magnetic field had a dramatic effect: 
when the north-seeking pole of a com
pass in the induced field pointed up, the 
pigeons flew almost directly away from 
home, whereas when the south-seeking 
pole of a compass in the induced field 
pointed up, the pigeons oriented toward 
home. 

Our results, together with Walcott's, 
suggest that magnetic information may 
play a role in the pigeon navigation sys
tem. This is consistent with the recent 
discovery by Freidrich Merkel and Wolf
gang Wiltschko of the University of 
Frankfurt that European robins in circu
lar cages can use magnetic cues to orient 
themselves in a particular direction. Wil
liam Southern of Northern Illinois Uni
versity also has reported that the orien
tation of ring-billed gulls is influenced 
by magnetic activity. 

Recently Martin Lindauer and Her-
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man Martin of the University of Frank
furt have demonstrated that honeybees 
give orientational responses to magnetic 
cues several thousand times weaker than 
the earth's field. Only a few years ago 
biologists were debating whether or not 
any organism could detect a magnetic 
field as weak as the earth's (approximate
ly half a gauss). The responses of honey
bees to magnetic cues now makes us 
wonder if one gamma (10-5 gauss) will 
not prove to be the lower limit. Indeed, a 
study that my colleagues and I have re
cently conducted suggests that the mag
netic-detection sensitivity of pigeons 
may rival that of honeybees. In four long 
series of tests over a period of three years 
we have found that fluctuations of less 
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VISUAL TRACKING 

than 100 gamma (and probably less 
than 40 gamma) in the earth's magnetic 
field, caused by solar flares and sunspots, 
appear to have a small but significant 
effect on the pigeons' choice of an initial 
bearing at the release site. 

The question of how organisms detect 
magnetic stimuli is unanswered. We 
have very little idea what a magnetic 
sense organ should look like, or even 
where in the body we should expect to 
find it. Since magnetic flux can pass free
ly through living tissue, magnetic de
tectors might be anywhere inside the 
body. The search for these detectors has 
already begun in our laboratory and in 
others throughout the world. It promises 
to be a challenging undertaking. 

RADIO TRACKING 

RADIO TRACKING OF PIGEONS is carried out from a receiver on the ground at the reo 
lease site or sometimes by a receiver on an aircraft. An FM transmitter and a battery are 

glued on the pigeon's back (top). The 19·inch antenna trails behind the bird as it flies. Data 

from radio tracking reveal that pigeons do not continue to fly in a straight line after they 

leave a release site but frequently alter their course. The vanishing bearings for eight pi. 

geons, as determined by observers with binoculars, and the bearings determined by simul

taneous radio tracking from the site are compared (bottom). The scale of the two circles is 

arbitrary. Visual tracking extends to one or two miles, depending on the flying height of the 

bird. Radio tracking extends to eight miles or more. Broken line indicates home direction. 
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Exciting as the discovery that mag
netism plays a part in avian navigation 
systems may be, we are in a sense back 
where we started. The weight of the evi
dence at present suggests that mag
netism simply provides a second com
pass, not the long-sought map. Hence 
we must continue our search. What other 
sources of information might the birds 
have? 

One possibility that comes readily to 
mind in this age of long-range rocketry 
is that the birds might be capable of in
ertial guidance, that they might some
how detect and record all the angular ac
celerations of the outward journey to the 
release site, then double-integrate them 
to determine the direction home. Intrigu
ing as this possibility is, all the evidence 
is against it. Pigeons have been carried 
to release sites while riding on turn
tables or in rotating drums, yet this in
put of additional inertial "noise" has no 
effect; the birds orient homeward as ac
curately as control birds not so treated. 
Other pigeons that were carried to the 
release site while they were under deep 
anesthesia were able to determine the 
direction home with no difficulty. Pi
geons with a variety of surgical lesions 
of the semicircular canals-the principal 
detectors of acceleration in vertebrates
orient themselves accurately, whether 
they are tested under sunny conditions 
or overcast ones. 

The hypothesis that pigeons may be 
able to use olfactory information in navi
gating has been advocated by Floriano 
Papi and his colleagues at the University 
of Pisa. The probability that this is the 
case seems low in view of the relatively 
poor development of the pigeon's olfac
tory system. Nonetheless Papi has some 
interesting experimental results, and it is 
too early to make a judgment on his pro
posal. We are currently conducting ex
periments to test his ideas. 

By now the reader may well be won
dering why so little has been said about 
what might seem the most obvious pos
sible cue for homing pigeons: familiar 
landmarks. The reason is that there is 
abundant evidence that landmarks play 
a very small role in the homing process. 
In the course of tracking pigeons by air
plane Walcott and his colleague Martin 
Michener have repeatedly noted that 
when pigeons flying on an incorrect 
course encounter an area over which 
they have recently flown, they seldom 
give any indication of recognizing the 
familiar territory. Several other investi
gators, including members of our group, 
have found that pigeons clock-shifted six 
hours and released less than a mile from 
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PIGEON PERCEPTION OF POLARIZED LIGHT is being tested 

in the author's laboratory by Melvin L. Kreithen. After electrodes 

for administering electric shock and for detecting the heart rate 

are attached, the pigeon is put in a harness and then is placed in a 
sealed soundproof chamber. Light is projected through a polariz. 

ing filter on a rotating mount and then through a nondepolarizing 
rear·projection screen. Part of the light enters the isolation cham· 

ber through a small window and falls on the pigeon's eye. The light 

comes on at random intervals. In some trials, which are also deter· 

mined at random, the polarizing filter starts to rotate after 11 sec· 

onds; in others it does not. When the filter rotates, the pigeon re

ceives a shock at the end of the light signal. When the filter does 

not rotate, no shock is given. After a number of trials the pigeon's 

heart rate begins to rise rapidly at the beginning of the rotation of 

the polarizing filter, indicating that the bird is able to sense the 
change in the plane of polarized light and is anticipating the shock 
that is to come. Recordings from a series of tests of a pigeon are 

shown (bottom). The colored block indicates the interval during 

which the polarizing filter rotates. In control runs during the cor· 
responding interval (to right of broken line) no rotation occurs. 

home, in territory over which they have 
Hown daily during their exercise period, 
often vanish 90 degrees away from the 
home direction. Only a direct view of the 
loft building itself takes precedence over 
what their navigation system is telling 
them; nearby buildings or trees appar
ently do not serve as reference points 
under these conditions. In fact, even a 
view of the loft is not always effective, 
particularly at distances of a mile or 
more. 

perhaps most convincing of all are ex-
periments conducted by Schmidt

Koenig and H. J. Schlichte of the Uni
versity of Gottingen. They put frosted 
contact lenses over the eyes of pigeons, 
thus making it impossible for the birds 
to see any object that is more than a few 
meters away. Not only do these pigeons 
orient homeward when they are released 
as far as 80 miles away but also a sur
prising number of them actually get 
home. Schmidt-Koenig conducted some 
of his experiments at our Cornell lofts, 
and thus I had the opportunity of ob
serving them at first hand. It was a re
markable experience. The birds arrived 
very high overhead and Huttered down 
to a landing in the fields around the loft. 

Being unable to see the loft, they waited 
for us to pick them up and carry them 
the last few feet. These results suggest 
that the pigeon navigation system is 
often accurate enough to pinpoint the 
home location almost exactly without re
liance on familiar landmarks ; vision is 
necessary only for the final approach, 
frequently at a distance of less than 200 
yards. 

It will be apparent from all I have 
said that the task of uncovering the pi
geon's navigation system is going to be 
a difficult one. The old idea that birds 
use a single method to determine the 
home direction has given way to the re
alization that there are probably multiple 
components in the system and that these 
components may be combined in a vari
ety of ways, depending on such factors 
as weather conditions, the age of the 
bird and the bird's experience. 

One approach that holds much prom
ise for helping us tease apart the many 
elements in the system is the study of the 
ontogeny of navigational behavior. For 
example, we have found that bar mag
nets disrupt the initial orientation of very 
young pigeons released away from home 
for the first time in their life, even when 
the sun is visible. Moreover, normal first-

Hight youngsters cannot orient under 
total overcast, even if they have previ
ously been released for exercise in in
clement weather. It seems, then, that in
experienced homing pigeons need both 
sun information and magnetic informa
tion. Various other manipulations that 
have little effect on experienced birds 
also disorient first-Hight pigeons. 

Perhaps with experience a pigeon 
learns to orient accurately with less in
formation. Or perhaps experience is nec
essary to enable the pigeons to settle on 
a weighting scheme that allows them to 
decide what to do when they get con
Hicting information from different sour
ces. Early results from some current ex
periments indicate that by training very 
young pigeons under conditions in 
which we severely restrict, or eliminate 
altogether, certain normally important 
environmental cues such as the sun, we 
may be able to induce the birds to settle 
on weighting schemes for evaluating di
rectional cues that are quite different 
from normal. The availability of such 
birds would greatly facilitate the carry
ing out of experiments designed to clar
ify the roles of cues that are normally 
difficult to alter. 

Another approach we are actively pur-
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suing is an attempt to learn more about 
the sensory capabilities of pigeons. The 
more we learn, the more we become con
vinced that birds live in a sensory world 
very different from our own. For exam
ple, my student Melvin L. Kreithen has 
recently demonstrated that pigeons are 
remarkably sensitive to tiny changes in 
barometric pressure. Such a sensitivity 
might enable pigeons to get navigation
ally useful information from pressure 
patterns in the atmosphere. Kreithen and 
I have also recently obtained experi
mental evidence that pigeons can detect 
the plane of polarized light, which might 
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mean that pigeons, like honeybees, can 
continue using the sun as a compass on 
partially overcast days, when the sun's 
disk is hidden from sight but some blue 
sky remains visible. 

It has long been known that the bear
ings chosen by pigeons at distant release 
sites, although roughly in the homeward 
direction, are almost never oriented di
rectly toward home. Moreover, the mean 
bearings of repeated releases at any giv
en site usually show a consistent devia
tion from home; there is, in effect, a 
relatively stable "release-site bias" that 
is characteristic of each location. At some 

A. SUNNY DAY 

• 

I 
I 

I 
I 
• • • 

sites the bias is apparent only in the 
vanishing bearings obtained by visual 
tracking. The bias often becomes less 
marked when the final-contact bearings 
obtained by radio tracking are used, but 
at some sites the bias is still manifest 
when the birds move out of radio range 
(between six and 10 miles from the re
lease site). In the hope that these biases 
might prove to be a key to local geo
physical factors that could provide at 
least part of the map information for pi
geons, we chose for intensive study sev
eral release sites where the biases were 
unusually large. 

B. OVERCAST DAY 

• 

• 71 I 
I 

I 
/ 
• • 

• FAMILIAR TO SITE 
NEW TO SITE 

C. MAGNETIC COMPASS D. BIOLOGICAL CLOCK 

• BRASS BAR 

• MAGNETIC BAR 

E. FREDONIA PIGEONS 

• CONTROL 

• CLOCK-SHIFTED 
FIVE HOURS FAST 

F. SCHENECTADY PIGEONS 

• 
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CASTOR HILL is approximately 89 miles northeast of the Cornell 

University pigeon lofts in Ithaca, N.Y. At Castor Hill the Cornell 

pigeons regularly choose an initial bearing that deviates clockwise 

from the true home direction. This occurs both on sunny days and 

on overcast days (A and B) ; thus the characteristic bias must not 

depend on the sun compass. The bias probably is not due pri. 

marily to the magnetic compass either, since under sunny condi· 

tions birds with bar magnets have about the same vanishing 

bearing as pigeons with brass bars (e). Pigeons whose internal 

clocks have been shifted five hours fast choose a more homeward 

direction than normal pigeons, but the clock-shifted pigeons are 

less successful at getting home (D). Pigeons from another loft at 

Fredonia, N.Y., 150 miles west of Ithaca (E), and pigeous from 

Schenectady, N.Y., 150 miles east of Ithaca (F), choose bearings 

that also deviate clockwise from the true home bearing. It appears 
that the bias is a function of the site and not of the pigeons. The 

actual flight path of normal Cornell pigeons released· at Castor Hill 

and tracked by an airplane is shown by the colored line on the map. 
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One such site is the Castor Hill Fire 
Tower, located 89 miles north northeast 
of our Cornell lofts. Here our pigeons 
regularly depart with a mean bearing 
that deviates roughly 60 degrees clock
wise from the direction of home [see il
lustration on opposite page J .  In a long 
series of experiments we have found that 
this clockwise bias is evident not only 
with experienced pigeons new to the site 
but also with pigeons that have been re
leased at the site before. The same bias 
is found in very young pigeons on their 
first homing flight. It is found on both 
sunny and overcast days, so that it ap
parently has nothing to do with the sun 
compass, and it is found in pigeons wear
ing magnets, so that it probably has 
nothing to do with the magnetic compass 
either. It is even found when the pigeons 
are wearing frosted contact lenses; hence 
it must not depend on anything the pi
geons see. 

Wild bank swallows captured near 
Cornell and released at Castor Hill 
showed the same clockwise bias, indicat
ing that the biasing factor, whatever it 
may be, affects other bird species in the 
same way. Pigeons borrowed from lofts 
150 miles east and west of Cornell and 
released at Castor Hill · show a similar 
clockwise departure bias relative to their 
home. Finally, pigeons clock-shifted five 
hours fast depart nearly straight toward 
home from Castor Hill but nonetheless 
have poorer homing success than con
trol pigeons that depart with the usual 
60-degree bias. In a joint experiment 
with Walcott, normal pigeons with radio 
transmitters attached to them were 
tracked by an airplane after their re
lease from Castor Hill. We found that 
the birds turn onto a more homeward 
course when they are approximately 14 
to 18 miles west of Castor Hill. It may 
be that the clock-shifted birds that have 
poor homing success make a correspond
ing turn when they are a similar distance 
from the release site and thus become 
directed away from home. We hope soon 
to learn if this is so. 

W e conclude, then, that the bias in 
the birds' initial bearings is not a 

biological error, that it is due not to some 
peculiarity of the birds but to a pecu
liarity of the location. The birds are 
probably reading the map cues correctly 
but the map itself is twisted clockwise 
at Castor Hill. Perhaps if we can learn 
what geophYSical factors are responsible 
for this distortion of the map we will 
finally be on the way to understanding 
the ancient mystery of how pigeons 
home. 
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The Detection of Neutral Weak Currents 
The recent experimental discovery of a hitherto unobserved class 

of elenlentary-particle interactions supports the view that a deep 

link exists between the weak force and the electromagnetic force 

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

P
rogress in the understanding of na
ture has often come through the 
recognition that seemingly diverse 

phenomena have a common origin. The 
classic example of such a unification was 
provided in the 19th century when elec
tricity, magnetism, light and radio waves 
were all found to be linked by the equa
tions of electromagnetism formulated by 
James Clerk Maxwell. We may now be 
on the verge of a comparable unification 
in the domain of elementary-particle 
physics. At present the interactions of 
matter at the subatomic level are thought 
to involve four distinct kinds of force: 
gravitational, electromagnetic, strong (or 
nuclear) and weak. Recent experiments, 
however, tend to support the theoretical 
view that at least two of these forces-the 
electromagnetic force and the weak 
force-are aspects of the same force [see 
"Unified Theories of Elementary-Parti
cle Interaction," by Steven Weinberg; 
SCIENTIFIC AMERICAN, July]. 

Here we shall describe a series of ex
periments in which a beam of high-ener
gy neutrinos is used to produce a hither
to unobserved class of weak interactions 
characterized as neutral-weak-current in
teractions. The results of these experi
ments, obtained over the past year or so 
by investigators at several high-energy 
accelerator centers, including our own 
group at the Fermi National Accelerator 
Laboratory ("Fermilab"), supply impor
tant evidence suggesting that the weak 
force is connected at an underlying level 
not only with the electromagnetic force 
but also possibly with the strong force. 

The modern conception of the elec-
tromagnetic force operating between 

two moving electrically charged particles 
visualizes the interaction as taking place 
in two stages: first a photon, or quantum 
of electromagnetic radiation, is emitted 
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by one charged particle, and then the 
photon is absorbed by the other particle 
[see upper illustration on page 112]. The 
exchanged photon is viewed as being the 
carrier of the electromagnetic force. 

In another description of the same 
process the motion of one charged par
ticle gives rise to an electric current, 
which attracts or repels a similar current 
associated with the other particle. Here 
the force is regarded as operating be
tween the two currents. Such a current
current interaction is analogous to the in
teraction between two wires carrying 
electric current. 

The two descriptions lead to equiva
lent results. A fundamental characteristic 
of the electromagnetic interaction is that 
the net electric charge of the particles be
fore and after the interaction is strictly 
conserved. Accordingly the process is de
scribed as an interaction between two 
neutral currents, meaning that the in
teraction does not change the electric 
charge of the participating particles. 

The weak force was unwittingly dis
covered in 1896 by Henri Becquerel 
when he first observed the radioactive 
decay of an atomic nucleus. As we now 
understand it, the nuclear transformation 
that manifests itself as radioactivity is 
mediated by the weak force and in gen
eral results in the creation of two parti
cles: an electron and a neutrino. The 
electron could be readily observed in the 
experimental equipment of Becquerel's 
day, but the neutrino, having no mass 
and being electrically neutral, escaped 
detection. It was not until some 20 years 
ago that the neutrino was finally ob
served indirectly through its in teraction 
with matter. 

Beginning with the experiments of 
Becquerel the weak force has been stud
ied intensively at low energies, with the 
experimental events being supplied by 

radioactive decay. In a sense this work is 
analogous to the study of static electrici
ty, a line of inquiry that preceded the 
study of electricity as we know it by cen
turies. In this analogy the investigation 
of the weak force at high energies with 
the aid of neutrino beams corresponds to 
the study of electricity as we know it. 

Since weak interactions are not yet 
completely understood, a detailed theo
retical account of the mechanism that 
generates the weak force cannot now be 
given. Nonetheless the general rule that 
the forces between two particles result 
from an exchange of other particles is ba
sic to much of our present understanding 
of elementary-particle interactions, and 
it is natural to apply this rule to the weak 
interactions as well. The hypothetical 
particle that has been assigned to carry 
the weak force is called the intermediate 
vector boson or the W particle. Over the 
past 20 years there have been repeated 
attempts to discover the W particle, but 
none have met with success. Because of a 
fundamental principle of quantum the
ory which states that the range of any 
force is inversely proportional to the 
mass of the exchanged particle, it is evi
dent that if the W particle exists, it must 
be very massive. 

Of course, it could be that the descrip
tion of the weak force as being carried 
from one point to another by a particle is 
incorrect. Just as it was impossible to 
infer the behavior of moving electric 
charges from static electricity, it might 
also be impossible to infer the nature of 
high-energy weak interactions from ra
dioactive decay. That is why there is now 
such great interest in the high-energy 
neutrino experiments, since it appears 
that for the first time the nonstatic be
havior of the weak force is being ob
served. 

Just as some people suspected long be-
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ONE OF THE EXPERIMENTS in which neutral weak currents 
were detected was conducted at the Fermi National Accelerator 

Laboratory in Batavia, IlL (,'Fermilab"). Protons from the 30-
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of other particles. The hadrons (particles that participate in strong 
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interactions) decayed in the drift region; the muons (members of 

the class of leptons, particles that do not participate in strong in

teractions) were filtered out in a shield consisting of a long mound 

of earth. The result was a pure beam of neutrinos and antineu· 

trinos, which were used for the neutral·weak·current experiment. 
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chamber and the last in the apparatus is some 50 feet, hut in photo. 

graphs the tracks are brought close together by a series of mirrors. 
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How Exxon is putting 
America's newest fuel to work 

for you today_ 

Energy from the atom is one of our 
country's most promising sources 
of power. Today, nuclear power sup
plies 7% of America's electricity. 

Ten years from now, nuclear 
energy should be generating about 
one-third of our electrical power. By 
the year 2000, over half of it will 
probably be supplied by nuclear 
energy. 

Where uranium is found. 

Uranium ore is the raw material for 
nuclear fuel. So far, the known com
mercial deposits of uranium that 
have been found in America are 
mostly in the western states. 

One of the largest deposits dis
covered in recent years is the site 
of Exxon's Highland Mine near 

Casper, Wyoming. Here, we are min
ing 2,000 tons of uranium ore a day. 

Once the ore is mined, we extract 
the uranium from the ore and turn it 
i n t o  a f i n e  p o w d e r  k n o w n  a s  
"yellow cake." 

It is then converted into a gas 
and sent to plants run by the Atomic 
Energy Commission. Here, the fis
sionable, or energy-producing, 
component is concentrated. This 
process is called enrichment. 

The fuel for a reactor. 

We make the enriched uranium into 
fuel for nuclear reactors at Exxon 
Nuclear Company's plant in Rich
land, Washington. 

First, we convert it into pellets 
about twice the size of an aspirin 

This is Exxon's uranium mine in Wyoming. When the surface mining is completed, most of the 
area will be filled in, contoured and planted to match the rest of the countryside. Grass, wild
lIowers and shrubs that Exxon planted are already growing on earth that has been excavated. 

A single tiny pellet of enriched uranium 
can generate as much energy as 150 gal
lons of fuel oil. Thousands of these pellets 
go into a nuclear fuel bundle. A single 
bundle can generate enough electricity to 
run 4,000 average-sized homes. 

tablet. After numerous checks for 
precise weight, size, shape and uni
formity, the pellets are sealed in zir
conium or stainless steel tubes. The 
tubes are then grouped together in 
a precise geometric pattern to form 
a fuel bundle or assembly. 

When these assemblies have 
passed several thousand checks 
and inspections, they are shipped 
to nuclear electric-power generat
ing plants. It takes about 600 assem
blies to make up the core or heat 
source of a nuclear reactor. And 
s u c h  a r e a c t o r  c a n  g e n e r a t e  
enough electricity t o  run a city the 
size of Boston. 

Making nuclear power plentiful. 

Exxon is currently working on sev
eral projects to expand the availa-
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ranlum. 

An engineer at Exxon Nuclear Company shows a young visitor how a luel bundle is assembled. Dozens of zirconium or stainless steel tubes are 

filled with uranium pellets, then grouped together to form a nuclear fuel bundle. As many as 600 bundles make up the core or heat source of a reactor. 

bility of nuclear energy. 
One involves the use of pluto

nium to conserve uranium ore. Plu
tonium is a by-product of today's 
commercial nuclear reactor. By sub
stituting plutonium for uranium, the 
same amount of nuclear fuel can be 
produced while saving uranium. 

In another project, Exxon Nu
clear Company is looking into the 
technology and economics of ura
nium enrichment. 

At the moment all enrichment in 
the U. S. is done by the Atomic En
ergy Commission. As the demand 
for enriched uranium grows, private 

industry may take on part of this job. 

What's delaying nuclear power? 

As we pOinted out, today only 7% of 
America's electrical power comes 
from nuclear plants. The figure is 
small because the construction of 
new plants has been delayed. En
vironmental concerns, labor short
ages, technical problems, late 
deliveries of specialized equipment 
and changes in regulatory proce
dures have all taken their toll. 

As these matters are resolved, 
the nation will begin to depend 
more and more on nuclear energy 

to produce the electricity to run its 
factories, heat its homes and cook 
its meals. 

Not an easy job. 

Making America more self-suffi
cient as an energy-producing na
tion through the use of nuclear 
power will not be an easy job. But 
Exxon believes we need to reach 
this goal as soon as possible. 
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fore Maxwell's time that there must be a 
connection between electricity and mag
netism, there has been speculation for 
many years concerning the existence of 
some underlying connection between the 
weak force and the electromagnetic 
force. The discovery that there was a 
connection between these two forces 
would serve to unify the description of 
the two kinds of interaction and would 
undoubtedly represent a major advance 
in our understanding of the basic forces 
of nature. How, then, are the two forces 
alike, and how do they differ? 

As it happens, the dissimilarities be
tween the weak force and the electro
magnetic force are much more obvious 
than the similarities. In all studies of the 
weak interaction until about a year ago 

the interaction was observcd to proceed 
through a charged weak current. For ex
ample, when a neutrino collides with an 
electron, their interaction (known to par
ticle physicists as a scattering event) ap
pears to result in the incoming neutrino's 
turning into an outgoing electron and the 
incoming electron's turning into an out
going neutrino. Since the neutrino is 
neutral and the electron is charged, 
charge is exchanged in the collision. In 
an electromagnetic interaction, on the 
other hand, the charge of the incoming 
electron does not change in the course of 
the collision. Thus the first difference be
tween the weak force and the electro
magnetic force is that when the two 
kinds of force are viewed as current-cur
rent interactions, the currents in the 

weak interaction have always appeared 
charged, whereas the currents in the 
electromagnetic interaction have always 
appeared neutral. 

The concept of currents in elementa
I'Y-particle interactions can be extended 
to the interactions of electrons and neu
trinos with hadrons: the class of compar
atively heavy particles, such as the pro
ton, that interact by means of the strong 
force. A typical high-energy collision be
tween a neutrino and a proton gives rise 
to a shower of other hadrons. In such a 
charged-weak-current interaction the in
cidenl neutrino always turns into a 
muon. A muon is not a hadron but one of 
the leptons: the class of comparatively 
light or massless particles that do not re
spond to the strong force. 

FORCES BETWEEN PARTICLES are analogous to forces be
tween two electric currents carried in wires. These Feynman dia
grams show examples of the electromagnetic interaction (a) and 
two kinds of weak interaction (b and c). In the electromagnetic 
interaction between two electrons (e-) a photon ('Y) is exchanged. 

In the weak interaction between a neutrino of the electron type 
(ve) and an electron, a hypothetical particle, the intermediate vec
tor boson, or W particle, is exchanged. If a positive W particle is 
exchanged (b), the interaction is a charged-current process; if a 

negative W particle is exchanged (c), it is a neutral-current process. 

CURRENT BEHAVIOR is also el{hibited when leptons interact 
with hadrons. When a proton (p) is struck by a high.energy elec
tron (a), the proton is disrupted into a debris of other particles 
but the electron is present in the final state. This is a neutral-cnr-

1 12 

rent electromagnetic interaction. When proton is struck by a neu
trino of the muon type (vp), either a negative muon (p.-) or a 
muon neutrino is present in the final state (b and c).  First inter. 
action is a charged.current one; second is a neutral-current one. 
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Another difference between the weak 
force and the electromagnetic force is 
the vast disparity in strength between 
the two. The weak force manifested in 
such processes as the radioactive decay 
of an atomic nucleus is roughly 10 billion 
times weaker than the electromagnetic 
forces present in the same nucleus. The 
time it takes for a nucleus to decay by 
the intervention of a force is related to 
the force's strength. Thus whereas it 
takes seconds, minutes, days or even 
years for a nucleus to decay radioactively 
(depending on the energy available for 
the transition), a comparable electromag
netic process would take place some 10 
billion times faster. 

(It comes as a surprise, therefore, that 
in recent experiments at Fermilab the 
strength of the weak interaction has been 
observed to grow as the energy of the 
transition is increased. In collIsions in
volving neutrinos, for example, the prob
ability that a weak interaction will occur 
grows with increasing energy [see illus
tration at right]. The strength of the 
electromagnetic interaction also increases 
slightly with increasing energy but at a 
much lower rate. If this trend continues 
at still higher energies, the strength of 
the two forces will become the same, and 
one of the fundamental differences ob
served between the two forces at low en
ergies will have disappeared. At ex
tremely high energies the weak force 
may even become stronger than the elec
tromagnetic force!) 

Still another striking difference be
tween the weak force and the electro
magnetic force is that weak interactions 
violate parity, whereas electromagnetic 
interactions do not. The conservation of 
parity, once thought to be an inviolable 
principle of physics, states in essence 
that nature does not distinguish between 
a given reaction and its mirror image. 
Parity violation is now recognized as a 
standard feature of all weak interactions 
that are mediated by charged currents. 

A collision involving a high-energy 
neutrino provides a graphic example of a 
weak interaction that violates parity. In 
nature neutrinos always spin in a charac
teristic direction: let us say left-handed 
for neutrinos and right-handed for anti
neutrinos. In particle collisions that con
serve parity the interaction probability is 
expected to be independent of the hand
edness of the spin of the participating 
particles. In other words, at the subatom
ic level the direction of a particle's spin 
should have no effect on its overall scat
tering properties. For electromagnetic 
interactions the following principle is ob
served: The interaction probability for 
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the neutrino interaction may become more probable than the muon interaction. This is 

another way of saying tbat weak interaction may become stronger than electromagnetic. 

left-handed and right-handed electrons 
or muons is the same. Hence electromag
netic interactions involving incident 
beams of electrons or muons are said to 
conserve parity. 

For scattering events involving beams 
of neutrinos or antineutrinos, in contrast, 
the interaction probability for charged 
currents is observed to depend strongly 
on the handedness of the incident parti
cle. In fact, the ratio of the interaction 
probabilities for antineutrinos and neu
trinos approaches 1 : 3, which is the val
ue expected for maximum parity viola
tion. Such charged-weak-current inter
actions have been found to violate parity 
at energies ranging from a low of a .0001 
electron volt to a high of 100 billion elec
tron volts. Over approximately the same 
range of energies the electromagnetic in
teraction has never been found to violate 
parity. 

One final difference between the weak 
force and the electromagnetic force is the 
effective distance over which each force 
acts. The strength of the electromagnetic 
force, like that of the gravitational force, 
falls off inversely as the distance squared. 
Hence even at very large distances this 
force continues to act. The long-range 
nature of the electromagnetic force 
arises from the fact that the force is 
transmitted by a photon, a particle with 

zero mass. The weak force, on the other 
hand, appears to act only over very short 
distances; sometimes it is even imagined 
as acting at a point. Thus the collision of 
two weakly interacting particles resem
bles the collision of two billiard balls. 
As we have mentioned, assuming that 
the weak force is transmitted by the ex
change of a particle, the extremely short 
range of the force leads to the expecta
tion that the exchanged particle is very 
massive. 

Now, what about the similarities be
tween the weak force and the elec

tromagnetic force? One of the most strik
ing is that the interaction probabilities 
for both forces follow the same "current 
times current" rule. In fact, when Enrico 
Fermi formulated the first model of the 
weak interaction in 1933, he did so by 
analogy with the electromagnetic inter
action, and his model has proved re
markably successful in describing low
energy weak interactions to this day. An
other similarity lies in the universality of 
the two interactions in comparison with 
the nuclear (or strong) interaction. All 
particles, including hadrons, participate 
in the weak and electromagnetic interac
tions but only hadrons are affected by 
the nuclear force. 

Thus on the one hand the form and 
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universality of the two interactions are 
similar but on the other the strength, the 
charge of the currents, the range of the 
force and the relation to parity are com
pletely different. A particularly puzzling 
aspect of the weak interaction has always 
seemed to be the heavy dependence of 
the weak currents on the electric charge 
of the particles. Unless there were a deep 
connection between the two forces, it is 
difficult to see why the weak interaction 
should depend so critically on electric 
charge. 

At first the striking differences be
tween the weak interaction and the elec
tromagnetic interaction would seem to 
outweigh the similarities, precluding any 
common origin for the two forces. None
theless, several theoretical physicists 
have suggested models that account for 
both interactions in terms of a single un
derlying interaction. The first concrete 
proposal along these lines was made in 
1957 by Julian Schwinger of Harvard 
University. Later Steven Weinberg, who 
was then at the Massachusetts Institute 
of Technology, and Abdus Salam of the 
International Center for Theoretical 
Physics in Trieste independently put for
ward a new version of the unified field 
theory, based on the principle of "gauge 
invariance," in which an additional un
observed symmetry is assumed to exist 
between the weak force and the electro
magnetic force. Almost all of the pro
posed models require that the weak in
teraction operate through a neutral cur
rent as well as through a charged one. 
According to the models this hypotheti
cal neutral weak current would be analo
gous to the observed neutral current in 

the electromagnetic case and hence 
would provide a direct link between the 
two kinds of interaction. 

At the time these models were formu
lated an experimental search for neutral 
weak currents appeared to be out of the 
question, since the probability that a nu
cleus would become involved in a weak 
interaction through the intervention of a 
neutral current was even in the most fa
vorable case many orders of magnitude 
smaller than the probability of a corre
sponding electromagnetic interaction. 
Thus the question of the existence of 
neutral weak currents was not immedi
ately put to experimental test. In order to 
separate the two kinds of neutral current 
one must select a nuclear process where 
the electromagnetic force does not inter
fere. Although such processes are known 
to nuclear physics, they had never been 
much studied. 

The earliest meaningful test for the ex
istence of a neutral weak current focused 
on the decay of certain particles distin
guished by a property known to high-en
ergy physics as strangeness. It had been 
established previously that strangeness is 
conserved in interactions that proceed by 
the intervention of the strong force or the 
electromagnetic force. In other words, 
the participating particles have the same 
degree of strangeness before the interac
tion and after it. In the course of a 
charged-weak-current interaction, in 
contrast, it had been observed that the 
strangeness of the participating particles 
could either change or stay the same. 

The detailed study of charged-weak
current interactions had revealed a uni
versality that connects the decay of 

strange particles, nonstrange particles 
and even of leptons such as the muon. 
Indeed, it was this universal nature of 
the weak interaction that originally made 
it possible to classify such a diverse 
group of elementary-particle collisions 
and nuclear transitions under the single 
heading of the weak interaction. This 
universality is clearly an important prop
erty of charged-weak-current interac
tions, and it is also, as we have noted, an 
important property of the electromagnet
ic interactions. 

'fhe search �or neutral currents in 
strange-partIcle decays was first car

ried out with pOSitively charged K me
sons. If neutral weak currents exist, and 
if they obey the same universality rule 
that charged weak currents are known to 
obey, then it was expected that the neu
tral currents would be readily observed 
in the decay of the K mesons. An experi
mental search was undertaken in 1962 
by one of us (Cline) and his colleagues at 
the University of Wisconsin and the 
Lawrence Berkeley Laboratory of the 
University of California. The search es
tablished that the probability for a neu
tral-weak-current interaction was less 
than a hundred thousandth of the prob
ability of the corresponding charged
weak-current interaction. It was clear 
that weak neutral currents were either 
absent or extremely improbable in posi
tive-K-meson decays. Subsequent de
tailed searches based on other strange
particle decays were equally fruitless. 
These results appeared to undermine the 
hoped-for connection between weak and 
electromagnetic interactions. 

POSITIVE K MESON (K +) has the quantum property known 
as strangeness. In electromagnetic interactions strangeness is con. 
served, that is, it cannot change, and so the decay of the particle 
into a positive pion (71' +) and an electron·positron pair (a) is for. 
bidden because none of those particles have the property of strange. 
ness. Strangeness can change, however, in weak interactions (b and 

c). The decay of the positive K meson into a neutral pion (71'0), a 
positron (e+) and an electron neutrino (ve) is a charged.weak. 
current event. The decay of the particle into a positive pion (71' + ) 
and an electron·positron pair is a neutral·weak·current event. For 
unknown reasons the neutral·weak-current event is 100,000 times 
less likely to take place than the charged.weak·current event is. 
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At approximately the same time that 
detailed searches were under way for 
neutral weak currents in strange-particle 
decays the first generation of high-ener
gy neutrino-beam experiments had been 
undertaken at the Brookhaven National 
Laboratory and at the European Organi
zation for Nuclear Research (CERN). In
tense beams of neutrinos and antineutri
nos are produced as by-products at large 
proton accelerators. Both the neutrino 
and its antiparticle interact with matter 
only by means of the weak force. Since 
the time of the earliest neutrino experi
ments at Brookhaven it has been known 
that there are actually two kinds of neu
trino: the muon neutrino, which interacts 
with matter to produce a muon, and the 
electron neutrino, which interacts with 
matter to produce an electron. At proton 
accelerators muon neutrinos are pro
duced about 100 times more copiously 
than electron neutrinos. 

Neutrino interactions provide another 
way of searching for weak neutral cur
rents without the overriding influence of 
the electromagnetic interactions, and 
also without the complications of 
strangeness. Basically these experiments 
are quite simple. A charged-current in
teraction of a muon neutrino always re
sults in a charged muon in the final de
bris of the collision. A neutral-current in
teraction always produces a neutrino in
stead. All that is required of the experi
menter is to separate one reaction from 
another. Of course it is not that easy, and 
in fact the first round of neutrino experi
ments at Brookhaven and CERN failed 
to detect any neutral-current events. In 
some cases it was determined that neu
tral currents are very improbable. Com
bined with the null results obtained from 
strange-particle decays, these results ap
peared to confirm the universal absence 
of neutral weak currents. As a result, by 
the end of the 1960's it was taken for 
granted that neutral weak currents were 
either absent in nature or extremely rare. 

Within the past year, however, two ex
periments utilizing rather different tech
niques have provided evidence that neu
trinos can interact with matter to form 
new neutrinos, and at a rate that is a sub
stantial fraction of the rate for neutrino 
scattering to form charged leptons. One 
of the experiments was done at CERN 
with a liquid freon (CF 3Br) bubble cham
ber, which served as both the target and 
the detector of the neutrino interactions. 
The impact of high-energy protons from 
the CERN proton synchrotron on a met
al target yielded, among other particles, 
charged mesons that could be focused 
magnetically and then allowed to decay 
in flight. These decays produced either a 
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CANDIDATE FOR NEUTRAL·CURRENT EVENT appears in photograph made with 

Gargamelle, the large bubble chamber at the European Organization for Nuclear Research 

(CERN). As the diagram shows, a neutrino (which leaves no track in the chamber) first 

strikes a proton. The main products are a positive pion, a negative pion and a neutral pion 

(which also leaves no track). All these particles are hadrons. The absence of a charged 

lepton such as a negative muon suggests that the interaction is a neutral·weak·current one. 
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beam of neutrinos or a beam of antineu
trinos, depending on the charge of the 
incident particles. 

The analysis was based on some 80,000 
bubble-chamber photographs made 

with the neutrino beam and more than 
200,000 photographs made with the an
tineutrino beam. A total of 102 neutrino 
events were found without muons in the 
final state compared to 428 neutrino 
events with muons; the corresponding 
numbers for antineutrino events were 64 
and 148.-An example of a muonless event 
is shown in the bubble-chamber photo
graph on the preceding page. 

The other experiment was conducted 
at Fermilab by a group of physicists from 
Harvard University, the University of 
Pennsylvania, the University of Wiscon
sin and Fermilab. In this experiment the 
impact of high-energy protons on a tar
get generated the secondary hadrons that 

decayed to provide the incident neutrino 
and antineutrino beams. 

The target-detector of the neutrino in
teractions was a large ionization calorim
eter consisting of 16 segments, each of 
which was IDled with a liquid that scin
tillates when a high-energy particle 
strikes it. Each segment was monitored 
by 12 photomultiplier tubes, the 
summed output of which measured the 
ionization energy deposited in the liquid 
scintillator by the products of a neutrino 
or antineutrino interaction. Most of the 
energy in the cascade of particles from 
such an interaction was contained within 
the total volume of the ionization calorim
eter. Interspersed between every four 
segments of the calorimeter were optical 
spark chambers, which displayed the 
cascade of secondary particles visually. 
Immediately downstream from the ioni
zation calorimeter was a muon detector 
consisting of four large scintillation 
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THEORETICAL PREDICTIONS are indicated by curves on a graph that plots the prob. 
ability that neutrinos will interact with hadrons through neutral-weak· current interactions 
against the probability that antineutrinos will so interact. The result from the Fermi Na· 

tional Accelerator Laboratory experiment is indicated by the black dot; the result from 
the CERN experiment, by the white dot. The prediction of gauge theory is that the experi. 
mental result will lie above the bent curve toward the top of the graph. Since the two re
sults straddle the curve, they are inadequate to test the correctness of the gauge theory. Since 
they are closer to the straight curve at left than the straight curve at right, however, they do 
suggest that parity is not maximally violated in such neutral·weak·current interactions. 
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counters and toroidal magnets with ac
companying optical spark chambers, to 
identify muons and to measure the mo
mentum of a subsample of the muons. 

The experiment was triggered by the 
arrival of particles with an energy great
er than a certain minimum value. Fol
lowing a trigger signal the electrical out
puts of all segments of the ionization cal
orimeter were recorded individually, as 
were the outputs of the muon identifier 
counters, and all the spark chambers 
were fired. Typical neutrino events ob
served in the detector have a muon that 
penetrates the muon detector and is de
Hected in the magnet. The search for 
neutral currents was carried out by look
ing for events lacking a muon in the final 
state. Any such event is very probably an 
example of a neutral-current interaction. 

A total of 4,181 events were triggered 
in a number of separate runs with vari
ous neutrino-antineutrino beam mix
tures, yielding 991 useful events, of 
which 220 showed no final-state muon 
and 771 exhibited a muon. The principal 
correction to the raw data of this experi
ment was for wide-angle muons that 
miss the muon identifiers. 

The primary conclusion from these ex
periments is that, unlike earlier neutrino
scattering experiments, they showed a 

significant number of neutrino-induced 
(and antineutrino-induced) events lack
ing charged muons in the final state. It is 
important to note that this positive signal 
was obtained in both experiments even 
though the experimental methods were 
quite different. Moreover, the average en
ergy of the events observed in the two 
experiments was quite different: in the 
CERN experiment it was about three bil
lion electron volts and in the Fermilab 
experiments it was roughly 40 billion 
electron volts. Recently three additional 
experiments undertaken by different 
groups working at the Argonne National 
Laboratory, Brookhaven and Fermilab 
were analyzed. The results from these 
groups confirm the effect. 

The existence of neutral weak currents 
is probably the manifestation of an inti
mate relation between weak and electro
magnetic interactions, but at present the 
form of this relation is not clear. It is 
possible that the neutral weak currents 
share other properties with the electro
magnetic interaction, unlike the charged 
weak currents. For example, the neutral 
weak current may conserve parity, as the 
electromagnetic interaction does, pro
Viding a more direct link between the 
two. In that case there would be a dis
tinct difference between the intrinsic 
properties of the charged and neutral 
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weak currents. A direct test of the parity
violating or parity-conserving nature of 
the neutral-current interaction can be 
made by comparing the interaction prob
abilities for neutrinos and antineutrinos. 
The results of the CERN and Fermilab 
experiments suggest that the neutral-cur
rent interaction is probably not maximal
ly parity-violating, in contrast to the 
charged-current interaction, which is. 
Better experimental measurements that 
are currently under way will soon be 
able to test for this possibility. 

Another possibility is that the neutral 
weak current is a natural component of 
the gauge theories that have been pro
posed to unify weak and electromagnetic 
interactions. Continued experimental 
study of neutral-current reactions over 
the next few years will probably make 
the details of the unification clearer. 
Many profound questions re�ain to be 
answered, such as why weak interactions 
violate parity and why the range of force 
in the two cases is so different. Nonethe
less, the discovery of neutral currents has 
generated great interest precisely be
cause of the likelihood that such unifica
tion will eventually emerge, whatever 
the exact version turns out to be. In any 
event neutral currents will also undoubt
edly serve as a tool for the further ex-

ploration of many other properties of 
elementary particles. 

)fong with the possible unification of 
weak and electromagnetic interac

tions the study of weak-interaction 
processes has played an important role in 
acquiring an understanding of the nature 
of strong interactions. This has come 
about because the study of weak inter
actions has been largely confined to the 
study of the weak decays of strongly in
teracting particles. An unavoidable com
plication in these studies is the nature of 

EXAMPLES OF INTERACTIONS BETWEEN LEPTONS are outlined in Feynman dia· 

grams. One example (a) is the decay of a muon (p.-) into a muon neutrino (vl')' an elec. 

tron (e-) and an electron neutrino (vel. Another example (b and c) is the scattering of 

neutrinos hy muons and electrons. A third example (d, e and f) is electron.positron scat· 

tering through the agency of the weak interaction. A fourth example (g) is electron.posi. 

tron scattering through the agency of the electromagnetic interaction. Before the detection 

of neutral weak currents some of these processes (c. e and f) were believed to be absent. 

Their existence now makes it possible to investigate the weak interactions between leptons. 
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the strong interaction, which plays a cen
tral role in the binding and composition 
of such particles. It is ironic that through 
the mediation of the weak interaction 
new knowledge about the properties of 
the strong interaction might be gained. 
The neutral-weak-current interaction 
will undoubtedly extend this knowledge. 
The most direct manifestation of the 
strong interaction in weak decays comes 
in the form of certain selection rules that 
have been discovered in the study of 
charged-current processes. One such rule 
states (in simplified terms) that when the 
strangeness changes by one unit the 
charge must also change by one unit. 
Another rule .that has been observed re
quires that the total change in strange
ness in the reaction be no greater than 
one. Both of these rules have been ob
served with charged-current reactions; 
they can now be tested with neutral cur
rents. Although the reasons for such se
lection rules are unknown, there can be 
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little doubt that they are related to the 
fundamental composition of hadrons and 
that they will play an important role in 
the ultimate explanation of these parti
cles. 

Neutral weak currents will also play 
an important role in the study of purely 
leptonic weak interactions. Although na
ture abounds in leptons, the study of 
weak interactions in which only leptons 
participate has barely begun. As leptons 
are currently understood, they are less 
complicated than hadrons, being almost 
pointlike particles. The classic example 
of a purely leptonic reaction is when a 
muon decays to form an electron and two 
neutrinos, one of the muon type and the 
other of the electron type. With the ad
vent of high-energy, high-intensity neu
trino beams a new leptonic reaction is 
available for study. This process occurs 
through the charged-current interaction 
in which a muon neutrino is scattered by 
the static electric field of an atomic nu-
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RATIO OF PARTICLES SCATTERED FORWARD AND BACKWARD in certain experi. 

ments should indicate an interference between neutral electromagnetic currents and neu· 

tral weak currents. In such experiments electrons and positrons in counterrotating accel. 

erator beams collide and give rise to positive and negative muons. The curve in this graph 

shows the predicted degree of asymmetry, if the interference exists, between the number 

of muons scattered in the forward direction and the number scattered in the backward 

direction. The colored band at left shows the range of energies in an experiment now being 

set up in a colliding.beam facility ("SPEAR") at the Stanford Linear Accelerator Center. 

Colored band at right shows the range of energies that would be attained in a new facility 

("PEP") proposed by physicists at Stanford and the University of California at Berkeley. 
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cleus to become two muons and a muon 
neutrino. 

The existence of neutral currents pro
vides other purely leptonic reactions for 
examination, considerably extending the 
range of study of leptonic processes. For 
example, the neutral-current interaction 
of a muon neutrino and an electron may 
possibly exist. There is already some 
preliminary experimental evidence for 
such a process from the CERN experi
ments. Another exciting prospect is the 
detection of weak interactions in high
energy electron-positron collisions. The 
weak interaction of an electron and a 
positron to form a neutrino and an anti
neutrino, both of the electron type, sure
ly exists, but it cannot be detected by 
any known means because there are no 
final products other than neutrinos. On 
the other hand, the reaction of an elec
tron and a positron to form two muons, 
one positive and one negative, offers an 
excellent opportunity to study neutral
weak· current interactions between lep
tons. This reaction can proceed either by 
a weak interaction or by the electromag
netic interaction. 

Here the weak interaction is expected 
to interfere with the electromagnetic in
teraction in a way that is related to the 
parity-violating nature of the weak in
teraction. The result is a forward-back
ward asymmetry in the production of 
positive and negative muons. Thus an ex
cess of positive muons will be made that 
will go forward in the direction of the in
coming positron. Observation of this 
asymmetry would be additional evidence 
for neutral weak currents. The asymme
try is expected to grow with the strength 
of the weak interaction [see illustration at 
left]. A group of physicists from the Uni
versity of Pennsylvania and the Universi
ty of Wisconsin are searching for this 
asymmetry at the electron-positron col
liding-beam machine ("SPEAR") at the 
Stanford Linear Accelerator Center. 
Since weak interactions grow in strength 
with energy, the asymmetry is expected 
to grow to a relatively large value at the 
higher energies that will become avail
able in the next generation of machines 
in which electrons and positrons are 
made to collide in counterrotating beams. 
One such machine, designated PEP (for 
positron-electron, Phase 1), has been 
proposed by Stanford University and the 
University of California at Berkeley. 
There is little doubt that the study of 
weak interactions between leptons col
liding in high-energy beams will be a 
giant step forward in the study of weak 
interactions. 

As we have indicated, the existence 
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HYPOTHETICAL PROCESSES CHANGE OF PROPERTIES 
DECAY PROBABILITY 

IN THE INTERACTION 

BO�1T+1T-1T07TO STRONG INTERACTION 
NO CHANGE 

OF STRANGENESS 
CONSERVES 

VERY PROBABLE 
PARITY 

8o--->'Y 'Y ELECTROMAGNETIC INTERACTION 
NO CHANGE CONSERVES 

ONE IN 104 TIMES OF STRANGENESS PARITY 

SO--'1T+e-ve WEAK INTERACTION NO CHANGE VIOLATES 
ONE IN 101 0  TIMES (CHARGE D CURRENT) OF STRANGENESS PARITY 

WEAK INTERACTION S°---+1T°J) ;; NQ CHANGE 
e e (NEUTRAL CURRENT) OF STRANGENESS 

UNKNOWN ONE IN 10" TIMES 

[jO---+K+e-ve WEAK INTERACTION CHANGE IN VIOLATES 
A FEW IN 101 2 TIMES (CHARGED CURRENT) STRANGENESS PARITY 

8°---+KoVe ve 
WEAK INTERACTION CHANGE IN 

UNKNOWN LESS THAN ONE IN 101 9  TIMES (NEUTRAL CURRENT) STRANGENESS 

VIOLATES PARITY 
NO CHANGE 8°---+7T+7T'- WEAK INTERACTION 

OF STRANGENESS 
AND TIME REVERSAL LESS THAN ONE IN 1020 TIMES 

INVARIANCE 

DECAY OF NEUTRAL DELTA MESON (1') 0 ) ,  a hypothetical par· 

ticle, suggests that the existence of neutral weak currents as a suh. 

class of the weak interactions shows a deep connection between the 

weak force and the electromagnetic force ; this and other evidence 

may also hint at the existence of some new force in addition to the 

four already known. The hypothetical particle is assumed to have 

a mass large enough to give rise to groups of particles of lower 
mass. The symbols of the decay particles are given in the preceding 

illustrations. The significance of the various interactions, changes 

of property and probabilities of decay are discussed in the text. 

of neutral weak currents is suggestive 
of a deep connection between the weak 
interaction and the electromagnetic in
teraction; it is also possible that a new 
puzzle has been raised about the nature 
of all interactions between elementary 
particles. The customary classification of 
such interactions into the categor ies 
gravitational, electromagnetic, strong 
and weak is based in part on the rel ative 
strengths of those forces. Some idea of 
those strengths can be gathered from a 
consideration of the decay of a hypothet
ical particle called the neutral delta par
ticle. Although this particular particle is 
not known to exist, there are other 
known particles (for example the eta 
meson) with the same properties except 
for a different rest mass. The hypotheti
cal neutral delta particle is assumed to 
have a rest mass large enough to make it 
possible for the particle to be trans
formed into groups of particles of lower 
mass : mesons, electrons, neutrinos and 
so on. The neutral delta particle is also 
assumed to carry zero units of strange
ness. The table above lists the various 
transformations that the neutral delta 
particle can make, along with the prob
ability of each interaction. Thus, for ex
ample, the probability that the particle 
will participate in a strong interaction is 
about 10,000 times greater than the 
probability that it will be involved in an 
electromagnetic interaction. The prob
ability that it will participate in a weak 
interaction, however, is shown to depend 
heavily on the properties (quantum num
bers and symmetry parameters) that 
change in the transformation and also on 

whether the transformation involves a 
charged current or a neutral current. 

It is frequently conjectured that the 
strength of a particular interaction may 
actually be derived from the number of 
properties that are changed in the op
eration of forces. For example, it is some
times said that the strong interaction 
may be strong because no properties 
are changed and that the weak interac
tion may be weak because many prop
erties are changed. We see from the ex
ample of the decay of the neutral delta 
particle that within the subclass of 
the weak interactions the different 
strengths (that is, the different trans
formation probabilities) depend on the 
number of properties that change; this 
may be an example of the conjectured 
fundamental relation between the 
strength of interaction and the number 
of properties that change. To follow this 
train of thought further, it may be that 
there are really more than four basic in
teractions in nature. For example, there 
is the possibility that a new "superweak" 
force is needed to provide the transfor
mation of the neutral delta particle that 
violates the invariance of time reversal. 
So far too little is known about which 
properties of elementary particles are 
actually changed by the neutral weak 
current to reach a definite conclusion. 

The existence of neutral weak currents 
also promises to help solve some per

plexing problems in cosmology. The uni
verse is literally filled with neutrinos. An 
important source of these neutrinos is 
electron-positron annihilation, a process 

thought to have been important in the 
early evolutionary stages of the universe. 
These neutrinos were originally suspect
ed of carrying the electron's "tag." By 
means of the neutral-weak-current inter
action, however, electrons and positrons 
might have annihilated each other to 
give rise to neutrinos that carry the mu
on's tag, thus possibly changing the 
composition of the universe's supply of 
neutrinos. If, in particular, the muon 
neutrino carried even a small mass, vast 
amounts of additional energy could be 
"hidden" in the universe. The present ex
perimental limits on the mass of the 
muon neutrino are quite rough and do 
not rule out this possibility. 

Neutrino production plays an impor
tant role in the cooling of stars, because 
the neutrino, once it is manufactured in 
the interior of a star, escapes, carrying 
energy with it. The suggestion has re
cently been made that the escaping neu
trinos could, through tlle neutral-current 
interaction, exert a large force on the sur
face of the star and thus blow the surface 
off. This phenomenon could be what we 
observe as the explosion of a supernova. 

These examples touch only a few of 
the ramifications that the discovery of 
neutral currents are likely to have in the 
areas in nature where the weak interac
tion plays an important role. Optimism 
is currently running high that this dis
covery and other pieces of evidence are 
leading to a common understanding of 
the weak interaction and the electromag
netic interaction. There are many re
maining obstacles, but it appears that the 
crucial step has been taken. 

1 1 9 
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COUNTERFEITING IN ROMAN BRITAIN 

A runaway inflation in the third century debased the value of coins 

and drove out of circulation the coins whose value was not debased. 

The need for exchange then gave rise to widespread counterfeiting 

C
ounterfeiting is not generally re
garded as being a public service. 
There have been times in the past, 

however, when it virtually was. Consider 
a typical list of coins from a Romano
British site of the third century. The rec
ord of the excavation of the fort of Se
gontium, near Caernarvon in northwest
ern Wales, indudes this notation: " 'Radi
ates': orthodox, 74; counterfeits, 73." 
For those who are not familiar with 
numismatics this cryptic entry will raise 
at least two questions. First, what kind 
of coin is a radiate? Second, under what 
circumstances were counterfeits of this 
coin so common that they almost equaled 
the number of orthodox (that is, legiti
mately minted) radiates from the fort? 

An informative answer to the first 
question requires some familiarity both 
with Imperial Roman history and with 
Roman money. To deal with the history 
first, the third century was a time of 
trouble in the Roman world. The last 
decade of the preceding century had 
seen the worthless son of the great Mar
cus Aurelius meet a violent end. The im
perial purple passed to Septimius Seve
rus, a decent soldier, who ruled effec
tively until A.D. 211. Thereafter matters 
deteriorated rapidly through civil and 
foreign war. One of the successors to 
Severus, the emperor Decius, was killed 
by the Goths in 251; another, Valerian, 
was captured by the Persians in 260. 
Over the next decade Rome lost all its 
districts across the Rhine, while the Per
sians maintained a warlike posture on 

by George C. Boon 

the eastern frontier. In the west Roman 
Spain and Britain and all Gaul, from the 
Rhine to the Atlantic and from the En
glish Channel to the Mediterranean, be
came independent of the Empire and 
were ruled by the Gallic emperor Postu
mus and an ephemeral succession of lo
cal pretenders proclaimed by the troops 
stationed in the region. The "Gallic Em
pire" was recovered during the time of 
Aurelian (270-275), but not until the 
reign of Diocletian (284-305) was the 
long decline of third-century Rome 
halted. 

Roman money too had a long and 
complex history. At the risk of oversim
plification, a good place to begin is at 
the beginning, that is, with the basic 
unit established in the early days of the 
Roman Republic to serve the dual pur
pose of a weight and a measure. This 
unit was the as; the Latin word literally 
means "unity," and its root is the same as 
that of "ace" in English. An as was sub
divided into 12 unciae; these were 
"ounces" as units of weight and "inches" 
as units of measure. Initially the as as a 
unit of weight consisted of a metal cast
ing weighing one Italic pound, or libra 
(the word from which the English ab
breviation '1b." is derived). The Italic 
pound weighed 273 grams; the casting 
metal was an alloy of copper, tin and 
lead. 

Inflation goes hand in hand with war, 
and the Punic Wars of the third and sec
ond centuries B.C. were no exception. 
Under the pressure of devaluation the 

IMPERIAL ROMAN COINAGE, issued by order of Caesar Augustus, is exemplified by the 

four coins on the opposite page. They are (from lOp) a gold aureus, weighing 7.5 grams, a 

silver denarius, weighing 3.9 grams, a yellow brass seslerlius, weighing 24 grams, and a 

copper as, weighing 10 grams. Four of the copper coins equaled one sesterlius in value, four 

of the brass coins equaled one denarius and 25 of the silver coins equaled one aureus. The 

coins are enlarged in these photographs; silhouette beside each indicates its true size. 

weight of the as fell first from a pound, 
or 12 unciae, to two unciae and then to 
one. The decline continued, and by the 
time of Julius Caesar (100-44 B.C.) an as 
weighed only a third of an ounce. Now, 
a national coinage that consists only of 
pennies, which is how one might char
acterize the lightweight asses of the 
later Republic, is simply not serviceable. 
Indeed, during the third century B.C. the 
Romans had added a silver piece to their 
coinage; it was called the denarius, that 
is, a "piece of 10," and it was marked 
with the Roman numeral "X" (the root 
deni- comes from decem, or 10). The sil
ver denarius was originally equal in val
ue to 10 asses but was later equal to 16. 

One of the major reforms instituted 
by Caesar Augustus after he took power 
in 27 B.C. was stabilization of the cur
rency. His monetary decrees in 15 B.C. 
led to the minting of denarii from fine 
silver at the rate of 84 per new Roman 
pound (about 325 grams). The silver 
coins bore a fixed relation to gold: 25 
denarii were equal in value to one gold 
aureus. These gold pieces were minted 
at the rate of 42 to the pound. Augustus 
also minted lesser coins; his sestertius, 
struck from yellow brass, was equal in 
value to four red copper asses. 

The slow decline of the Imperial cur
rency began under the emperor Nero 
(A.D. 54-68) who added between 5 and 
10 percent base metal to the silver of 
his denarii. By the time of Septirnius 
Severus the proportion of base metal in 
the denarius had increased to 40 percent. 
Severus' successor, popularly known as 
Caracalla because of the Gallic cloak 
(caracallus) he habitually wore, was ac
tually named Marcus Aurelius Antoni
nus Bassianus. He held power from 211 
to 217, and the denarii struck at his 
mints were 50 percent base metal. 

Caracalla's half-silver denarii obvi-
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ously could not be exchanged for gold 
at the same rate that the denarii of Au
gustus had been exchanged some two 
centuries earlier. It was perhaps with 
the hope of reestablishing the Augustan 
relationship of a silver coin to a gold one 
that Caracalla decreed the minting of a 
new silver piece. Like Caracalla's de
narius the coin was still only half silver, 
but it was minted at the rate of 64 to the 
pound and so it weighed half again as 
much as a denarius: some five grams 
compared with 3.3 grams. Called an an
toninianus after its issuer, it displayed 
on the obverse a portrait bust of Cara
calla, shown wearing a rayed crown [see 
illustration on opposite page]. When tlie 
emperors who followed Caracalla minted 
their own antoniniani, they too were 
shown wearing rayed crowns. It is for 
this reason that numismatists call all 
these antoniniani radiates. 

Caracalla's successors progressively 
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debased the new coins, replacing more 
and more of the silver with bronze until 
at last the only silver in them was a sur
face "wash" that briefly gave the radiates 
a shiny appearance. By the time of Gor
dian III (238-244) denarii were scarcely 
ever issued, and radiates had achieved 
a dominant position in the currency. It is 
possible to trace the decline of the radi
ates both in weight and in fineness. For 
example, by A.D. 250 old denarii were 
being turned into radiates by being over
struck at the mint. This is an admission 
that the denarius had lost a third of its 
original value. 

Thereafter a precipitous decline be-
gan; by the mid-260's the coins were 

only 5 percent silver. By the end of the 
same decade the Imperial mintings 
reached an all-time low of barely 1 per
cent silver. The last rulers of the Gallic 
Empire issued equally debased coins 
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within a year or two thereafter [see top 
illustration on page 125]. Thus, bearing 
in mind both the reduced weight of the 
antoninianus, now down to some 2.75 
grams, and the Similarly reduced weight 
of the aureus, which continued to be 
very pure gold, one can see that the old 
Augustan ratio of 25 silver denarii to one 
aureus had fallen to a ratio of 1,500 de
based radiates to one gold coin. 

In practice, however, gold coins were 
seldom seen. Because their weight was 
variable and their intrinsic value was 
high, they were probably regarded more 
as bullion than as currency. This state of 
affairs was destined to become enshrined 
in Diocletian's celebrated Edict on Max
imum Prices, issued in 301. The edict 
set the top value of a pound of gold, ei
ther in bar or in coin, at 50,000 denarii. 
The radiate was by then reckoned to be 
equal to two of the seldom-seen denarii. 
In other words, the three centuries that 
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PROGRESSIVE DEBASEMENT of Rome's silver coins during the 

first three centuries of the Christian Era is shown in this graph. A 
bracket (top) marks the period when an emperor whose name is 

shown held authority. The decline in silver content, slow at first, 
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accelerated late in the second century and hit bottom in the third 

century. The recovery in A.D. 294, in a reform instituted by the 

emperor Diocletian, was short.lived, and fine·silver Roman coins 

did not appear again until the latter half of the fourth century. 

© 1974 SCIENTIFIC AMERICAN, INC



separate the rules of Augustus and Dio
cletian had seen the intrinsic value of 
these once fine-silver coins fall to a fif
tieth of the original level. 

Now, metal by itself, including such 
far from precious alloys as bronze, al
ways has some intrinsic value, and in 
preindustrial days metal was not cheap. 
If the time came when, because of de
basement, the intrinsic value of a coin 
exceeded its nominal value, the coin 
promptly disappeared. It was either 
hoarded or melted down. To offer a mod
em example, the U.S. Mint a few years 
ago began to issue, in place of various 
fine-silver pieces, cupro-nickel coins of 
only nominal value. The older coins 
promptly vanished from circulation. 
Those who did not hoard the silver sold 
the coins for their intrinsic value, which 
substantially exceeded their nominal 
value. Some saw this as an increase in 
the value of silver; it can equally well be 
viewed as a decline in the value of the 
U.S. dollar. 

One can find a rough parallel in Ro
man practices of the second and third 
century. The intrinsic ratio of silver to 
copper was then about 1 : 100. In 184, 
a time when the denarius was struck 
from an alloy of 25 percent base metal 
and 75 percent silver, the coin weighed 
nearly three grams. This meant that its 
exchange value, at the silver-copper ra
tio cited, was equal to about 220 grams 
of bronze. As numismatists say, a silver
alloy denarius would "support" some 
220 grams of bronze. Now, the recog
nized exchange of bronze coins for silver 
was still, as it was in the days of Au
gustus, four sestertii or 16 asses per de
narius. A sestertius, however, weighed 
some 24 grams at this time and an as 
weighed more than 10 grams. It is small 
wonder, with more profit to be made by 
minting the sestertius than the as, that 
the larger bronze coin begins to pre
dominate in the archaeological finds 
from this period. Indeed, after the time 
of Commodus (180-192), few new 
bronze coins from Rome, the only west
ern mint, even reached Gaul, let alone 
Britain. In those provinces, which were 
on the brink of separation, aging second
century bronze coins were retained in 
use, willy-uilly, down to the time when 
the ever declining silver content of the 
radiates could no longer support the 
equivalent in bronze. That crossover 
point was reached in about 260, under 
Postumus, and thereafter bronze coins 
became subject to serious hoarding. 

One example is a hoard of 500 bronze 
coins found at Leysdown in Kent. Only 
14 of the 500 were orthodox third-cen-

FIRST "RADIATE," the antoninianus minted by order of the emperor Caracalia, featured 

the emperor's portrait bust on its obverse (left). The figure on the reverse is Sarapis, a god 

originally worshiped in Egypt. The ray-decorated crown worn by Caracalla and by later 

emperors who also minted antoniniani gave the name radiate to these coins and to the 

counterfeits modeled after them. This coin is in the collection of the National Museum of 
Wales. Like the other coins illustrated it is enlarged; the silhouette shows its true size. 

tury coins. Another hoard, found at Bor
deaux, consisted of 86 bronze coins. One 
of them, struck during the rule of Seve
rus (193-211), was worn to such an extent 
that it must have circulated for many 
decades before being buried. Even 
bronze coins that have been unearthed 
singly at various sites are often seen to 
be worn nearly flat. An as of Hadrian 
(117-138), found in Coventina's Well at 
the fort of Carrawburgh on Hadrian's 
Wall, had weighed 11 grams or so when 
it was struck but had been reduced by 
wear to less than four grams before it 
was thrown into the well for good luck. 

By 270, under Claudius II, the new 
base radiates reached their low point: 
only 1 percent silver. Now, as the Swed
ish scholar Sture Bolin has pointed out, 
a coin of only 1 percent fine-silver will 
support about twice its weight in copper, 
that is, its own weight and that of a 
silver-free coin of the same weight. The 
radiates struck by Claudius II, however, 
weighed rather less than three grams, 
whereas the lightest sestertii of the peri
od averaged 18 grams. Thus it soon came 
about that virtually the only coins in cir
culation were base radiates; everything 
else, including the orthodox bronze coin
age, had been abstracted, that is, melted 
down or hoarded. 

We live today at a time of great in
ternational anxiety over the general 

inflation of currencies. It is thus excep
tionally interesting to puzzle out the 

probable effect on ordinary citizens of 
this other inflation of so many centuries 
ago. The salient fact to be kept in mind 
is that the society of the time was far 
different from the society of today. In
dustry, if the term is to be given its usual 
modern connotation, scarcely existed. 
The fossil fuels on which our life is built 
were to all intents and purposes unex
ploited: coal was a wonder and petro
leum a medicine. \'\lith few exceptions 
towns were small; outside the two or 
three big cities of the Mediterranean 
there was no urban proletariat. 

In Britain one Roman town in partic
ular-Calleva Atrebatum (Silchester in 
Hampshire)-is the most intensively ex
plored of its kind in the Roman empire. 
It may be taken as an example of a typi
cal local tribal capital or, more precisely, 
an overgrown village with some urban 
amenities. How did the inflation affect 
Silchester? 

On my latest estimate the town can 
hardly have had more than 1,200 in
habitants, and it may have had fewer. 
Whatever their number, they either 
were intimately connected with the peas
ant agriculture on which the economy 
of the town depended or were hand
craftsmen working for a local market, 
chiefly in local materials. During the in
flation the price levels in the market
place and the shops no doubt soared in 
nominal terms. On balance, however, so 
did the prices of the primary products 
of the land, of labor and of craftsman-
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ship. Land leases were renewed every 
five years, so that money rents stood to 
be adjusted at short intervals. According 
to the late A. H. M. Jones such taxes as 
were collected in specie appear not to 
have been increased in proportion to the 
devaluations of the silver coinage; thus 

they were a heavy burden only when 
they were periodically exacted in gold 
on a community basis. Taxes collected 
in kind were also a burden, but perhaps 
only when they are considered in money 
terms. Viewed in this way the inflation of 
the third century was certainly a nui-

EARLY COUNTERFEIT, a copy of a sestertius minted under the emperor Claudius, not 

only found its way to Roman Britain but was validated for official circulation. The letter 

"p" is missing from the counterstamp [P]ROB, or "proved," beside the emperor's nose. 

Found at Silchester (the Calleva of Roman Britain), the coin is in the Reading Museum. 

Counterfeiting bronze coins did not violate the laws of Rome until the fourth century. 

DEBASED DENARIUS minted under the. emperor Caracalla (left), with a silver content 
of only 50 percent, is seen beside a British copy produced by casting. By Caracalla's day the 

counterfeiting of silver coins had been illegal for some 300 years. Both the orthodox and 

the counterfeit coins are in the National Museum of Wales; the latter is from Caerleon. 
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sance but by no means a poison applied 
to the roots of a many-branched society 
such as ours today. 

With these notions in mind, let us 
examine how the people of the period 
managed to circumvent the damage that 
inHation wrought on the monetary means 
of exchange, observing at the same time 
to what extent counterfeiting served a 
socially useful purpose. To begin, it is 
important to realize that the position of 
the bronze coinage was a peculiar one. 
To omit further discussion of gold, goods 
were priced either in silver or in bronze. 
If one did not have the appropriate coins 
for the desired purchases, one had to 
buy them from a money changer, in 
much the same way that a tourist buys 
foreign currency at a bank today. For ex
ample, at Pergamum in Asia Minor in 
Hadrian's time, if one wanted to change 
bronze into silver, the money-changers' 
price for a denarius was 18 asses; the 
cost of changing silver into bronze was 
17 asses to the denarius. From Britain 
itself comes a reHection of this system. 
A bronze statuette of a Celtic Mars, 
found in Lincolnshire and now in the 
British Museum, bears an inscription on 
its base. It refers to the cost of some of 
the casting metal in terms of denarii and 
to the cost of the finished statuette in 
terms of sestertii. 

The bronze coinage was peculiar in 
another respect. From late in Re

publican times the counterfeiting of Ro
man silver and gold specie had been pro
hibited. (The statute was Sulla's Lex 
cornelia de falsis, promulgated in 81 B.C.) 
As far as we know, however, it was not 
until A.D. 371 that the bronze coinage 
also received the protection of the law. 
By then, however, the character of the 
coinage had changed completely. It 
might fairly be said that during the more 
than 450 intervening years the manu
facture and circulation of counterfeit 
bronze coins gave their makers no pangs 
of conscience, only an honest profit. 

Huge numbers of counterfeit Roman 
bronze coins arrived in Britain as early 
as the entry of Claudius' expeditionary 
force of A.D. 43, not only in the purses 
of the legionaries but also in the regi
mental pay chests. At this time the mint 
in Rome had shut its doors, and no other 
mint functioned in the western part of 
the empire. Inevitably a shortage of nec
essary small change arose, and it could 
be alleviated only by unofficial means. 

Since the counterfeit coins were not 
illegal, they circulated freely until the 
Imperial mints stirred themselves suf
ficiently some 20 years later and recom
menced the striking of good supplies of 
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bronze to the proper standard of weight. 
Governmental acceptance of the coun
terfeits in the meantime is attested by 
the fact that, when circulating coins 
were occasionally subject to inspection, 
counterfeits of reasonable appearance 
were often adopted into official use and 
:ven w:re counterstamped PROB, or 
proved. 

This kind of validation was almost cer
tainly the work of the army officials 
whose concern it was to pay in the best 
available coin the wages of the legion
aries, who were notoriously unruly in
dividuals. The pay of a legionary private 
was 225 denarii a year; the money was 
handed over in three annual install
ments. Late in the first century a fourth 
payday was added, raiSing the total wage 
to 300 denarii, and under Caracalla the 
legions received a 50 percent raise. Car
acalla's apparent bounty may well have 
taken the form of dispensing free rations 
and equipment, which up to that time 
had been deducted from pay. Before 
then the deductions and a system of 
compulsory savings probably ate up 60 
of the 75 denarii due to the foot soldier 
every payday; the remaining 15 were 
probably paid in bronze. One may con
jecture that the practice was halted, 
probably toward the end of the second 
century, and the legionaries were paid 
in silver instead. Otherwise we should 
find numerous bronze coins when we ex
cavate Roman sites of the third century. 
(The need of meeting military costs in 
silver was also an important contribution 
to the progressive debasement of the de
narius and the radiate.) 

As long as the silver coinage retained 
an appreciable value, however, the need 
for bronze small change continued. Un
der the existing conditions of scarcity 
the time was ripe for further counter
feiting. Now, as we have seen, counter
feiting can serve a useful social purpose. 
It is never, however, a charitable enter
prise. If the counterfeiter is to extract 
a profit from his labors, copies of an 
orthodox coin in the same metal or a 
similar one must be lighter than the 
original. Over a long period of shortage 
the false coins tend to become lighter 
and lighter. This is also true because the 
counterfeiter frequently used earlier 
counterfeits, already reduced in weight, 
as the models for new forgeries. 

In the early decades of the third cen
tury the counterfeiters' models were 
usually orthodox coins of the preceding 
cent11ry, and the false coins were pro
duced both by casting and by die-strik
ing. EVidently too few orthodox coins of 
contemporary mintage were available to 
serve as models. An example from Gaul 

DEBASED RADIATES, minted by the independent rulers of Gaul in imitation of the 
orthodox Imperial coinage, show (top) the emperor Tetricus I and (bottom) Salonina, wife 

of the preceding emperor Gallienus. The top coin, heavily silver.plated, is in the collection 
of P. J. Casey; the bottom coin, in the National Museum of Wales, is from Caemarvon. 

LIGHTWEIGHT COUNTERFEIT (bottom) copies a bronze as minted under the emperor 

Commodus (top). The dHIerence in weight between the orthodox coin (11.5 grams) and its 

copy (3.08 grams) was the counterfeiter's margin of profit. The orthodox as is in the 

British Museum; the imitation, found at Caerleon, is in the National Museum of Wales. 

125 
© 1974 SCIENTIFIC AMERICAN, INC



demonstrates that the counterfeiters of 
bronze coins even practiced conserving 
metal by a technique used for centuries 
by the forgers of silver coins; plating a 
base blank. The sample coin, from a 
private French collection, is a counter
feit as bearing the portrait bust of Lu
cilia, wife of the emperor Verus (161-

169). The core of the coin IS Iron; its 
bronze skin was applied either as a 
wrapping of foil or by dipping the iron 
core in molten bronze. The composite 
blank was then die-struck. 

Not long afterward there appeared in 
Germany, Gaul and Britain a distinctive 
type of very light cast-bronze counter-

feit. Its presence has only rather re
cently been recognized in these areas, 
although such coins have long been 
known from sites along the Danube and 
its hinterland. They are at most only half 
the orthodox weight and often only a 
quarter of it. In the words of the Aus
trian scholar Wilhelm Kubitschek, who 

COUNTERFEITERS' MOLDS, found in France and England, were 

used to make imitations of the radiates issued under three Gallic 

emJlerors. The interlocking pair of molds (top) was found at Lyons 

and is now in the Rouen Museum; they imitate a coin of the em· 

peror Postumus. The mold with a standing figure (middle, impres· 

sion 0/ mold at right) was found at Whitchurch. Now in the Bristol 

City Museum, it imitates a coin of the emperor Victorinus. The 

third mold (bottom, impression at right) is also from Whitchurch 

and now at Bristol; it imitates a coin of Tetricus I. Casting, an in· 

efficient way to make small coins, was not continued for long. 
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studied a series of these forgeries from 
the site of Camuntum, near Vienna, they 
are of "unspeakable wretchedness." The 
soundness of Kubitschek's remark may 
be judged by comparing an orthodox as 
of Com modus (180-192) with light
weight cast counterfeits of the same is
sue found at Caerleon in Wales [see bot
tom illustration on page 125]. The origi
nal weighs a full 11.55 grams; the coun
terfeits weigh only a little more than 
three grams. In addition to being very 
thin they are poor reproductions of the 
original and are also cast in bad metal. 

The most recent orthodox coins used 
as models for these cast counterfeits in 
Britain are scarcely later than the time 
of the emperor Decius (249-251). None
theless a deposit of counterfeiter's molds 
found at Whitchurch, near Bristol, in
cludes among many intended for the 
forging of radiates one mold for a coun
terfeit lightweight as of the time of Ha
drian (117-138). The mold was evidently 
in active use in about 273. This is proof 
that the cast-bronze lightweights still 
had some part to play even after the Im
perial "silver" coinage had reached its 
low point. 

Whereas the need for small change 
made the forgery of bronze coins a 

profitable "social service," counterfeiters 
were not reluctant to forge silver coins 
as well. As a French antiquary, the Abbe 
Mahudel, noted in 1723, commenting on 
the discovery at Lyons of a cache of 
molds for counterfeit denarii, "The dec
adence of [die] engraving, already con
siderable by the time of Septimius Se
verus, and the alteration which he had 
introduced in the fineness of the coin
age, favored . . .  counterfeiters . . .  more 
and more by making their deceptions 
easier. " Molds for denarii, and also 
molds for radiates once that denomina
tion had achieved dominance, have been 
found at scores of sites all over Europe. 
There are two dozen such sites in Britain 
alone. The "silver" counterfeits were 
made of base metal that was tinned or 
silver-plated in order to pass. An exam
ple from Caerleon is a forged denarius 
of the time of Caracalla [see bottom il
lustration on page 124]. Some such coins 
were made entirely of tin; in a deposit 
of thousands of molds unearthed at Ed
ington in Somerset was found not only a 
lump of tin but also a tin coin still in 
place between the two halves of a mold. 

It seems reasonable to date the wave 
of silver-coin counterfeiting represented 
by these finds to the 40 years or so be
fore control of Gaul reverted to Rome in 
274. Certainly the orthodox "silver" coin
age issued by the Gallic emperors was 

SUN GOD INTO FISH, a transformation that suggests at least a failure in communication 

and probably illiteracy on the part of the counterfeiter, is documented by this radiate of 

the emperor Aurelian (left) and its imitation, found in Wales. The two figures on the 

orthodox coin are (left to right) Providence, holding military standards, being saluted by 

Sol, who holds an orb in his left hand. The British imitation transforms Sol into a great 

gaffed fish and Providence and tbe standards into a tiny fisherman on a knobby platform. 

Orthodox coin is in the British Museum; the imitation is in the National Museum of Wales. 

not exempt from imitation by the coun
terfeiters. Baked clay molds for the pro
duction of counterfeit radiates of the 

. time of Postumus (259-268) have been 
found at Lyons, and molds for the radi
ates of his successors, Victorinus (269-
270) and Tetricus I (270-274) are among 
those discovered at �Thitchurch [see il
lustration on opposite page]. 

Much is made in archaeological cir
cles of the evidence that literacy in Ro
mano-British society had fallen to a re
markably low level during these troubled 
decades. The discovery of writing im
plements at various sites and the appear
ance of graffiti on contemporary tiles 
and pottery certainly denote a basic 
ability to write and cipher, but one gains 
the impression that effective literacy 
was limited to such practical matters as 
marks of ownership, tally-keeping and 
very little else. The work of many coun
terfeiters throughout the period provides 
strong evidence in support of this con
tention. 

To take one striking example, the em
peror Aurelian (270-275) attempted to 
reform the Roman coinage by introduc
ing a radiate that was larger and better-

looking than those of his predecessors. 
It even contained a little more silver: as 
much as 3 to 4 percent. The relationship 
between the new coins and the old re
mains problematical, but the Roman nu
merals "XX I" that appear on some sug
gest that they were valued at 20 sestertii, 
that is, five denarii. The new coins did not 
reach Britain in adequate quantities, and 
one of them, bearing a design inscribed 
"Providence of the Gods, " attracted the 
attention of a British counterfeiter. Au
relian's design shows the sun god, Sol, 
on the right, with his arm raised in a 
salute to Providence, who stands at the 
left, carrying two military standards. 

Consider now a coin less than half the 
diameter of the Aurelianic original; it 
was unearthed in the ruins of a Roman 
farm at Dinoelen near Abergele in 
Wales. Its design shows a great fish at the 
right, being gaffed by a diminutive fish
erman who stands on a platform at the 
left. When the British counterfeit is com
pared with the Aurelianic original, the 
transformation is easy to reconstruct. 

Sol, standing with his feet apart, has be

come a fork-tailed fish. The god's out

stretched left arm, hand grasping an orb, 
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SHRUNKEN SIZE of the later radiates counterfeited in Britain is exemplified hy this 

imitation (bottom) of a coin of the emperor Probus (top). The orthodox radiate, minted 

during the decades when the very poor alloy was only "washed" with silver, was unearthed 

in Silchester and is in the Reading Museum. Its counterfeit, found at Caernarvon and now 

at the National Museum of Wales, was also probably made shiny with a silver or tin wash. 

16 

r '  

+ 

- '-
I 

l -t I 
1 
I - - t r++-+-----i 

has been transformed into the fish's 
broad dorsal fin, and all that is left of 
Providence's standards is a knobby plat
form. It is clear that whoever engraved 
the dies for the British counterfeit had 
found the inscription and design of the 
original totally unintelligible. 

The requirement, imposed by inexo-
rable economics, that counterfeit 

coins be lighter than the orthodox coins 
they imitate probably contributed to the 
abandonment of casting in favor of die
striking in the last quarter of the third 
century. The time consumed in making 
and assembling composite molds and 
in detaching the casts meant in any case 
that casting could not meet the demand 
for the product. Moreover, casting is in
sufficiently flexible as a means of reduc
ing the size of the counterfeits; die-strik
ing is not only faster but also can pro
duce coins only five millimeters in di
ameter that weigh as little as .3 gram. 
An example of the flexibility of die-strik
ing is prOVided by one deposit of coun
terfeits found in Wales. Unearthed near 
a Roman farm at Coygan, all the coins 
had been struck by the same combina
tion of dies. They varied only a little in 
diameter, which ranged from 10 to 12 
millimeters. In weight, however, the var
iation was as much as threefold: from 
.27 to .85 gram. 

The last Imperial Roman radiates to 
be counterfeited in Britain are those of 
the emperor Probus (276-282) and such 
as were found at Coygan. It seems that, 
even though Carausius and Allectus, 
pretenders to the purple, ruled in Brit
ain between 286 and 293, the long arm 
of Rome managed somehow to bring the 
British counterfeiting epidemic under 
control beforehand. At least no counter
feits of Imperial coins later than those of 
Probus are known. The Coygan counter
feits bore every sign of hasty conceal
ment, as if the counterfeiters had been 
warned of approaching punitive forces. 
The pit where they were concealed had 
been carefully masked by stones, but 
vestiges of the coiners' activities were 
apparent in the floor crevices of an adja
cent hut, In any event Diocletian's 

I 
; sweeping reform of 294, together with 

I subsequent developments, certainly 6 

epidemic. Only a few counterfeits of 
larger coins are found in fourth-century il'l . . _-+--

killed any survivors of the small-radiate 
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WEIGHT (GRAMS) 
3.0 of orthodox Gallic coins they evidently 

HOARD OF COUNTERFEITS, discovered at Caerleon in 1955, included 95 miniature 
radiates. The scatter gram shows the position of each radiate in terms of weight and diame
ter. As the enclosing envelope indicates, except for one large and heavy specimen (right), 

most of the coins were smaller than .5 inch in diameter and less than .2 ounce in weight. 
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served as small change for many dec
ades. The problem of counterfeiting in 
the fourth century is not considered 
here. 

One large question is left in the mind 
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MINIATURE RADIATES circulated very widely in Britain and 

Gaul, disproving the contention that they were used only as local 

token money. Lines in black connect points where radiates struck 
from the same dies have been found; where a terminal dot is miss· 

ing the precise site of the find is uncertain. Lines in color connect 

points where radiates of similar style have been found. Data are 

from studies by Harold B. Mattingly of the University of Leeds, by 

Jean.Baptiste Giard of the Bibliotheque Nationale in Paris and by 

Marcel Thirion and MIle J. Lallemand of the Bibliotheque Roy. 

ale in Brussels, provided through the courtesy of Pierre Bastien. 

of the modem scholar. How could such 
tiny counterfeit coins, only a fraction of 
the orthodox weight, have served in 
company with orthodox coins as a me
dium of exchange? It is true that very 
small coins have existed in many differ
ent countries and at many different pe
riods, but in most instances they have 
been "value coins" of silver or even gold. 
\Vhen we look at these miniature radi
ates today, however, we see little more 
than irregular disks of green decay. 

To answer the question we must look 
at the tiny counterfeits with hindsight. 
Although they were base, they were, we 
must remember, imitations of coins that 
were equally base and yet counted as 
silver denominations. Moreover, even 
the worst of the orthodox radiates wore 
a silver wash when they were first issued, 

and there is every reason to believe that 
the worst and smallest of the counterfeits 
were similarly shiny when they were 
new. The plating may have been silver 
(or tin, which is easier to apply). Fur
thermore, even on the best of the ortho
dox coins the plating was fugitive. If we 
can imagine the little counterfeits as be
ing bright and silvery when they were 
first produced, we are well on the way to 
accepting the fact that they could be, 
and were, regarded by the folk of third
century Britain as possessing value. 

What was that value? As the result of 
recent discoveries in a small cave in the 
Mendip Hills south of Bristol the ques
tion can be answered with almost me
chanical preciSion. Here a collection of 
the raw material used for making small 
radiates was found a few years ago. As 

was so often the case, the raw material 
consisted of contemporary coins: ortho
dox radiates and large copies of them. 
These coins were cut into quarters [see 
illustration on next page]. Each of the 
four segments was then heated and die
struck. 

Now, it is obvious that each such new 
counterfeit must have been worth more 
to the counterfeiter than a quarter of the 
value of an orthodox coin; otherwise 
there would have been no point in the 
procedure. To reiterate, counterfeiting 
may occasionally be a public service, but 
it is never conducted as such. Indeed, it 
seems fair to say that during this period 
such counterfeits, whatever their size, 
probably passed for the same value as 
full-size orthodox coins. Ninety-five 
counterfeit radiates in a hoard unearthed 
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simple as 
checkers ... 

challenging 
as chess 

� __ VaddJn 
TtipppI!J! 

TRIPPPLES - the intriguing game af 
feedback cantral and respanse 
strategy created by psycha
cy bernetics researcher William 1. 
Pawers. Unique-can be enjoyed by 
players of widely di ffering ages and 
a bi lities. 

Available at better stores, or write: 
Aladdin Industries, Inc .. P,O, Box 10444, 
Nashville. Tenn. 37210, 

Our Space-Age 
Celestial Map .. 

IN WALL & POSTER SIZES 
Both our 6Y, x 3Y, - ft, and 38 x 21 -

inch maps contain the same data: 

5,179 stars in white on navy to 6th 

magnitude, plus 88 constellations, 250 
star names & Yale Catalog numbers, 

plus a degree scale. 

These mercator-type charts are useful 

teaching tools. Decorative, too! 
----� ... ---.-. 

I Wall size $9,95 ea. (ppd, j , poster size $4,75 ea, t (ppd. ). Maps rolled in tubes; guaranteed. Add'i. 

I postage outside U.S. & Canada. 
Name ________________________ _ 

I Street -------------------------
City _____ State ___ Zip __ I ASTROGRAPHICS, Dept. SA. 2887 Washington t St., San Francisco, CA 94115 I 
Use'8ankamericard or M.e. J 1.- ____ _______ _ 
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QUARTERED RADIATES, found in a counterfeiter's den hidden in the Mendip Hills, in

cluded one (top) minted in Gaul under the emperor Postumus. It had been filed for quar

tering and one quadrant had been partially detached. The counterfeiters used each quarter 

as raw material for minting a miniature radiate. The coins of Rome were not held to be 

worth more than those of Gaul. One quarter of such an orthodox coin is seen at bottom; the 

incomplete inscription [TA]ClTVS shows that it was minted under the emperor Tacitus (275-
276), the last Roman ruler but one whose coins were so used by counterfeiters in Britain_ 

in 1955 at Caerleon showed wide diver
gences in size and weight. In all likeli
hood, however, all of them were identi
cal in value. That value, as we have seen, 
was small and grew steadily smaller; in
flation was certainly not halted by Aure
Han's efforts at reform. The same Men
dip cave includes a neat instance of the 
depreciation of the reformed Imperial 
currency. One of the many quartered 
pieces bears part of the name of Aure
Han's successor, the emperor Tacitus 
(275-276). The radiate, although sup
posedly of established Imperial worth, 
had been treated as raw material by the 
British counterfeiters in the same way 
that they had treated any Gallic radiate 
or counterfeit thereof, and had therefore 
presumably fallen to the same low value. 

It was long customary among numisma-
tists to explain the miniature radiates 

as being essentially a local coinage, a 
token money provided to a dependent 
peasantry by the owners of great estates. 
Nothing could be further from the truth, 
The counterfeiters' illicit mints were in
deed widely scattered. They were often 
located in remote places, such as the 
Coygan farmstead or the cave in the 

Mendip Hills, but this was not always so. 
There were counterfeiters' dens in Lon
don itself, and many of the coiners' 
wares traveled far outside the region 
where they were struck. A great deal of 
painstaking work by Harold B. Matting
ly in Britain, by Marcel Thirion and 
Mile J. Lallemand in Belgium and by 
Jean-Baptiste Giard in France has suc
ceeded in tracing coins struck by the 
same dies or in the same style over wide 
areas [see illustration on preceding 
page 1, Such discoveries further attest 
the value that people of this period as
cribed to the counterfeit radiates, for all 
their small size and base metaL 

The history of the inflation in the third 
century is not without interest to us to
day. It is difficult to see how the Roman 
authorities could have avoided the de
basement of silver that was responsible 
for the inflation, a process that began in 
the first century under Nero. It is equally 
difficult today to see (or at least econo
mists, of whom I am not one, cannot 
agree) how the printing of worthless 
money can be restrained now without 
dire effects on the fabric of society. The 
riddle existed, though in different form, 
in antiquity. It is still with us. 
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You m ight measure success by what t he 
Joneses throwaway. And today, that's a pretty 
good measure. . 

Publ ic officials and businessmen are watch
ing your neighbor's-and your-garbage with 
a lot more interest than you think. T hey see our 
garbage as one of America's growing natural 
resources. 

In 23 cities and counties across the nation 
these imaginative men are already reclaiming 
steel cans from the tide of municipal garbage . 

In dozens of other communities, programs 
are under way to utilize household garbage as 
an energy source. To be burned as a supplement 
to coal and oil, to be used alone as a dry fuel or 
to be converted into fuel oil and gas. And almost 
all of these programs also call for the recovery 
of steel cans. 

Steel's magnetic property makes it the easi
est material to recla im. As a result, bi llions of 

these scrap cans are recycled in steelmaking, 
copper mining , detinning and ferro-alloy pro
duction. Soon, iron foundries also will be 
recycl ing steel cans. 

St. L ou is provides electricity for 25,000 
homes by burning garbage. Chicago will gener
ate electricity for 45,000 homes and conserve 
100,000 tons of coal annually by burning 
garbage. By 1975, garbage-to-energy systems 
alsowill be operating in Baltimore, Ames, Iowa, 
and Saug us, Massachusetts. The State of Con
necticut expects to meet 11 percent of its elec
tricity n eeds by 1985 by burning garbage. 
(Success doesn't come overnight). 

-

If energy is a problem in your city, consider 
keeping up with the Joneses. We'll try to give 
you a hand. 

For' more information write, Ti nplate Pro
ducers, American Iron and Steel Institute, 1000 
16th Street, N.W., Washi ngton, D.C. 20036. 

The sweet smell 
ofsuccess 

� Tinplate Producers i Steel :0 American Iran 
..... � � and Steel Institute 

" ,,.d i<' 
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MATHEMATICAL GAMES 
The arts as combinatorial mathematics, 

or how to compose like Mozart with dice 

by Martin Gardner 

"Mathematics and music! The most 
glaring possible opposites of human 
thought! Yet connected, mutually sus
tained!" 

-HERMANN VON HELMHOLTZ 

T
here is a trivial sense in which any 
work of art is a combination of a 
finite number of discrete elements. 

Not only that, the precise combination of 
the elements can be expressed by a se
quence of digits or, if you will, by one 
enormous number. 

Consider a poem. Assign distinct num
bers to each letter of the alphabet, to 
each punctuation symbol and so on. A 
certain digit, say 0, can be used to sepa
rate the numbers. It is obvious that one 
long string of digits can express the 
poem. If the books of a vast library con
tain every possible combination of words 
and punctuation marks, as they do in 
Jorge Luis Borges' famous story, "The 
Library of Babel," then somewhere in 
the collection is every poem ever written 
or that can be written. Imagine those 
poems coded as digital sequences and in
dexed. If one had enough time, billions 
on billions of years, one could locate any 
specified great poem. Are there algo
rithms by which one could find a great 
poem not yet written? 

Consider a painting. Rule the canvas 
into a matrix of minute cells. The precise 
color of each cell is easily coded by a 
number. Scanning the cells yields a chain 
of numbers that expresses the painting. 
Since numbers do not decay, a painting 
can be re-created as long as the number 
sequence is preserved. Future computers 
will be able to reproduce a painting 
more like the original than the original 
itself, since after a few decades the origi
nal will have physically deteriorated to 
some extent. If a vast art museum con
tains every combination of colored cells 
for matrixes not exceeding a certain size, 
somewhere in that monstrous museum 
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will hang every picture ever painted or 
that can be painted. Are there algorithms 
by which a computer could search a list 
of the museum's code numbers and iden
tify a sequence for a great painting not 
yet painted? 

Consider a symphony. It is a fantasti
cally complex blend of discreteness and 
continuity; a violin or a slide trombone 
can move up and down the scale con
tinuously but a piano cannot produce 
quarter-tones. We know, however, from 
Fourier analysis that the entire sound of 
a symphony, from beginning to end, can 
be represented by a single curve on an 
oscilloscope. "This curve," wrote Sir 
James Jeans in Science and Music, "is 
the symphony-neither more nor less, 
and the symphony will sound noble or 
tawdry, musical or harsh, refined or vul
gar, according to the quality of this 
curve." On a long-playing record a sym
phony is actually represented by one 
long space curve. 

Because curves can be coded to any 
desired precision by numbers, a sym
phony, like a painting or a poem, can be 
quantized and expressed by a number 
chain. A vast library of computer tapes, 
recording all combinations of symphonic 
sounds, would contain every symphony 
ever written or that could be written. 
Are there algorithms by which a com
puter could scan the number sequences 
of such a library and pick out a great 
symphony not yet written? 

Such procedures would, of course, be 
so stupendously complex that man may 
never come close to formulating them, 
but that is not the point. Do they exist in 
principle? Is it worthwhile to look for 
bits and pieces of them? Consider one of 
the humblest of such aesthetic tasks, the 
search for rules that govern the inven
tion of a simple melody. Is there a pro
cedure by which a person or a computer 
can compose a pleasing tune, using no 
more than a set of combinatorial rules? 

If we restrict the tune to a finite 
length and a finite number of pure tones 
and rhythms, the number of possible 
melodies is finite. John Stuart Mill, in his 
autobiography, recalls that as a young 

man he was once "seriously tormented 
by the thought of the exhaustibility of 
musical compositions." Suppose our tune 
is made up of just 10 notes chosen from 
the set of eight notes in a single octave. 
The number of melodies is the same as 
the number of lO-letter words that can 
be formed with eight distinct letters, al
lowing duplications. It is 810 = 1,073 ,-

741,824, and this without even consid
ering varying rhythms which create, in 
effect, varying melodies. Most of these 
tunes will be dull {mi, mi, mi, mi, mi, 
mi, mi, mi, mi, mi for instance}, but 
many will be extremely pleasing. Are 
there rules by which a computer or a 
person could pick out the pleasing com
binations? 

Attempts to formulate such rules and 
embody them in a mechanical device for 
composing tunes have a curious history 
that began in 1650 when Athanasius 
Kircher, a German Jesuit, published in 
Rome his Musurgia universalis sive an 
magna consoni et dissoni. Kircher was 
an ardent disciple of Ramon Lull, the 
Spanish medieval mystic whose Ars 
magna derived from the crazy notion 
that significant new knowledge could be 
obtained in almost every field simply by 
exploring all combinations of a small 
number of basic elements. It was natural 
that Kircher, who later wrote a 500-page 
elaboration of Lull's "great art," would 
view musical composition as a combina
torial problem. In his music book he de· 
scribes a Lullian technique of creating 
polyphony by sliding columns alongside 
one another, as with Napier's bones [see 
"Mathematical Games," SCIENTIFIC 
AMERICAN, March, 1973], and reading 
off rows to obtain various permutations 
and combinations. Like all of Kircher's 
huge tomes, the book is a fantastic mix 
of valuable information and total non
sense, illustrated with elaborate engrav
ings of vocal cords, bones in the ears of 
various animals, birds and their songs, 
musical instruments, mechanical details 
of music boxes, water-operated organ 
pipes with animated figures of animals 
and people, and hundreds of other curi, 
ous things. 

The Lullian device described by 
Kircher was actually built, circa 1670, 
for the diarist Samuel Pepys, who owned 
a copy of Kircher's music book and 
much admired it. The original machine, 
called "musarithmica mirifica," is in the 
Pepys Museum at Pepys' alma mater, 
Magdalene College, Cambridge. 

During the early 18th century many 
German music scholars became inter
ested in mechanical methods of composi
tion. Lorenz Christoph Mizler wrote a 
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book in 1739 describing a system that 
produced figured bass for baroque en
semble music. In 1757 Bach's pupil, Jo
hann Philipp Kirnberger, published in 
Berlin his Ever-ready Composer of Polo
naises and Minuets, using a die for ran
domizing certain choices. In 1783 anoth
er book by Kirnberger extended his 
methods to symphonies and other forms 
of music. 

Toward the close of the 18th century 
the practice of generating melodies with 
the aid of tables and randomizers such 
as dice or teetotums became a popular 
pastime. Maximilian Stadler, an Aus
trian composer; published in 1779 a set 
of musical bars and tables for producing 
minuets and trios with the help of dice. 
At about the same time a London music 
publisher, Welcker, issued a "tabular 
system whereby any person, without the 
least knowledge of music, may compose 
ten thousand minuets in the most pleas
ing and correct manner. " Similar anony
mous works were falsely attributed to 
well-known composers such as C. P. E. 
Bach (son of Johann Sebastian Bach) and 
Joseph Haydn. The "Haydn" work, 
"Gioco fllarmonico " ("Philharmonic 
Joke"), Naples, 1790, was recently dis
covered by the Glasgow mathematician 
Thomas H. Q'Beirne to be a plagiarism. 
Its bars and tables are identical with 
Stadler's. 

The most popular work explaining 
how a pair of dice can be used "to com
pose without the least knowledge of mu
sic " as many German waltzes as one 
pleases was first published in Amster
dam and in Berlin in 1792, a year a±:ter 
Mozart's death. The work was attributed 
to Mozart. Most Mozart scholars say it is 
spurious, although Mozart was fond of 
mathematical puzzles and did leave 
handwritten notes showing his interest 
in musical permutations. (The same 
pamphlet was issued in Bonn a year lat
er, with a similar work, also attributed to 
Mozart, for dice composition of country 
dances. The contredanses pamphlet was 
reprinted in 1957 by Heuwekemeijer in 
Amsterdam. ) 

Mozart's Musikalisches Wiirfelspiel, 
as the waltz pamphlet is usually called, 
has been reprinted many times in many 
languages. In 1806 it appeared in Lon
don as Mozart's Musical Game, Fitted in 
an Elegant Box, Showing by Easy Sys
tem How to Compose an Unlimited 
Number of Waltzes, Rondos, Hornpipes 
and Reels. In New York in 1941 the 
Hungarian composer and concert pianist 
Alexander Laszlo brought it out under 
the title The Dice Composer, orchestrat
ing the music so that it could be played 

by chamber groups and orchestras. The 
system popped up again in West Ger
many in 1956 in a score published by 
B. Schott. Photocopies of Schott's charts 
and musical bars appear in the instruc
tion booklet for The Melody Dicer, 
issued early this year by Carousel Pub
lishing Corporation, 27 Union Street, 
Brighton, Mass. This boxed set also in
cludes a pair of dice and blank sheets of 
music paper. 

The "Mozart" system consists of a set 
of short measures numbered 1 through 
176. The two dice are thrown 16 times. 
With the aid of a chart listing 11 num
bers in each of eight columns, the first 

eight throws determine the first eight 
bars of the waltz. A second chart is used 
for the second eight throws that com
plete the 16-bar piece. The charts are 
constructed so that the waltz opens with 
the tonic or keynote, modulates to the 
dominant, then finds its way back to the 
tonic on its final note. Because all bars 
listed in the eighth column of each chart 
are alike, the 11 choices (sums 2 through 
12 on the dice) are available for only 14 
bars. This allows the system to produce 
1114 waltzes, all with a distinct Mozar
tean flavor. The number is so large that 
any waltz you generate with the dice 
and actually play is almost certainly a 

Frontispiece of Kircher's Musurgia universalis (1650), with Pythagoras at lower left 
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waltz never heard before. If you fail to 
preserve it, it will be a waltz that will 
probably never be heard again. 

The first commercial recording of 
"Mozart" dice pieces was made by 
O'Beirne. Both the randomizing of the 
bars and the actual playing of the melo
dies was done by Solidac, a small and 
slow experimental computer designed 
and built between 1959 and 1964 by the 
Glasgow firm of Barr and Stroud, where 
O'Beirne was then chief mathematician. 
It was the first computer built in Scot
land. O'Beirne programmed Solidac to 
play the pieces in clarinetlike tones, and 
a long-playing recording of selected 
waltzes and contredanses was issued by 
Barr and Stroud in 1967. This recording 
is no longer available, but O'Beirne 
writes that he will send a standard cas
sette giving two half-hour tracks of 
varied Solidac dice music to any reader 
who sends $lO to his home address: 8 
Rosslyn Terrace, Glasgow G12 9NB, 
Scotland. O'Beirne is the author of an 
excellent book on mathematical recrea
tions (Puzzles and Paradoxes, Oxford 
University Press, 1965). He has been of 
invaluable help in the preparation of this 
account. 

Other methods of producing tunes 
mechanically were invented in the early 
19th century. Antonio Calegari, an Ital
ian composer, used two dice for com
posing pieces for the pianoforte and 
harp. His book on the system was pub
lished in Venice in 1801, and later in a 

French translation. The Melographicon, 
an anonymous and undated book issued 
in London about 1805, is subtitled: "A 
new musical work, by which an inter
minable number of melodies may be 
produced, and young people who have 
a taste for poetry enabled to set their 
verses to music for the voice and piano
forte, without the necessity of a scientific 
knowledge of the art." The book has four 

SIMP table A 

1. In particular, 
2. On the other hand, 
3. However, 
4. Similarly, 
5. As a resultant implication, 
6. In this regard, 
7. Based on integral subsystem 

conSiderations, 
8. For example, 
9. Thus, 
O. In respect to specific goals, 

parts, each providing music for poetry 
with a certain meter and rhyme scheme. 
Dice are not used. One simply selects 
any bar from group A, any from group 
B and so on to the last letter of the alpha
bet for that section. 

A photograph of a boxed dice game 
appears in Plate 42 of The Oxford Com
panion to Music, but without mention of 
date, inventor or place of publication. 
Apparently it uses 32 dice, their sides 
marked to indicate tones, intervals, 
chords, modulations and so on. There 
also are ivory men whose purpose, the 
caption reads, is "difficult to fathom." 

In 1822 a machine called the Kaleida
cousticon was advertised in a Boston 
music magazine, The Euterpiad. By 
shufRing cards it could compose 214 mil
lion waltzes. The Componium, a pipe 
organ that played its own compositions, 
was invented by M. Winkel of Amster
dam and created a sensation when it was 
exhibited in Paris in 1824. Listeners 
could not believe that the machine ac
tually constructed the melodies it 
played. Scientists from the French acad
emy investigated. 

"When this instrument has received a 
varied theme, " their report stated, 
"which the inventor has had time to fix 
by a process of his own, it decomposes 
the variations of itself, and reproduces 
their different parts in all the orders of 
possible permutation. . . .  None of the 
airs which it varies lasts above a minute; 
could it be supposed that but one of 
these airs was played without interrup
tion, yet, the principle of variability 
which it possesses, it might, without ever 
resuming precisely the same combina
tion, continue to play . . .  during so im
mense a series of ages that, though fig
ures might be brought to express them, 
common language could not." 

The report, endorsed by physicist Jean 
Baptiste Biot, appeared in a British mu-

SIMP table B 

1. a large portion of the interface 
coordination communication. 

2. a constant flow of effective information 
3. the characterization of specific criteria 
4. initiation of critical subsystem 

development 
5. the fully integrated test program 
6. the product configuration baseline 
7. any associated supporting element 
8. the incorporation of additional mission 

constraints 
9. the independent functional principle 
O. a primary interrelationship between 

system andlor subsystem technologies 

sical journal, The Harmonicon, Volume 
2, pages 40-41, 1824. Winkel's machine 
inspired a Vienna inventor, Baron J. 
Giuliani, to build a similar device, the 
construction of which is given in detail 
on pages 198-200 of the same volume. 

In 1865 a composing system called 
the Quadrille Melodist, invented by J. 
Clinton, was advertised in The Euter
piad. By shuffling a set of composing 
cards a pianist at a quadrille party could 
"keep the evening's pleasure going by 
means of a modest provision of 428,-
000,000 quadrilles." 

Joseph Schillinger, a Columbia Uni
versity mathematician who died in 1943, 
published his mathematical system of 
musical composition in a booklet, Kalei
dophone, in 1940. George Gershwin is 
said to have used the system in writing 
Porgy and Bess. In 1946 Heitor Villa
Lobos, using the system, translated a 
silhouette of New York City's skyline 
into a piano composition. The Schilling
er System of Musical Composition is a 
two-volume work by L. Dowling and A. 
Shaw, published by Carl Fischer in 
1941. A footnote on page 673 of Schil
linger's eccentric opus, The Mathemati
cal Basis of the Arts (Philosophical Li
brary, 1948), says that he left plans for 
music-composing machines, protected 
by patents, but nothing is said about 
their construction. 

In the 1950's information theory was 
applied to musical composition by J. R. 
Pierce and others. In a pioneering article 
"Information Theory and Melody" (Sci
entific American, February, 1956), chem
ist Richard C. Pinkerton included a graph 
which he called the "banal tune-maker." 
By flipping a coin to determine paths 
along the network one can compose sim
ple nursery tunes. Most of them are mo
notonous, but hardly more so, Pinkerton 
reminds us, than "A Tisket, a Tasket." 

During the 1960's and early 1970's 

SIMP table C 

1. must utilize and be functionally 
interwoven with 

2. maximizes the probability of project 
success and minimizes the cost and time 
required for 

3. adds explicit performance limits to 
4. necessitates that urgent consideration be 

applied to 
5. requires considerable systems analysis 

and trade off studies to arrive at 
6. is further compounded, when taking into 

account 
7. presents extremely interesting challenges to 
8. recognizes the importance of other 

systems and the necessity for 
9. effects a significant implementation of 
O. adds overriding performance constraints to 

Honeywell's buzz.phrase generator for writing Simplified Integrated Modular Prose (SIMP) 
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the proliferation of computers and the 
development of sophisticated electronic 
tone synthesizers opened a new era in 
machine composition of music. It is now 
possible to write computer programs 
that go far beyond the crude devices of 
earlier days. Suppose one wishes to com
pose a melody in imitation of one by 
Chopin. A computer analysis is made of 
all Chopin melodies so that the computer 
has in its memory a set of "transition 
probabilities. " These give the proba
bility that any set of one, two, three or 
more notes in a Chopin melody is fol
lowed by any other note. Of course, one 
must also take into account the type of 
melody one wishes to compose, the 
rhythms, the position of each note with
in the melody, the overall pattern and 
other things. In brief, the computer 
makes random choices within a specified 
general structure, but these choices are 
subject to rules and weighted by Cho
pin's transition preferences. The result is 
a "Markoff chain " melody, undistin
guished but nevertheless sounding curi
ously like Chopin. The computer can 
quickly dash off several hundred such 
pieces, from which the most pleasing 
may be selected. 

There is now a rapidly growing litera
ture on computer composition, not only 
of music in traditional styles but also 
music that takes full advantage of the 
computer's ability to synthesize weird 
sounds that resemble none of the sounds 
made by familiar instruments. Micro
tones, strange timbres, unbelievably 
complex rhythms and harmonics are no 
problem. The computer is a universal 
musical instrument. In principle it can 
produce any kind of sound the human 
ear is capable of hearing. Moreover, a 
computer can be programmed to play 
one of its own compositions at the same 
time it is composing it. 

Interested readers should consult 

SIMP table D 

1. the sophisticated hardware 
2. the antiCipated fourth generation 

equipment 
3. the subsystem compatibility testing 
4. the structural design. based on system 

engineering concepts 
5. the preliminary qualification limit 
6. the evolution of specifications over a 

a given time period 
7. the philosophy of commonality and 

standardization 
8. the greater fight-worthiness concept 
9. any discrete configuration mode 
O. the total system rationale 

"Computer Music, " by Lejaren A. Hil
ler, Jr., Scientific American, December, 
1959, and the book, Experimental Music, 
which Hiller wrote with Leonard M. 
Isaacson (McGraw-Hill, 1959). The book 
includes the music for their first major 
computer composition, The [lliac Suite 
for String Quartet. More recent books are 
Music by Computers, edited by Heinz 
von Foerster and James W. Beauchamp 
(Wiley, 1969) and Formalized Music: 
Thought and Mathematics in Composi
tion (Indiana University Press, 1971) by 
a Greek-born Paris composer, lannis Xe
nakis. A Bibliography of Electronic Mu
sic, compiled by Lowell M. Cross, listing 
1,563 references, was published in 1967 
by the University of Toronto Press. 

How can we sum up? Computers cer
tainly can compose mediocre music, frig
id and forgettable, even though the mu
sic has the flavor of a great composer. No 
one, however, has yet found an algo
rithm for producing even a simple melo
dy that will be as pleasing to most peo
ple of a culture as one of their tradi
tional popular songs. We simply do not 
know what magic takes place inside the 
brain of a composer when he creates a 
superior tune. ,,y e do not even know to 
what extent a tune's merit is bound up 
with cultural conditioning or even with 
hereditary traits. About all that can be 
said is that a good melody is a mixture of 
predictable patterns and elements of 
surprise. \\That the proportions are and 
how the mixture is achieved, however, 
still eludes everybody, including com
posers. 

O'Beirne has called my attention to 
how closely some systems of musical 
composition resemble the Buzz Phrase 
Generator [see illustration on these two 
pagesl. This is a give-away of Honey
well Incorporated. Pick at random any 
four-digit number, such as 8751, then 
read off phrase 8 of module A, phrase 7 
of module B and so on. The result is a 
SIMP (Simplified Integrated Modular 
Prose) sentence. "Add a few more four
digit numbers, " the instructions say, "to 
make a SIMP paragraph. After you have 
mastered the basic technique, you can 
realize the full potential of SIMP by 
arranging the modules in DACB order, 
BACD order, or ADCB order. In these 
advanced configurations, some addition
al commas may be required. " 

SIMP sounds very much like authentic 
technical prose, but on closer inspection 
one discovers that something is lacking. 
Computer-made melodies are perhaps 
less inane, closer to the random abstract 
art of a kaleidoscope, but still something 
essential (nobody knows what) is miss-

ing. Indeed, a good simple tune is much 
harder to compose than an orchestral 
piece in the extreme avant-garde man
ner, so loaded with randomness and dis
sonance that one hesitates to say, as 
Mark Twain (or was it Bill Nye?) said 
of Wagner's music: It is better than it 
sounds. 

When a computer generates a melody 
that becomes as popular as (think of the 
title of your favorite song), you will 
know that a colossal breakthrough has 
been made. Will it ever occur? If so, 
when? Experts disagree on the answers 
as much as they do on if and when a 
computer will write a good poem, paint 
a good picture or play a game of master 
chess. 

Tast month's combinatorial problems 
Lare answered as follows: 

1. Cards 1 through 9, of three suits, 
are to be arranged in a row so that for 
every card value k, just k cards are be
tween the first and second cards of value 
k and between the second and third 
cards of value k. Not counting reversals, 
there are three solutions: 

1, 8, 1, 9, 1, 5, 2, 6, 7, 2, 8, 5, 2, 9, 6, 4, 
7, 5, 3, 8, 4, 6, 3, 9, 7, 4, 3 

1, � 1, � 1, 8, �4, �2, ��4, �8, � 
3, 4, 7, 5, 3, 9, 6, 8, 3, 5, 7 

1, 9, 1, 6, 1, 8, 2, 5, 7, 2, 6, 9, 2, 5, 8, 4, 
7, 6, 3, 5, 4, 9, 3, 8, 7, 4, 3 

The third solution was found without 
computer aid in 1966 by Eugene Levine, 
now a mathematician at Adelphi Univer
sity. It was published in "The Existence 
of Perfect 3-Sequences, " The Fibonacci 
Quarterly, Volume 6, pages 108-112, 
November, 1968. Levine shows that a 
solution for triplets exists only when n, 

the highest value of a card, has a digital 
root of 1, 8 or 9 (that is, when n equals 
-1, 0 or 1, modulo 9), and that 9 is the 
smallest n that has a solution. Levine 
found solutions for the next higher cases 
of n = 10, 17, 18 and 19, and conjec
tured that there are solutions for all 
higher values meeting his proviso. 

D. P. Roselle and T. C. Thomasson, 
Jr., writing "On Generalized Langford 
Sequences, " Journal of Combinatorial 
Theory, Volume 11, pages 196-199, Sep
tember, 1971, reported computer results 
that confirm there is no solution for n = 

8, and came up with the same solution 
for n = 9 that Levine found. An exhaus
tive computer search for n = 9 and n = 

10 was made by G. Baron, who reported 
his results at a conference on combina-
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torics held in Hungary in 1969. He 
found the three solutions for n = 9 and 
five solutions for n = 10. These results 
are given in his paper in Combinatorial 
Theory and Its Applications: Volumes 1, 
2 and 3, edited by Paul Erdos, A. Renyi 
and Vera T. Sos (North-Holland, 1970). 
No solution has yet been found for this 
problem if there are more than three 
duplicates of each value. 

2. The solution to David L. Silver
man's problem of pairing each spade 
with a heart so that the pair-sum is 
square is: 1-8, 2-2, 3-K, 4-Q, 5-J, 6-10, 
7-9, 8-1, 9-7, 10-6, J-5, Q-4, K-3. As 
Silverman observes, 9, 10 and J must be 
paired with 7, 6 and 5. This establishes 
six pairings. Since the 6' s have been 
used, 3 pairs only with K. Since the 5' s 
have been used, 4 pairs only with Q. The 
remaining three. gaps are filled in only 
one way, proving the solution's unique
ness. 

3. Tom Ransom's problem asked for 
the minimum number of cards, in a set 
of five, that must be turned over to 
answer the question: Are all colored-

back cards jokers? Letter the cards in 
last month"s illustration from A through 
E. Obviously D must be turned to see if 
it is a joker, and E must be turned to see 
if it has a colored back. This gives four 
possibilities: 

(1) D is a joker, E has a black back. 

(2) D is a joker, E has a colored back. 

(3) D is not a joker, E has a black back. 

(4) D is not a joker, E has a colored back. 

For cases 2, 3 and 4 the answer to the 
question is no. No more cards need be 
turned. For case 1 the answer is yes, but 
it takes more thinking to realize that 
turning the other three cards cannot con
tradict this answer. B is irrelevant be
cause it has a black back. Seeing the 
back of either joker is also irrelevant. If 
a joker's back is black, it is not involved 
in the question. If it is colored, the 
answer is still yes. Most people staring 
at an actual row of cards have such an 

overwhelming desire to see the backs of 
the jokers that they usually answer: A, 
C, D, E. 

One might conclude, therefore, that 
turning D and E is sufficient to answer 
the question. It is not! Recall last 
month's story about the cautious logician 
who observed a black sheep in Scotland 
and concluded that at least one sheep in 
Scotland is black on at least one side? 
When someone thinks he has solved the 
problem, Ransom turns over card B to 
reveal that its other side is a colored 
back! This, of course, contradicts a yes 
answer. The correct solution, therefore, 
is that card B as well as cards D and E 
must be turned. 

Ransom has a second "kicker," sug
gested by his friend P. Howard Lyons. 
So that a person working on the problem 
will not forget the exact phrasing of the 
question ("Are all colored-back cards 
jokers?"), Ransom writes it on a file card 
which is placed above the row of cards. 
This card also must be turned to deter
mine whether its back is colored or 
black! 

.'1t1 �ORK SET TO 1\1r l' 

NE�� uSIC 

136 

6e m t1f r F I V r 

THE SKYLINE HAS ITS OWN MUSICAL PATTERN TRANSLATED 

FROM SILHOUETTE TO MUSIC NOTES WITH THE HELP OF 

THE SCHILLINGER SYSTEM OF MUSICAL COMPOSITION 
New York skyline translated into music by Villa.Lobos, who used the Schillinger system 
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Offprints are a textbook's 
best friend 

A textbook helps to organize a course; supplementary readings help 

to enrich it. 

A textbook provides the background reading necessary to introduce 

a topic and to present a broad overview of the subject. For many 

students, the text is the only reference they will ever use for a particu

lar field of study. Good supplementary reading can go beyond the text 

in giving students a feeling for the intellectual excitement of a topic. 

Some of the best supplementary readings for the sciences are Scientific 
American Offprints. 

Offprints are a constantly growing list of Scientific American articles 

that have been selected for their special educational value. Each Off

print explores a giv:m topic from the point of view of an author who is 

actively involved in research on the subject. Students respond to these 

clearly written, beautifully illustrated reports with a fresh enthusiasm 

for their courses and a better grasp of their subjects. 

Some of the hundreds of articles available as Offprints: The Tropical 

Rain Forest. Genetic Dissection of Behavior. The Anchovy Crisis. Intel

ligence and Race. Duet-Singing Birds. Can Time Go Backward? Toxic 

Substances in Ecological Cycles. How the Immune Response to a Virus 

Can Cause Disease. The Exploration of the Moon. How Children Form 

Mathematical Concepts. Antimatter and Cosmology. The Effects of 

Smoking. The Prospects for a Stationary World Population. Slips of the 

Tongue. Marihuana. Extending the Nuclear Test Ban. The Asymmetry 

of the Human Brain. Plate Tectonics and Mineral Resources. The Social 

Power of the Negro. Sex Differences in the Brain. "Imprinting" in 

Animals. Pleasure Centers in the Brain. Wine. The Visualization of 

Genes in Action. Prostaglandins. 

Why not investigate Offprints for your course? Each costs 30c. 

Write for a free brochure. 

I. 
w. H. FREEMAN AND COMPANY 
660 Market Street, San Francisco, California 94104 
58 Kings Road, Reading, England RG1 3AA 
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THE AMATEUR SCIENTIST 

Conducted by C. L. Stong 

I
n the past few years amateur glider pi

lots in growing numbers have joined 
sea gulls and pelicans in soaring 

flight a few feet above the sloping beach
es of U.S. coasts. Inland they skim the 
windward surfaces of sand dunes, ski 
slopes and other unobstructed hills. The 
rapidly evolving sport, which is known 
as sky surfing or hang gliding, makes 
about equal demands on the enthusiast's 
skills as a pilot and as an aerodynamicist. 

The aircraft on which the sport is 
based vary widely in details of design. 
In general they are inexpensive and fre
quently homemade gliders of ultralight 
construction. The pilot is suspended by 
a harness. 

Many of the gliders have as a common 
ancestor a triangular kite that was pat
ented in 1951 by Francis M. Rogallo and 
his wife Gertrude. The kite has a glide 
ratio of better than 4: 1, meaning that 
in flight it goes more than four feet hori
zontally for each foot of drop. Most sky 
surfers first learn to fly on a Rogallo kite, 
which is often called simply a "wing." 
Many of them continue to fly the kite in 
preference to the hang gliders that were 
subsequently developed. The hang glid
ers have a higher level of performance 
than the kites, but they cost more and are 
more hazardous. 

The Rogallo kite was conceived as 
part of a multimillion-dollar research 
project seeking a replacement for the 
parachutes that lower spacecraft to the 
eartll's surface after they return to the at
mosphere. As developed by the Rogallos 
the kite was a flexible delta wing. It was 
deployed, and its shape was maintained, 
by a set of tension lines, much as the 
shape of a parachute is maintained by its 
shroud lines. 

Although the kite was abandoned by 
the National Aeronautics and Space Ad
ministration as a device for landing space 
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Hang gliding, or s�y surfing, with 

a high-performance low-speed wing 

capsules, primarily because it was diffi
cult to stow and to deploy, a number of 
people interested in aerodynamics quick
ly conceived of modifications that would 
convert the craft into a serviceable hang 
glider. One of them was Michael A. Mar
kowski of Marlboro, Mass., an aerospace 
engineer who had participated in the de
sign of the Douglas Aircraft Company's 
DC-I0 and subsequently did research for 
Sikorsky Aircraft. Markowski substituted 
an airframe of tubular aluminum for 
some of the tension lines of the Rogallo 
kite and fitted the structure with a con
hoi bar of aluminum tubing in the form 
of an inverted Y. A harness suspended 
the pilot in either a sitting or a prone 
position, from which he could grasp the 
control bar and exert force against it, 
thus shifting his weight to control the 
craft in pitch, roll and yaw [see illustra-

tion on page 140]. Markowski describes 
the evolution of his project. 

"My interest in foot-launched gliders 
began as a spare-time activity, strictly 
for fun. After designing several rigid
wing biplanes and a monoplane of the 
flying-wing type I settled on the Rogallo 
wing as tlle most practical means of ac
quiring experience in the art of hang 
gliding. By taking advantage of several 
technical reports about the Rogallo wing 
that had been compiled by NASA I de
signed a full-scale model that by good 
fortune flew 'right off the drawing 
board.' Skimming the ground of a local 
ski slope turned out to provide great fun 
and excitement. 

"I quickly mastered the art of taking 
off and gliding to a landing on foot with
out benefit of an inshuctor. It is an 
astonishing sensation to run along the 

Michael A. Markowski taking off in his EAGLE·III 
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ground for a few steps and rise effort
lessly into the air. I scarcely realized that 
I was attached to a kite, because the craft 
represents only 20 percent of the gross 
weight of the pilot-glider system. Sus
pended prone below the glider, the pilot 
has a sensation of consummate freedom, 
perhaps because of his bird's-eye view of 
the terrain. 

"My first hang glider had a sail con
sisting of .004-inch polyethylene. The 
machine weighed 40 pounds empty. It 
served me well for many ground-skim
ming flights until the sail began stretch
ing, which degraded the glide ratio. As 
the temperature dropped during the fall 
of 1971 the plastic started to crack. After 
consulting a parachute rigger, who was 
familiar with sail materials, I replaced 
the polyethylene with rip-stop nylon. 
This material served for about a year be
fore I retired it. Nylon is too elastic to 
maintain the curve of a good sail. I now 
use Dacron sailcloth. 

"That prototype glider turned out to 
be only the first of a series of models. It 
was followed by both radio-controlled 
and free-flight models at reduced scale 
for investigating still other characteristics 
of the Rogallo wing. Fortunately this 
series of experiments alerted me to a 
startling fact. In the jargon of aerody
namics Rogallo kites are 'pitch-down di-

vergent: When the nose is lowered, the 
craft speeds up and the sail begins to 
luff, or flutter, at the trailing edge. The 
flutter advances toward the apex and the 
craft dives at an ever increasing angle 
until it strikes the ground! 

"Having observed this disconcerting 
behavior in the small models, I decided 
to learn by experiment if the phenome
non would also occur in a full-scale glid
er. It did. The initial solution that came 
to mind was the addition of a horizontal 
stabilizer. I tried one. It worked, but it 
was awkward and was easily damaged in 
normal use. The final solution was simply 
suspending a weight some distance be
low the keel of the glider. This device 
worked well and introduced no struc
tural problem. 

"Sky surfing is an art. It can be mas
tered only by diligent practice. Of neces
sity the hang-glider pilot must be self
taught. The craft do not have dual con
trols for instruction, as conventional air
planes and gliders do. You start by learn
ing a few additional details about your 
physical prowess and the reaction of the 
kite to the wind on level ground before 
you venture even briefly into the air. Like 
all young birds, you try your wings many 
times before leaving the 'nest.' 

"The Rogallo kite with a control bar 
and a safety harness can be flown almost 

Flying in the prone position 

anywhere that suitably sloped terrain 
faces the prevailing winds. The novice is 
urged to begin his training at the foot of 
a small grass-covered hill or a sand dune 
with a slope of about 25 degrees. There 
should be a steady, uphill breeze of 
about 10 miles per hour. Be certain that 
the breeze is free of gusts that might 
dump you or abruptly lift you 20 feet or 
more. 

"When you have assembled the kite 
near the bottom of the slope, put it down 
with its nose in contact with the ground 
and pointed directly into the wind. Walk 
completely around the craft and check 
the integrity of all its metal components, 
making sure that they are attached 
properly and show no bends, breaks or 
cracks. Simultaneously check the fabric 
for holes, cracks or rips. Assure yourself 
that all points of attachment of the sail 
are sound and that no grommets have 
pulled away from the fabric. All rigging 
should be tight enough to twang when 
it is plucked. 

"When you have inspected the glider, 
grasp the upright members of the control 
frame, lift the kite above you and run 
forward with the nose pointed directly 
into the wind. As you run, tip the nose 
alternately upward and downward at in
creasing angles to sense the effect. Rais
ing the nose will cause the sail to inflate, 
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catch more wind and pull upward, there
by reducing the speed at which you can 
run. Lowering the nose has the reverse 
effect; it decreases the wind resistance 
and enables you to run faster. Note, how
ever, that lowering the nose excessively 
causes the sail to luff, with the result that 
the wind acts on the top of the fabric and 
pushes the craft down. 

"Continue practicing on level ground 
until you can unerringly predict and 
'feel' exactly how the wing will react to 
every angle at which you hold the kite. 
Then strap yourself into the harness. 
Continue practicing on level ground un
til the harness feels natural. 

"At this stage you can begin to work 
your way up the slope. At first, however, 
go up to an elevation of only two or three 
feet. Always point the nose of the kite di
rectly into the wind, even when you car
ry the kite uphill. As you gain profiCien
cy, the wind will even help you carry the 
craft up the slope. When you run down
hill, hold the control frame near the bot
tom, so that the uprights pass close to 
your shoulders. 

"Finally, from an elevation of 10 or 12 
feet, begin running downhill with the sail 
barely inflated. As you pick up speed, 
push the control frame away from you 
somewhat, thus pitching the nose up
ward. If you have reached sufficient 
speed, you and the kite will rise into the 
air. If not, your forward motion will sim
ply be retarded. In that case keep trying 
until you acquire the correct combina
tion of forward speed and pitch angle for 
Hight. Soon you will be skimming the 
ground. 
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"Once you have become airborne, 
maintain your fore-and-aft balance by 
shifting your weight. Push against the 
control bar to move your weight back
ward, which will increase the angle of 
pitch and thus reduce your speed. Pull 
the bar to shift your weight forward, 
thus decreasing the angle of pitch and 
increasing your airspeed. Shift to the 
right by exerting lateral force on the con
trol bar to make a right turn, and do the 
opposite for a left turn. 

"Remember, when you are sky surfing 
only two or three feet above the surface, 
it is better to err on the side of keeping 
the nose high and Hying too slow than to 
pull the nose down sharply, which will 
make the craft dive and expose you to the 
risk of hitting the ground harder than 
you would like. Continue practicing near 
the base of the slope until ground skim
ming becomes second nature. Then work 
your way gradually to the summit. 

"Concentrate first on learning to main
tain fore-and-aft balance, that is, pitch. 
If your craft starts drifting sideways, 
slow down and land as quickly as possi
ble to avoid being blown into the side of 
the slope. As you gain skill in maintain
ing balance in pitch, begin to practice 
turns. Your first turns should be gentle, 
smooth and wide. Shift your weight by 
pressing sideways on the control bar very 
gently. 

"All turns cause the kite to sink at a 
faster rate than when it Hies in a straight 
line. You can compensate for this tenden
cy somewhat by increasing the angle of 
pitch slightly during the turn. Avoid 
pushing the nose up to the angle at 

The modified Rogalla kite 

which the glider would stall, lose Hying 
speed and drop toward the ground. The 
optimum angle of pitch can be sensed 
only with experience. 

"As you progress to higher altitudes 
you will have occasion to make sharper 
turns and to maneuver in the three di
mensions of space, but do not rush your 
learning process. Word has somehow 
spread that the Rogallo kite is an excep
tionally safe craft. In actuality it is only 
relatively safe. Aerodynamically the 
wing is characterized by a very gentle 
stall, meaning that when the kite begins 
to lose Hying speed, it tends to settle 
rapidly and to nose down slowly instead 
of going abruptly into a nose dive. Its 
performance is governed by the same 
laws of physics that affect other Hying 
machines. 

"The Rogallo kite is basically easier to 
Hy than other aircraft because the pilot 
controls it by shifting his weight, which 
is a more or less instinctive action. How
ever, weight shifting as a control tech
nique has its limitations. The forces of 
the controlling moments remain con
stant, whereas the disturbing forces are 
squared with speed. Aerodynamic con
trols of the kind developed by the Wright 
Brothers enable one to Hy safely in winds 
that would be unsafe for a hang glider 
of the Rogallo type. In other words, the 
Rogallo wing is no toy, and it can be a 
killer. Most beginners do not know how 
to land one safely from a stall at a height 
of, say, 40 feet. This maneuver can and 
must be learned by patient practice. 

"Both wing loading and airspeed are 
important factors in the performance of 
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all aircraft. With these constraints in 
mind I designed a series of gliders based 
on the Rogallo wing for pilots weighing 
from 100 to 210 pounds. The gliders 
could be Hown in wind speeds ranging 
from less than seven miles per hour to 
more than 20 miles per hour. In general 
the resulting craft have a maximum glide 
ratio of about 4.5 : 1 and a minimum sink 
rate of 450 feet per minute. 

"Although one can have a lot of fun 
with a glider of this performance, the 
duration of Hights is necessarily limited 
to minutes rather than hours. Sky surfing 
with a Rogallo wing is comparable in this 
respect to riding breakers at the beach 
with a surfboard. You enjoy a succession 
of one-way trips. 

"I wanted a craft of higher perform
ance that would enable me to glide con
tinuously along windward slopes in both 
directions by making 180-degree turns at 
the ends. I also wanted to enjoy this high 
performance with a minimum of fuss. 
That meant developing a machine that 
one person could not only assemble and 
disassemble but also fold and load for 
transportation atop an automobile. 

"An invention that promised to make 
possible such a glider came to mind 
when I recalled a college course in low
speed aerodynamics. During the course 
a 'sail wing' that had been developed at 
Princeton University in 1948 was de
scribed. The device had been developed 
as an advanced sail for boats. In 1952 it 
had been adapted for possible operation 
as an auxiliary lifting surface on ground
effect machines. Basically the sail wing 
consists of a tubular spar that supports 
the leading edge of a fabric envelope and 
a set of short, rigid booms at the tip and 
foot of the spar between which a slender 
cable is stretched to form the trailing 
edge. of the wing [see top illustration at 
right]. The structure can be easily folded 
and stowed. 

"The aerodynamics of the sail wing 
are both simple and impressive. The per
formance approaches that of conven
tional ribbed airfoils in terms of lift and 
drag. At zero angle of attack, when the 
plane of the wing lies in the plane of its 
motion, the sail wing assumes a sym
metrical cross section that generates no 
lift [see bottom illustration at right]. At 
an increased angle of attack the surfaces 
of the wing form a cambered airfoil that 
does develop lift. Moreover, the camber 
deepens with increasing angles of attack, 
an aerodynamic effect equivalent to the 
effect of an automatic wing Hap. A graph 
that depicts the wing's resulting force of 
lift slopes upward more steeply than that 
of a conventional 'hard' wing [see top 
illustration on next page]. 
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The Princeton "sail wing" 

"The overriding factor determining 
the glide ratio of an aircraft is the rela
tion between the length of the wing and 
its width. The relation is termed the as
pect ratio. It would be incorrect to state 
that doubling the aspect ratio of a wing 
would double the glide ratio of the air-

craft, but increasing the aspect ratio 
greatly improves the glide ratio. {The 
glide ratio, incidentally, is numerically 
equal to the lift-to-drag ratio. The coeffi
cient of induced drag is equal to CD = 
C'd7TAR, in which CD is the coefficient 
of drag, C L is the coefficient of lift and 
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AR is the aspect ratio, which is equal to 
the length of the wing divided by its 
average chord, or width.) 

"After reviewing the tabulated aero
dynamic characteristics of several hun
dred airfoils 1 came to the conclusion that 
with a low-speed airfoil the coefficient of 
lift should increase at the rate of about 
7.5 percent of the angle of attack; that 
the stall should become evident at a lift 
coefficient of about 1.6; that the larger 
the diameter of the leading edge the 
gentler the stall and the higher the co
efficient of lift; that the deeper the cam
ber the higher the coefficient of lift, and 
that the high point of the camber should 
be more than one third of the distance 
from the leading edge of the airfoil to 
the trailing edge. 1 observed with some 
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surprise that these characteristics de
scribed exactly the results of experi
mental tests made on the sail wing, as 
reported by Princeton and by NASA. It 
was clear that the sail wing combined 
high performance in a simple, foldable 
structure that should function as the lift
ing surface of the ultimate hang glider. 

"1 promptly built and Hew a series of 
scale models, some of which were radio 
controlled. The first prototype, which 1 
named EAGLE-I, had a wingspan of 40 
feet and weighed 70 pounds. The wing 
lay in a single plane, that is, it had no 
upswept dihedral angle. The aspect ratio 
was 8: 1, the area was 200 square feet 
and there was no sweepback. The tail 
had a conventional rudder, an elevator 
and a horizontal stabilizer. For lateral 
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control 1 substituted • spoilers' for aile
rons. The spoilers were small Haps that 
could be lifted by control cables to cre
ate drag near either tip of the wing. 

"Initial ground and 'sail inHation' tests 
were made by the same procedure that 
applies in learning to fly a Rogallo wing. 
When the machine was lifted into the 
slightest breeze, the sail wing assumed 
exactly the predicted contour. Flight 
testing was begun on low, shallow sand 
dunes. The first few ground skims indi
cated that the elevator gave perfect con
trol of pitch; they also helped me to shift 
the suspension harness to the proper bal
ance point. The rudder proved to be of 
some value in controlling yaw, but the 
spoilers were ineffective. The fabric of 
the control surfaces became grossly dis
torted under load, which necessitated re
design. 

"On the other hand, EAGLE-I was fully 
stable in Hight and had a glide ratio of 
close to 10: 1. Although 1 enlarged the 
spoilers 50 percent, the modification was 
never tested. A critical inspection of the 
craft indicated that a number of design 
simplifications could be made in the con
struction of the airframe. Moreover, 1 
decided to achieve lateral control by the 
Wright Brothers' system of wing warp
ing. The result was a much cleaner de
sign that weighed 63 pounds. 

"Flight tests proved that the machine 
was a high-performance glider. 1 took 
one step in a breeze of 10 miles per hour, 
pulled back the control stick and was 
lifted almost straight up. It was a fan
tastic sensation. The lateral control sys
tem, however, was still ineffective. More
over, it was apparent that the span and 
area of the wing were much too large to 
handle in anything more than a Hat calm. 

"The additional tests and modifica
tions led to the construction of EAGLE-n. 
This machine weighed 75 pounds and 
had a wingspan of 34 feet and a wing 
area of 158 square feet. The removal of 
a few bolts made it possible to fold the 
craft easily for transportation on a car 
top. EAGLE-n had a set of pulleys and 
control cables and a control stick that 
enabled the average kite pilot to make an 
easy transition to the high-performance 
craft. The wing, with an aspect ratio of 
7.25: 1, was nonswept. On test it de
veloped a lift coefficient in excess of two, 
with a gentle stall. Indeed, the 'stall' 
would be more aptly described as a 
'mush,' that is, a parachutelike settling 
rather than a dive. When the control 
stick was pulled backward slowly, the 
angle of attack and the camber of the 
wing increased simultaneously. The ac
tion was followed by a steep but slow 
descent. Response to the controls re-
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mained good up to stall but was slug
gish in yaw in the 'mush' condition. 

"EAGLE-II had a wing taper of 3: 1 
and a dihedral angle of eight degrees. At 
first I rigged the craft for a dihedral an
gle of only two degrees, but it tended to 
skid too much in yaw. I also rigged two 
degrees of washout in the tips of the 
wings to guard against tip stall. (The 
tips of the wings are twisted to reduce 
the angle by two degrees.) The structure 
was stressed by a test load equivalent to 
six times the force of gravity with a safe
ty factor of 1.5. 

"The tail structure consisted of a 
frame of aluminum tubing that support
ed fabric of rip-stop nylon. In time it be
came apparent that this material 
stretched excessively. The resulting ex
aggerated camber degraded the glide ra
tio. As I have mentioned, I now use sta
bilized Dacron sailcloth. 

"Both the rudder and the elevator 
were balanced aerodynamically, that is, 
they were hinged slightly forward of the 
quarter-chord line of the control surface. 
The horizontal stabilizer and the elevator 
were removable as a unit from the keel of 
the airframe. Forces developed by the 
rudder and the dihedral-angle structure 
of the wing combined to produce a roll
yaw couple that helped make turns easy. 

"Hinged structures of covered alumi
num tubing that formed the wing tips 
both warped the wings and served as 
ailerons. I named them 'warperons.' 
Coupled directly to the rudder, they de
flected the wing tips differentially just 
enough to produce coordinated turns. 

"Exhaustive flight tests have now been 
completed on EAGLE-III. In theory the 
maximum glide ratio of the machine 

alone is substantially better than 10 : 1. 
This performance is of course degraded 
by the presence of the pilot, who creates 
forces of drag but no lift. The amount of 
drag introduced by the pilot depends on 
his position. Computations indicate that 
when the pilot flies in the prone position, 
the glide ratio of EAGLE-III approaches 
11 : 1. In the sitting position it is almost 
8 : 1. These figures assume an optimum 
airspeed of about 24 miles per hour. The 
sink rate also varies with the amount of 
drag induced by the pilot; it is about 200 
feet per minute. The performance of 
EAGLE-III is therefore compatible not 
only with sustained flight on the wind
ward side of sloping beaches and com
parable terrain but also with cross-coun
try gliding. 

"Essentially EAGLE-III is an ultralight, 
high-performance monoplane with a 
variable-camber wing. It is possible for 
the pilot to stall the craft in flight, but 
the stall is gentle compared to that of a 
standard airfoil, such as the NACA 
23012. Beginners should not attempt to 
fly EAGLE-III, but pilots who have mas
tered hang gliding with a Rogallo kite 
make an easy transition to this high-per
formance craft. 

"Both the Rogalla series of sky-surfing 
kites and EAGLE-III are available com
mercially as a kit of raw materials and 
also as a prefabricated kit that includes 
machined fittings and certain compo
nents that are relatively difficult to make, 
such as the sails. The kits, together with 
detailed working drawings and complete 
instructions for fabrication and assem
bly, are supplied by Man-Flight Systems, 
Inc. (P.O. Box 872, vVorcester, Mass. 
01613)." 
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by Philip and Phylis Morrison 

T
his year even more than last we 
note a real dearth of titles in the 
physical sciences. The reasons for 

this shift are evident in the adult world, 
but we submit to authors and publishers 
that children are an unending procession. 
Not only are they free from our waves of 
taste; they need and deserve a sample of 
all the modes in which their predeces
sors tried to understand the world. 

Technologies 

THE UNKNOWN LEONARDO, edited by 
Ladislao Reti. Designed by Emil M. 

Biihrer. McGraw-Hill Book Company 
($39.95; $34.95 if ordered before Janu
ary 1 ). During the years when Columbus 
planned and carried out his voyages to 
the Indies, the artist-engineer Leonardo 
da Vinci served the Duke of Milan. The 
wonderful resume the 30-year-old Flor
entine sent to the Duke opens this vol
ume. We read nine proposals for warlike 
devices: "I will make covered chariots"; 
"I have kinds of mortars"; until finally: 
"In time of peace [I am] the equal of any 
other in architecture . ... I can carry out 
sculpture ... and also I can do in painting 
whatever be done, as well as any other, 
be he who he may." He could too. 

This fat volume, with 800 illustra
tions, 1 1 6  in full color, is the general 
reader's share of the excitement pro
duced by the chance find a few years ago 
of two small notebooks of Leonardo's in 
his own mirror hand, for 135 years mis
shelved in the National Library of Ma
drid. The find has increased by a fifth 
our existing store of documents from Le
onardo; we can estimate that we now 
know a quarter of all he wrote or drew. 
The 10 scholars whose chapters make up 
this exceptionally rich book discuss the 
whole of the master's life and work, with 
special concern for what is newly seen in 
the Madrid Codices . The pages are so 
chock-full of big reproductions of paint
ings (the Last Supper and the Mona Lisa 
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included) and a crowd of sketches, stud
ies, single letters, maps, instruments, 
churches, fortresses and models that the 
volume is a celebration, as it is meant to 
be, not only of the enigmatic Leonardo 
but also of the life of the Renaissance. It 
will ornament any library where young 
people might browse through or pore 
over its images and pages. 

Too varied to summarize, the Madrid 
find illumines one task of Leonardo-un
finished, like so many-that is a marvel 
for the eye and the mind. It was the proj
ect for a bronze horse bearing the Duke's 
noble father, Francesco Sforza, in armor. 
But what a horse: enormous, four times 
life-size! Leonardo was seized with the 
scheme, devised for it entirely new 
means of casting in one piece, derived 
from his artillery experience, drew many 
plans of clever devices for carrying out 
this remarkable feat and finished a full
scale model in some earthen material, 
perhaps a molding stucco. The model 
was unveiled at the wedding of Bianca 
Maria Sforza to the Emperor Maximilian 
in 1493. The horse demanded 79 tons of 
bronze, but the bronze set aside for the 
work was used instead for cannon (while 
Leonardo was painting the Last Supper). 
Even so Milan fell to the French; the 
model too was lost. No such large bronze 
has ever been cast since. Leonardo wrote 
in the Madrid Codex: "Epitaph/If I 
could not make/If I ." 

There is here a 15th-century bicycle 
design (maybe) and a true worm gear 
among the clear, connected analytic ac
count of mechanisms that fills one Ma
drid Codex. There is a set of deep apho
risms, an analysis-even two-of his paint
ings, and more. The aura of unstinting 
creativity that pervades this new telling 
of an old story glows as much with mel
ancholy as it does with joy. All of it is a 
surefire treat, for teen-aged readers and 
older. 

SOLAR ENERGY: TECHNOLOGY AND Ap-
PLICATIONS, by J. Richard Williams. 

Ann Arbor Science Publishers Inc. 
($9 .95). With very few formulas but a 
wealth of tables, graphs, flow charts and 
conceptual system diagrams, this Geor-

gia Tech engineer presents in a small 
compass, clearly and pleasantly, the sto
ry of ways and means of getting power 
from the sun. He rightly begins with the 
availability of sunshine, times of clear 
sky and angles at various sites, and he 
goes on to collectors in general, their use 
for space- and water-heating, then to 
electric power, both thermal and photo
voltaic, to furnaces and on a larger scale 
to hay burning, windmills and sea gener
ators . Farthest out of all are satellites in 
geosynchronous orbit with microwave 
power transmission to the earth. More of 
the text and more of the attractive dia
grams are devoted to the uses nearest at 
hand. In Japan, we read, 2.5 million so
lar hot-water heaters are currently in 
use. A scheme employing a farm full of 
moving heliostat mirrors, all aimed at a 
black boiler mounted high on a central 
tower, is evolving in the Southwest on 
the pilot-plant scale. The Coast Guard 
now uses a photovoltaic system for some 
solar-powered buoys (saving costly trips 
to sea to replace fuel stores), which is on 
the market as a set of 1 .5-watt modules, 
each easily giving in sunlight some half 
an ampere at a couple of volts, to charge 
batteries. ("Wires are used to prevent 
seagulls from landing, but nothing is 
done about snow.") Dust, dirt and snow 
seem to be no large problem. 

This is in no way a how-to book. It 
is a sensible engineering survey, with 
enough data to make the problems clear 
and the proposed solutions real and un
derstandable. It is an optimistic but not a 
wishful piece of work; it should be a use
ful and enjoyable book for readers at 
high school age and above who like to 
understand design and to look a little 
ahead. 

BULLDOZERS, LOADERS, AND SPREADERS: 

A BOOK ABOUT ROADBUILDING MA
CIDNES, by the 1973 Ninth Grade En
glish Class of the Green Vale School, 
with Nancy Arnauot, teacher. Double
day & Company, Inc. ($4.95). Tight 
money and too much concrete already in 
place surely reduce opportunities, but 
there must still be families or schools 
where some youngster has not long ago 
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passed by an active construction site. 
What do those heavy machines do? Here 
they are at work in photographs mainly 
supplied by the proud manufacturers. 
Here is a powerful bulldozer plodding 
through deep mud. A wheel-loader car
ries five great logs as though its hand 
held a small bundle of sticks. Next are 
the strong prehensile back hoe and the 
long low scraper. A grader is seen, and 
dump trucks flock to haul away the soil it 
has left behind. The road itself, that 
great ribbon of concrete, is being placed 
by the slip-form paver, which spreads, 
smooths, levels, cuts the edges squarely 
and even finishes the surface. It is a 
pleasure to see the corporate authors, 12 
students and a teacher, who together 
planned, wrote and assembled the im
ages that make up the book. That class 
was a talented and effective group of 
young girls. 

THE DOME PEOPLE, by Ruth Howell. 
Photographs by Arline Strong. Athe

neum ($5.25). Buckminster Fuller's geo
desic domes are practical tools in the kit 
of the expert builder. Easy to build in 
modest sizes, they are also the objects of 
a benign cult of enthusiasts. This pleas
ant little book, with pictures taken 
throughout the task, relates how the 
young people of a community near some 
big city built their own dome as a center 
for teen-agers. It is a forgiving design, al
though it has its own logic. They 
scrounged design and materials, talked a 
small piece of park out of the parks de
partment, pitched tents and started to 
work. The site by law had to be guarded; 
they brought sleeping bags and camped. 
The foundation was mixed, poured and 
leveled. A floor frame grew. Then the 
dome started up. Hubs were bolted to 
the two-by-four struts. A mistake neces
sitated a restart, but they kept at it. "The 
Dome is more than just struts. It's all of 
us. It's poetry," one girl said. Mountain
climbing experts led the plywood panel 
crews, way up there on the dome top. 
Calking, doors, Plexiglas hexagonal win
dows, ditches, piping, wires and plenty 
of paint came next. (A usable geodesic 
dome is more than struts . )  One year after 
the start more than 100 people gathered 
to "dedicate this building to ourselves." 
The dome is alive; in it people meet and 
make music and theatre. The dome peo
ple maintain it too, they way they want it 
to be. ("Building the Dome had been the 
hardest and most rewarding thing in 
their lives.") 

GREEN GRASS AND WroTE MILK, writ
ten and illustrated by AIOO. Thomas 

Y. Crowell Company ($3 .95). For read-
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ers in their first reading years this cheer
ful and colorfully illustrated book pre
sents what amounts to a flowchart. Green 
grass; golden hay; four stomachs in a 
cow to process her cud; two milkings a 
day from the udder, a bag with four 
teats; daily pickup from farm cooler into 
the refrigerated truck. Off to the dairy, 
where a flowchart takes an entire page 
and runs from truck to pasteurizers to 
cooler to homogenizer to carton-mling 
line. The half-pint carton appears in 
school at lunchtime. "Homogenized" 
means "the same all the way through." 
(More's the pity.) Goats and sheep get 
their due, but off in some European pas
ture. Then you find graphic recipes for 
instant butter froin cream, and for your 
own yogurt from milk and a half pint of 
store-bought yogurt for the culture. (No 
explanation of yogurt is given, however. ) 
This is a tentative and gentle look into 
causes, meant for a wide-eyed audience. 

HANG GLIDING: THE BASIC HANDBOOK 

OF SKYSURFING, by Dan Poynter. 
Published by the author, Box 4232, San
ta Barbara, Calif. ($5.95). Hanging by 
the armpits from a big kite, the en
thusiasts of this elegant but quite haz
ardous sport (a dozen deaths per year) 
sail off sea cliffs and sand dunes of both 
coasts and in between, even at Kitty 
Hawk itself. They show "serious intent 
to commit aviation," as the author of this, 
their first book of the century, begins. 
They usually fly at about 20 miles per 
hour in structures of aluminum tubing 
and 150 or 200 square feet of fabric or 
mm that weigh around 30 pounds. Con
trol is classically by shift of weight alone 
(although this is changing), and launch 
and landing are powered solely by the 
pilot's legs. (One pioneer is ski-borne. ) 
Such elemental gliders can soar as well 
as glide slowly down the slopes, but so 
far they frequent the beach and ridge, 
and only occasionally gain altitudes 
much beyond the summit of the launch 
ground. 

There are competitions and clubs, and 
a small industry of design and kit suppli
ers. This paperback catalogues three 
dozen manufacturer's models. Most of 
these are limp delta sails, patterned on a 
military parawing development, but 
some are biplane boxes looking like the 
Wrights', and a few are high-perform
ance monoplanes with control surfaces. 
There are chapters on launch and flight, 
on the history of the art, on construction, 
on such hardware, fabrics, aluminum 
tubes and fittings and on the law. (No li
cense is needed.) There is also a brief in
troduction to design. It is exciting read
ing, even for a born spectator. The pio-

neer Otto Lilienthal began Hight in 1891.  
He died in 1896, falling after he had lost 
control of his latest monoplane at 50 
feet. His last words ring: "Sacrifices must 
be made." The present sport needs no 
more sacrifices; it demands instead rigor
ous good sense and detailed engineering, 
both of which are present in this small 
book, which is all the same to be opened 
with care! 

THE JUGGLING BOOK, by Carlo. Vintage 
Books, a Division of Random House 

( $2.95). Meticulously, step by step, the 
first six lessons, each consisting of sever
al pages with diagrams, begin with the 
choice of balls . (Lacrosse balls are solid, 
bounce well, and weigh enough to force 
your hand to close partway when the 
ball strikes your palm. ) They unfold 
through basics, body position, up a care
fully self-checking sequence of moves 
until the three balls arc fluidly between 
your hands in that unending cascade, 
with its implications of infinity, that is 
the foundation stone of this ancient cir
cus art. The lessons continue; the cas
cade is consolidated and elaborately 
varied. The feat is extended to hoops 
(up to 10 or 1 1 )  and clubs and then to 
the use of five balls. "One person in a 
hundred is a 'natural' three-ball juggler. 
I have never seen a 'natural' five-ball 
juggler." This remarkable book (for 12-
year-olds up to young adults ) by an ex
geologist, now a writer and a philosophi
cal adept at circus performance and 
teaching, has the high aim of taking jug
gling "from the circus ring to the front 
yard." Here the ruling image is not "the 
wiseacre ... in tuxedo or tails equipped 
with gimmickry and frills" but the sim
plicity of basic shapes, direct personal 
involvement, hard work, dedication, the 
spirit of a demanding craft, not a form of 
guileful deception by a master of the 
hidden. Anyone can do it who will. The 
work is a demonstrated and popular suc
cess in its endeavor, and around it and 
other efforts there is growing a spon
taneous public pleasure in mime, street 
theater and similar circuslike performing 
arts . (Lacrosse balls are in short supply I) 
There is a deep kinship between the 
world seen by science and the world of 
the juggler, who learns by thought and 
hand how to master the cascade by con
formation to its simple dynamics, a 
timed interplay of hand-eye coordination 
and free fall. We have the word of Jo
seph Needham that for most people long 
ago, before science and technology had 
much impinged as special occupations 
on everyday life, "there was not much 
difference between jugglers, alchemists, 
mechanicians, star-clerks, leeches and all 
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other practitioners of magic and gram
arye." 

Looking 

SHADOWPLAY, by George Mendoza, 
with Prasanna Rao. Photographs by 

Marc Mainguy. Holt, Rinehart and Win
ston ($5.95). "As a sickly child, I was 
forced to stay in my bed. At night, when 
everyone was asleep, I practiced my 
shadows with a hurricane lamp." So re
calls Prasanna Rao of Mysore, whose elo
quent positioned hands, not careless in 
the tone of a single joint, are here pro
jected into more than two dozen remark
able shadows, the rabbit and bird of ev
ery deft entertainer raised to a high pitch 
of subtlety of form, and extended re
markably to portray without props Na
poleon, a taxicab, a rhinoceros, a man 
laughing and two people in the park. 
For every shadow there is shown in full 
light on a facing page, often from a 
slightly different aspect, the artist's 
hands in the proper position. Motion is 
lacking to us (although not to the nation
wide audience of children's television 
this season). The details that give the 
nuances of reality to Rao's shadow pic
tures are not at all easy to emulate. The 
Sickly child notwithstanding, one forms 
the clear impression that Rao's hand con
trol and insight bear some relation to the 
high tradition of Indian dance, where 
hand gesture enters so strongly and sub
tly. Two pages showing "hand exercises" 
-no shadows-add evidence for that 
view. Mendoza, who put the book to
gether, is a film writer who has already 
made splendid books of photographs out 
of the related art of the great mime 
Marcel Marceau. 

WHAT Is IT? A BOOK OF PHOTOGRAPH-
IC PUZZLERS, by Joan Loss. Double

day & Company, Inc. ($4.50). ZOOMING 
IN: PHOTOGRAPIDC DISCOVERIES UNDER 
THE MICROSCOPE, by Barbara J. Wol
berg. Photographs by Lewis R. Wolberg. 
Harcourt Brace Jovanovich ($7.75). 
Since the days of Galileo the small 
world has been viewed through the mi
croscope. Big full-page black-and-white 
photographs add drama to the reproduc
tion of that world and allow an approach 
to the real task of lens viewing. These 
two books make such an approach agree
able. The puzzler book just crosses the 
threshold of the strange. In it the pho
tographer has shown us 20 blown-up 
fields of household commonplaces, hard 
to recognize once we become as Lillipu
tian viewers, seeing our own surround
ings 10 to 30 times bigger. Is that line of 
rods a comb? That pile of rugs the pages 

Advice to youth 
from a science fair judge: 

Winning a prize is more satisfying than 

not winning. 

Judges favor projects they understand. 

Even projects good enough to get all the way to the 
big International Science and Engineering Fair are 
not PhD theses. Those who judge a PhD thesis must 
be on top of all existing knowledge that directly locks 

into the missing piece the candidate offers. Not so for 
science fair judges. They may not be that sharply tuned 

to your topic and to your every word of written and 

spoken explanation. They have to move along to finish 
the judging. 

Photography might get through to them. Not neces
sarily a dim little snapshot or two that mumbles in a 
dull tone, "The follow;ng oppomlu' wo, employed." That you may need 
anyway, but consider also a very short movie or a few 
stills that shout, "HEY, LOOK! THIS IS WHAT YOU 

COULD HAVE SEEN!" After that, the cold facts. 

If you have some ideas of your own, our free pack
age of photographic hints for science fair contestants 

may prove useful. Request it from Kodak, Dept. 841, 
Rochester, N.Y. 14650. 

Any questions? 

At the 1974 International Science and Engineering Fair. 
Theresa Tomilo of Comstock High, Kalamazoo, MI. showed 
with these pictures she had taken just how hairless a hair
less mouse can be and what happened after injection with 
DNA extracted from embryonic cultures of haired strains. 
She walked off with prizes and honors from the U.S. Army, 
the U.S. Navy, and the American Dental Association, and 
a prize for photography from Eastman Kodak Company. 

14-1 
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Tolhe 
author 

You ARE INVITED 
to send for a 
free, illustrated 
brochure which 
explains h o w  
your book can 
be published, 
promoted and 
marketed. 

in search 01 
aoubliSher 

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

to arrange 
for prompt 
p ub l i c a· 
tion. 

Un p u  b l i s h e d  
authors, espe· 
cially, will find 
this booklet val
uable and in

formative. For your free copy, or more 
information, write to: 

Va n t a g  e Pr e s s ,  In c., 0 e pt.  F - 53 
516 W. 34 St., New York, N. Y. 10001 

Our 22nd year of service to the World's 
finest craftsmen and technicians. 

� National Camera 
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� En9'ewoofl, Coloraclo,80nO 

.. ----------. 
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I 
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� National Camera 
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of a book? These are witty and attractive 
views achieved with a single-lens-reflex 
camera and bellows; in each case the ob
ject is seen overleaf from a normal dis
tance, suddenly all too familiar. 

Once across that threshold, you can 
enter a far stranger world through the 
microscope, at magnifications from a 
couple of hundred times up to a couple 
of thousand. In Zooming In, for readers 
more experienced with the abstract, 
nearly every one of the 60-odd pages dis
plays one or more magnified views, well 
chosen and handsomely photographed 
and reproduced. The lower powers make 
the familiar world strange; at higher 
powers we can seek undreamed-of won
ders : paramecia, chromosomes in tissue 
cells, the conduits of a com root section, 
liquid crystals and the grains of etched 
brass. Although the book is only one of 
many places one can find such photo
graphs, its clarity and the care in selec
tion of the samples are rewarding. For 
example, one sees not merely the text
book pattern of chromatin in a single cell 
but an entire cluster of cells, wall and all, 
each one carrying that imperious ideo
graph within. 

SEE WHAT I AM, by Roger Duvoisin. 
Lothrop, Lee & Shepard Company 

($5.95). Max is a good-looking kitten, if 
he does say so himself. That is not clear, 
however, when you see him all yellow, 
blue, red or even black. In white he dis
appears save for his eyes and claws, and 
in the binary green of blue plus yellow, 
or the purple of red plus blue, he is in 
danger of becoming a laughingstock 
among mice. Once in the full harmony of 
four-color superposition on the clean 
white page, Max is himself: "white with 
yellowish-reddish, black spots and blue 
eyes." You are good-looking, Max, and 
you present lightly and well, with a bit 
of sly sermon, how a few colors form the 
richer images we see. For families with 
new readers or small listeners, here is a 
pleasant and meaningful book. 

Sky, Earth, Sea 

SUMMER GOLD: A CAMPER'S GUIDE TO 

AMATEiJR PROSPECTING, by John N.  
Dwyer. Charles Scribner's Sons ($5.95). 
Gold is where you find it. Finding it has 
ignited the imagination of men for cen
turies, as the history of California and 
Alaska will witness . John Dwyer is a 
gold hunter, but he does not intend to 
leave his bones to whiten in the desert, 
nor even to take the unneeded risk of us
ing mercury intimately in cleaning his 
show of fine dust. He is an amateur; he 
takes only the equipment he can carry on 

his back, and he hopes someday to find 
that glory hole with a nugget too heavy 
to lift. Until then he enjoys the search 
along the mountain stream, the little vial 
full of glittering dust, the unending hope 
and "a bonanza, if not of gold, then of 
fun . . .  in places where the average tour
ist is seldom seen." 

The book gives a summary history of 
U.S .  mining, describes the sites, mainly 
Western but some even in the Appala
chians (where placer mining is hopeful), 
and guides the novice (with photo
graphs) to the right use of that classical 
density separator, the simple gold pan. 
The author is a thoughtful man. To learn 
to use the gold pan, practice on a mix 
made up with gravel and small lead shot. 
Never cook in your gold pan; traces of 
grease may cause fine gold to float away. 
Don't forget to check for the signs of old 
stream beds; you want the eroded results 
of an enduring flow of water, not the 
swiftest currents of today. You can use 
electronic metal detectors, mainly for 
lost and buried coins and jewelry but 
also for placer gold. The miner's main 
tools are the shovel and the pick. He tells 
you where to buy maps, tools, detectors 
and supplies , who will assay your finds 
and how to stake a claim, or at least how 
to make the first moves in the complex 
game of coming to own a claim. A list of 
famous mines is one first guide to where 
to go; these were lode mines, not placers, 
but streams in those districts ripple with 
hope. Who would not be off to the Gold 
King mine in the Eureka district of Ani
mas County in Colorado? Don't talk 
about foreseen treasure finds, even to 
your best friend. You have a rendezvous 
with Lady Luck; may the color be plcn
tiful in your pan. 

Language and Mathematics 

H ANDTALK: AN ABC OF FINGER SPELL-

ING AND SIGN LANGUAGE, by Remy 
Charlip and Mary Beth. Photographs by 
George Ancona. Parents' Magazine 
Press ($4.95). Mary Beth is a young 
woman, an actor in the National Theatre 
of the Deaf, whose hands and face, now 
cheerful, now grave, but always deft and 
serious, speak out expressively from the 
colorful pages of this handsome, unique 
alphabet book. This is not mime, graphic 
though Mary Beth's gestures are. It is a 
structured language into which we are 
taken a very little way. What we sce on 
these two dozen close-ups of Mary Beth 
and a couple of friends are formal words 
of signing, or American Sign Languagc 
(what a few bright chimpanzees such as 
Washoe have been learning lately, by the 
way). Each sign is a word, whose initial 
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letters build up an alphabet ABC as usu
al. It is not easy reading, but it is fun; 
help is provided, of course, in the form 
of small inset photographs, each of 
which shows a letter, spelling out the 
word, not in the rapid ideographs of 
signing but in the slow, easily decoded 
symbols of alphabetic finger spelling, for 
which a key is given in the endpapers . 
This is a novelty and a beauty, a tribute 
to the talented collaborators-actress, de
signer and photographer-who made it 
so happily and well. There is much good 
humor and gaming; the center fold 
shows the nvo palms (one smeared with 
jelly and one with peanut butter); "when 
you close these pages these hands make 
the sign for sandwich." Many delighted 
readers will, as we have, learn the little 
shorthand sign made with three fingers : 
I L Y, Mary Beth. Kids will find in this 
book games, secrets, puzzles, almost a 
dance. There are more than 5,000 signs 
in this language and hundreds of thou
sands of people who know them. If you 
want to learn more, ask a deaf person! 

THE GOLDEN MEAN: MATHEMATICS 
AND THE FINE ARTS, by Charles F. 

Linn. Doubleday & Company, Inc. 
($4.95) . Cast up on the wilder shores of 
the ocean of mathematics is some pretty 
strange flotsam. Not much is as odd as 
the "aesthetic measure" of the genuinely 
distinguished mathematician G. D. Birk
hoff. Just 50 years ago he devised a 
scheme for "the measurement of beauty" 
that, for example, rated the square high
est among 90 forms he first tried. The 
measure was the ratio of order to com
plexity, order being judged by five fac
tors : symmetries, equilibrium and so on 
(with a negative score for a fudge factor 
called unsatisfactory form). Birkhoff 
worked, however arbitrarily, in a most 
ancient tradition. The Greeks found in
teger beauty first perhaps in the musical 
scale, and then geometrical beauty in 
certain self-similarities of spatial form re
lated to the "golden section." The Par
thenon gives some evidence for the vir
tues of proportions such as l.62 : l. Clas
sical architects went beyond that and in
troduced those refinements-or decep
tions-of slight bends here and there, by 
no means accidents of construction. 
Here in evidence is a fine photograph of 
a broken line in the plan of the choir of 
the cathedral of Siena. Nor can one 
doubt the group theory manifest in the 
wonderful plane-filling patterns of much 
art, its highest point perhaps the tiled 
walls and gratings of western Islam. 

All these subjects, and more modem 
ones such as the logical illusions of Maur
its Escher and the flood of computer 

Your $10 
Christmas gift 
can buy $400 
worth of food 

for hungry 
families. 

On the back roads of Mississippi, Alabama and 
other parts of the deep South, there are still 
many thousands of families facing slow starva
tion. Right now. Right here in the U SA 

Their diets are so inadequate that hunger 
and malnutrition have become part of their 
lives. Many children of tenant farmers and sea
sonal workers have actually never known what 
it is like not to be hungry. 

The NAACP Emergency Relief Fund is now 
in its fourth year of collecting money to buy 
Food Stamps for the neediest of these families. 
Under the federally sponsored Food Stamp 
Plan, $1 buys as much as $40 or more in Food 
Stamps. Thus your $10-an amount that buys 
"just another Christmas gift" for more fortu
nate kids-can mean $400 worth of urgently 
needed nourishment to help a family survive. 

To contribute to this fund, please send as 
little or as much as you can to the NAACP 
Emergency Relief Fund. Contributions are tax
deductible. 

Thank you. And may your Christmas dinner 
be a little more enjoyable this year. 

NAACP Emergency Relief Fund 
Dept. S4, Box 121, Radio City Sta. 
New York, N.Y. 10019 
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graphics, link art to mathematics by a 
chain of inference far short of proof but 
full of suggestion. In this ingratiating lit
tle book, with plenty of pictures and 
hardly a single formula, a disarmingly 
cheerful argument, musing and skepti
cal, introduces a young reader to the his
tory and ideas of this tantalizing fron
tier. The author, an experienced writer 
and teacher of mathematics, never 
strains credulity or insists on what is 
plainly uncertain. His work is a model of 
exposition of tentative, enticing, imagi
native ideas, just what the subject matter 
requires. It is a fine first book for anyone 
on either edge of that boundary who 
wants to consider setting out from it 
some day. Perhaps some young reader 
will follow these leads to build a real 
highway. 

CIRCLES, TRIANGLES AND SQUARES, by 
Tana Hoban. Macmillan Publishing 

Co., Inc. ($4.95). It is a more than plausi
ble theory which holds that the mind's 
power of abstraction, made concrete by 
the words we use, forms delightedly 
around a nucleus of real examples of a 
new-found class. That theory is most 
persuasive when it is applied to the 
young, and this artist of the lens has giv
en children at the edge of reading a little 
wordless treasury of the concrete, so 
sharply and wittily seen that the classify
ing urge should be beyond resisting. Cir
cles? They are pipe bundles, eyeglasses, 
hoops, typewriter keys, baby buggy 
wheels. Triangles? They are a cocked pa
per hat, a director's chair, an elevated 
train structure, a cookie, a park swing, a 
house of cards . Here are real sets, vivid, 
unexpected and yet exactly as we know 
them. More than two dozen big black
and-white photographs fill this book 
with images of convincing meaning. It 
lies squarely (may we say) on the fron
tier of language and mathematics, with
out a word of text. 

Human Beings: 
Their Biology and Cultures 

HUNTERS OF THE WHALE : AN ADVEN-
TURE IN NORTffiVEST COAST AR

CHAEOLOGY, by Ruth Kirk, with Richard 
D. Daugherty. Photographs by Ruth and 
Louis Kirk. William Morrow and Com
pany ($5.95). Let the rain drip from the 
big spruces and the slow roll of the sea 
fling breaker and foam endlessly across 
the beach. This book is a sunny story 
just the same. Professor Daugherty grew 
up along the shore of the Olympic Penin
sula and became an archaeologist at 
Washington State University. At the 
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very comer of the gr�eat forested island, 
where it stands farthest out to sea, are 
the Makah Indians, living now as they 
have always lived. By good luck, hard 
work and understanding he and they are 
working together at excavating, before 
the sea claims it all, a beach settlement. 
For long centuries Makah people lived 
by tlle riches of their sea world, chief 
among them tile whales-all kinds of 
whales. Here is a photograph of a whal
ing canoe making fast about 1900; here 
too a photograph of the heavy whale 
skulls and vertebrae hauled for some 
reason (Was it pride?) centuries ago up 
to the house they are now excavating and 
reassembling piece by piece. Everyone 
has had a hand in this work. Makah high 
school girls work alongside the students 
and scientists from the university, while 
the senior citizens try to puzzle out arti
facts from what they can recall of the old 
days. Marine helicopters and Coast 
Guard surveyors play an indispensable 
role in the long years of meticulous work 
against the powers of time, mud slump 
and storm wave. 

The village of Ozette on its half-shel
tered beach was last occupied in the 
1930's, but the wood house the search
ers are now examining (several more lie 
buried still, an archaeological savings 
account) dates to the era of Columbus, 
before even a few trade beads from Eu
rope had found their way in exchange to 
the Makah. There is both high art (most
ly wood carvings and engravings ) and 
more commonplace treasure of the past. 
No archaeological site in the U.S. has 
cost more money and eITort, and few will 
repay so handsomely in knowledge. This 
is a fortunate, proud and joyful book, 
with a foreword by the Makah Tribal 
Council describing their plans for a near
by museum of their own past "built by 
Makahs and staffed by Makahs." 

There are engraving tools made from 
a single beaver's tooth, artfully mounted, 
that fit precisely the grooves in some 
carvings. There are some iron tools too, 
not always well preserved. These remain 
a puzzle; perhaps they were recovered 
and reworked by craftsmen long ago 
from iron in drifting wrecks of Chinese 
junks. These are questions still seeking 
answers . The Tribal Council writes :  
"There i s  just one earth, and we are all 
on it together." 

A HISTORY OF POLAR EXPLORATION, 

by David Mountfield. The Dial 
Press ($17.50; $ 14.95 if ordered before 
Christmas). When Sir John Franklin was 
lost in 1847 somewhere in the Northwest 
Passage, they spared no ingenuity in at-

tempting his rescue. Here is a period en
graving of a balloon, 30 feet across and 
designed for 12 hours of flight in the 
Canadian Arctic, one of a set launched to 
scatter leaflets from little parachutes re
leased hour after hour by a slow-burning 
fuse!  Maybe Franklin would find one and 
know help was on the way. On the other 
hand, when Fridtjof Nansen was ice
bound in 1895 in his little ship Fram, he 
and another crewman decided to try for 
the Pole by sledge. They set out boldly, 
but they had to tum back and tIlen to 
winter alone on deserted Franz Josef 
Land, building themselves a cozy stone 
hut. That frozen island had been visited 
by man only twice before, 15 or 20 years 
earlier. When summer came, the sturdy 
Norwegians had left on a coastal lap of 
their intended paddle by kayak a couple 
of hundred sea miles to Spitzbergen 
when they heard dogs barking. Soon 
Nansen "thought I heard a shout . . .  and 
as I drew nearer I thought I recognised 
Mr. Jackson . . . .  " "Aren't you Nansen?" 
"Yes, I am." This Arctic Stanley-Living
ston encounter (Frederick Jackson was 
exploring Franz Josef, and was in no 
way seeking Nansen) ought to be better 
known; here is an engraving of the 
young and vigorous Nansen made from 
Jackson's photograph as they met. Poor 
Nansen was suffering a little from his 
ordeal ; he had grown rather fat on a diet 
of polar-bear meat! 

The text of this book surveys the entire 
story of polar explorations, north and 
south, from the Greeks to 1969, when 
supertanker Manhattan cut the icy 
Northwest Passage and the moun ties fi
nally announced they were abandoning 
huskies and going over to motors. It is a 
well-told, laconic and pretty complete 
tale by an English professional writer 
with a speCial interest in the history of ex
ploration by sea. Its more than 200 pho
tographs (two dozen in color) are re
markably fresh and well selected, dis
tinguishing the book. The photographs 
of Robert Scott's ship, seen through an 
ice grotto or across a strange iceberg, are 
brilliant and expressive Antarctic com
positions by the expedition photogra
pher, Herbert Ponting; killer-whale noses 
poking up in an opening in the ice rep
resent the excellent color work of the 
modems. Hard to beat, however, is a 
woodcut said to be reproduced from a 
contemporary volume on Frobisher's 
strange voyage, in which the Elizabe
than artists caught an Eskimo harpooner 
in his kayak to the life, Two complaints : 
the endpaper maps require supplement
ing for any serious reader, and tile pic
ture credits explain what agency sup-
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Why jump into a specialized 
field until you've studied all the 
possibil ities? 

If you're a new physician, you might 
not have decided on a field of specialization 
yet. That's easy to understand. But while 
you're deciding, you can be getting valu
able experience and expert guidance towards 
that decision as a physician in the U.S. Air 
Force. Air Force physicians are exposed to 
many fields of medicine. They practice with 
highly professional people in modern facili
ties. And all Air Force physicians have 
seemingly unlimited opportunities for fur
thering their education and professional 
growth. Air Force graduate medical educa
tion programs are available. And because 
Air Force physiciafls participate in Group 
Practice (a collection of specialists in dif
ferent fields complementing each other by 
expanding total capability) they all expand 
their individual ability and horizons with 
each new patient. 

As an Air Force physician (and officer) 
you can apply for worldwide work assign
ments. The salary is excellent. And you get 
a 30-day paid vacation each and every year. 

If you're still deciding on a medical 

specialty ... or a future ... look into the Air 
Force before you make a final decision. We 
think you'll like what you see. For more de
tailed information about Air Force oppor
tunities in medicine please fill out and mail 
the coupon. 

r-----------l C-SA-124 

I Air Force Opportunities I P.O. BoxAF 
Peoria, IL 61614 

I Please send me more information on the Air Force Physician I Program. I understand there is no obligation. 

I Name Sex 0 M 0 F I 
I (Please Print) I 
I Address I 
I C�y I 
I State Zip Phone I 
Iss # Date of Birth I 
I 

"'Health Care at its best. I 
L ___ 

� Forc� ___ J 
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Finding oil and keeping it flowing 
to you are vitally important to Texaco. 
But equally important is protecting 
the environment. T hat's why, 
on many offshore drilling rigs, we 
have underwater TV cameras on 
call 24 hours a day to give us eyes 
beneath the sea. 

At Texaco drilling operations 
we're interested in more than 

finding the oil you need. 
We want to make sure we don't 

harm the environment in any 
way. So to keep watch deep in the 
ocean, where a man can't see, 
we use a TV camera and run it for 
as long as required. 

We also guard our projects with 
numerous other safety devices 
such as adjustable chokes for con-

trolling pressure, torgue indicators, 
pit level and flow devices, high
pressure valves that protect against 
blowouts-and much more. 
The names may not mean much 
to you, but they contribute to 
making our operations as safe as 
we possibly can. 

And we have, of course, the best 
safety device of all- the concern 
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of the men who know that it's not 
enou$"h just to find oil. 

We re working to keep the gaso· 
line and other petroleum proaucts 
flowing to you in the safest possi
ble way. T hat's why every Texaco 
operation is a 24-hour special. One 
you may never see- but it's one of 
the many things we do to get the 
oil you need, safely. We're working to keep your trust. 
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plied the picture, not where the reader 
can look it up in its original form. 

TREASURE KEEPERS, by John Fitz-
Maurice Mills . Doubleday & Com

pany, Inc. ($7 .95) .  In the year 1943 Her
mann Goering paid half a million dollars 
for a fine painting by Jan Vermeer. The 
Dutch artist who sold it to the greedy 
Reichsmarschall knew, however, that he 
was betraying no national legacy to the 
oppressor of the Netherlands. The ven
dor had painted that Vermeer himself! A 
sunny real Vermeer in full color orna
ments those pages of this fresh and fas
cinating book that tell the story of the 
dour Han Van Meegeren, forger extraor
dinary, who sold in the space of half a 
dozen years six fake Vermeers and a cou
ple of other "old Dutch masters," all 
made with his special resin-hardened 
paints and ancient pigments. His work 
was so good that it earned the equivalent 
of three million sound dollars. Indeed, so 
well had he taken in the experts that 
many refused to deny these unknown 
old masters until the forger had painted 
a new Vermeer before their very eyes. 

It is the art museum itself-the trea
sure keeper-that is the subject of this 
volume by a well-known British restor
er, painter and critic. Works of art are 
physical systems of some complexity. 
They must be safeguarded against injury 
and the tooth of time: ultraviolet, oxida
tion, humidity, change, the shocks of in
frequent travel, sulfur dioxide, theft, de
facement and more. They require study 
for authentication, which has brought 
out the best in microanalysis, even scan
ning-electron-beam techniques. Often 
the restorers must be put to work; in one 
marvelous example turning a lyre from 
Ur of the Chaldees back from a corroded 
mass of silver chloride into a solid silver 
instrument with a polished sheen, like 
new. Then there are disasters like the 
terrible 1966 flood of the Arno against 
which they still work every day in the 
big tiled barracks behind the railroad sta
tion repairing paintings. (Restoring Flor
ence's manuscripts will take two more 
decades at least; each book is taken apart 
and its oily pages are one by one cleaned, 
washed, disinfected against mold, re
sized, dried and rebound.) 

The great hall of the National Coach 
Museum in Lisbon, like better-known 
rooms in the Louvre, the Uffizi or the 
Hermitage, are shown in photographs. 
There is a wide selection of their trea
sures, generally displayed to make a 
point, from the PieHl under a madman's 
attack to new display styles for Benin 
bronzes or Greek vases. In sum, this is a 
simply written book for everyone who 
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has a fondness for museums of art, for 
what they hold and what they hope! 

TONKA, THE CAVE Boy, by Ross Hutch-
ins. Illustrated by Tak Murakami. 

Rand McNally & Company ($4.95). The 
personalization of a "cave boy," with a 
synthetic name and synthetic experi
ences, is a cliche of our epoch, fit for 
comic strips and tired television comedy. 
Ross Hutchins, a writer for young peo
ple, has fully redeemed the pattern by 
his honesty and specificity. For 20 years 
people have been excavating in Russell 
Cave, in northern Alabama, to establish 
that it has been settled continuously for 
more than 8,000 years. At one level they 
have found "the bones of a dog in a grave 
that had been carefully lined with stones, 
a spearhead near him." The story of 
Tonka is an effort to reconstruct the ex
periences and the emotions of a boy of 
those old people who might once have 
sadly and carefully buried his beloved 
dog. There was no one boy like Tonka, 
but his imagined tale is a look into our 
hearts and our human history. The line 
drawings of real artifacts strongly aid the 
story, which is illustrated with paintings 
of the imagined people as well. 

ESKIMO SONGS AND STORIES , collected 
by Knud Rasmussen on the Fifth 

Thule Expedition, selected and trans
lated by Edward Field. With illustra
tions by Kiakshuk and Pudlo. Delacorte 
Press/Seymour Lawrence ($5 .95). Ev
ery link of the chain a poet! Without so 
magical a chain, this book could not have 
been placed in your hands. First of all 
were the Netsilik themselves, isolated 
Eskimo of the Canadian Arctic shore, 
"cut off from the surrounding world by 
ice-filled seas ." Singers and poets such 
as Orpingilik told their work to Knud 
Rasmussen. Rasmussen, who was part 
Eskimo and had grown up in Greenland, 
spoke the language well. He traveled 
from the west coast of Greenland all the 
way across the Arctic to the Bering 
Straits in the 1920's, listening to poets. 
He sought out the Netsilik as people who 
had kept the old ways and the old songs. 
Rasmussen must have been part poet too . 
He recorded their lines in carefully lit
eral English renderings in his official re
ports . Edward Field is an American poet 
and reader of poems. He rewrote Ras
mussen's distillation from the Eskimo 
into an up-to-the-minute colloquial 
speech. Then the book was word-ready 
but not finished. Two men, one the old 
singer Kiakshuk, now dead, and the oth
er the hunter Pudlo, linked the strong 
forms of their stencils and stone prints to 
the hard strength of this verse. They 

were two artists of Cape Dorset; their 
men and women, beasts and spirits, fly 
across the pages in big areas of color. 

"In those times when just saying a 
word could make something happen, 
there was no light on earth yet." And the 
Word was made Light? There it was only 
the fox and the hare ; the nighttime of 
the fox still follows the daytime of the 
hare. "The weather with its storms and 
snows was once an orphan child." The 
stories display the tragic lot of the old 
Netsilik; orphans and old people fared 
badly. 

The Netsilik are not remote these 
days ; Pelly Bay is on film in the school
room, the families at the stone weir. 
This version of their songs and stories 
grows out of the relationships formed 
during recent years. Cape Dorset village 
and its West Baffin Artists' Cooperative 
are also known all over the world. 

FEVER! THE HUNT FOR A NEW KILLER VIRUS, by John G. Fuller. Reader's 
Digest Press, distributed by E. P. Dutton 
& Company ($8 .95). John Fuller is an 
experienced film-maker and journalist. 
He found himself in the Nigerian city 
of Lagos in 1971 producing a film about 
the tour of some famous American bas
ketball players through West Africa. A 
chance conversation awakened his inter
est in a medical drama he had hardly no
ticed. It would not let go. This first-class 
thriller is the outcome, all true. Its main 
strength is the vividness with which he 
describes the remarkably diverse char
acters and locations of this continuing 
life-and-death series. 

The story begins among the American 
medical missionaries who run the little 
hospital and clinic in Lassa, a small pla
teau town tucked away in the comer of 
Nigeria not far from Lake Chad. The 
time was late 1969; the ambience was 
civil war. The missions begin and close 
the story, those little tightly organized 
groups of devoted people-able, hard
working, enormously assured by their 
faith. Light-plane pilots, radio operators 
(each mission hangs on the radio link of 
its homebuilt Heathkit) ,  physicians and 
nurses are here. In the hospital at Lassa 
a new virus appears. Two experienced 
hospital nurses die of it, so that the next 
case is sent off to New York by air, a 
terrifying trip by light plane and jet, 
with a lonely stay in the Lagos Pest 
House, otherwise mainly given over to 
children ill with the normal infant dis-
eases . 

The next scene shows Columbia Pres
byterian Hospital and its isolation ward. 
Since the two previous cases-few others 
were known-were fatal, the disease had 
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to be held "frightening." The isolation
ward staff, usually urbane and cool with 
their careful immunizations, began to be 
edgy within unfamiliar gloves and 
masks; this disease was new. The scene 
shifted to the Arbovirus Research Unit at 
the Yale School of Medicine. (Arbovirus 
stands for arthropod-borne virus.) There 
the professional virologists would bring 
the infectious organism alive into the 
world of the known; the job could be 
done by their electron microscopes and 
complement-fixation tests in animal col
onies. The nurse from Nigeria, desper
ately ill with a fever peaking at 107 de
grees, recovered in a couple of months, 
but a veteran Yale research worker came 
down with the acute fever. He was given 
an immune serum from the first patient 
who had recovered, and he too lived. The 
virus was too hot to handle normally; the 
National Center for Disease Control in 
Atlanta, equipped with a brand-new spe
cially engineered hot lab, was the only 
place for such a hazard. 

In the next year, out in the field, trying 
to patch together the chains of contact 
that must have brought the disease to the 
mission hospitals, the experts-American, 
Canadian and Nigerian-sought ex-pa
tients and their relatives along the high
ways and among the teeming market
places of Nigeria. They caught small 
mammals (analogy pointed to such hosts) 
and they paid close attention to every re
port from a bush hospital. 

Antibody samples showed that Lassa 
virus extends over a wide area of west
ern Africa. It next surfaced acutely in 
Sierra Leone early in 1973; this time they 
had plenty of samples, including eight 
wild rats trapped in the house of the first 
patient to die with the classic virus once 
the Atlanta team had arrived there in re
sponse to a call of distress. (This time the 
Air Force was ready to evacuate any sick 
Americans; commercial air travel was out 
of the question. )  There is no doubt now; 
the reservoir of virus is a small rat, rarely 
seen in a house until the usual house rats 
abandon it. Control is now possible with 
serum and with management of the ro
dent. Lassa is serious but tamed. The 
campaign continues. 

Fear, heat, human devotion, religious 
faith, careful scientific argument and 
the warmth and cordiality of Nigerians 
crowd this exciting book for readers of 
any age. 

KOUT HANDICAPS: AN OPEN FAMILY 

BOOK FOR PARENTS AND CIDLDREN 

TOGETHER, by Sara Bonnett Stein. Pho
tography by Dick Frank. Walker and 
Company ($4 .50). Two interleaved texts 
form this small book. The pictures-one 

Explore with leading scholars 
the wonder of timeless genius! 

T HE UNKNOWN L E O N A R D O  brill iantly examines Leonardo da V inci's outstanding 
inventions ranging from mechanics and hydraulics to musical instruments and 

bronze casting; his painting, his writing, and his revolutionary ideas in fortifica
tions and weaponry. Written by 10 renowned Vincian scholars, it draws on the fresh 
insights of the recently published Leonardo manuscripts, The Madrid Codices. 
Over 800 spectacular illustrat ions. some 300 in color. This is a unique adventure of 
the human spirit .  a possession of beauty, and a superb work of art in its own right .  

E dited b y  
Ladislao Reti .  
10 '4 " x 1 2'14 "  

$34 .95  to 
D ecember 3 1 .  1974; 

$39 .95  thereafter. 
At bookstores 

McG RAW-HILL 
BOOK C O M PA N Y  

GEORGE PICKERING 

ereafue 
ILLNESS IN 

THE LIVES AND MINDS OF 
Charles Darwin. Florence Nightingale. 

Mary Baker Eddy. Sigmund Freud. 

Marcel Prous� Elizabeth Barrett Brownln� 

Through case studies of seven eminem 

Victorians,  a distinguished physician shows 

how psychoneurosis can play an importam, 

indeed necessary role in the crea tive process. 

"Well  argued and completely pers uasive . . .  

a st imulating book . "  - John Cody ,  M . D .  $R.95 

O X FO R D  U N I V E R S ITY P R E S S  
:100 M adison A v e .  New Y o r k .  N . Y .  l OO l fi  

1 55 

© 1974 SCIENTIFIC AMERICAN, INC



on each right-hand page, with several in 
color-illustrate the big-letter text, type 
a quarter-inch high. The few words tell 
a story of two small boys, Joe and Mat
thew. Matthew pushes Joe. Something is 
wrong. Once the man with the hook for 
a hand comes by, the issue is joined. 
Daddy and Matthew and the man talk 
frankly. Then they talk about Joe and his 
troubles. Matthew has secret fears, 
which come out and float away. The two 
boys make up. Since Matthew's feet 
work and Joe's hands work, they decide 
to build something together. And the 
friendship they build is really wonderful! 

Meanwhile the small-print text runs 
along for the parents, in a serious, 
straightforward account of what moves 
people and what fears they can face and 
share, because "that is how people-chil
dren and adults-become easier with 
what is strange to them." A number of 
experts have some finger in this well
baked book, which is one of an Open 
Family series devoted to common prob
lems (hospital, babies, dying) families 
should face together. The parental text 
helps for continuation of the discussion, 
preparing parents for questions and con
sequences of the experiences they share 
with their children. The Center for Pre
ventive Psychiatry in White Plains, N.Y. ,  
is  the organizational focus of the series. 
There are good sense, talent and the as
surance of professional experience in the 
making of this book. 

A Bestiary 

OSTRICH, written and photographed 
by Wallace Litwin. Coward, Mc

Cann & Geoghegan, Inc. ($4.29). Litwin 
is a world-traveling professional photog
rapher from New York. Between assign
ments in Central Africa he learned that 
an ostrich family was preparing to nest 
nearby. "I got an old Jeep and spent the 
daylight hours of the following month 
and a half standing on the motor hood 
with my cameras," he recalls . The male 
ostrich from time to time objected; he 
kicked the fenders to ribbons, but he 
could reach no higher. Only once did 
he jump to the hood; Litwin hid under 
the Jeep, very promptly. 

The pictures are as real as that sounds. 
The book consists of some 30 striking 
photographs, with a few sentences of 
simple, well-written text for each. Young 
readers will enjoy it, and anyone else too . 
Ostrich life and love are curious. The 
300-pound male courts by song and 
dance. He chooses three hens and scoops 
out an eight-foot nest in the sand, in 
which each hen lays eight eggs or so. 
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These are eggs of consequence : a pound 
and a half to three pounds each. Fifteen 
or 20 should hatch. The male guards the 
egg laying. The dominant hen (in whose 
choice the male takes no part) drives the 
other two away. She and the proud fa
ther act as the sole parents.  (Mother 
looks good-natured, but father is fierce. )  
After six weeks, incubated by  the male 
at night and the female during the day, 
the chick hatches with a shrill peep, its 
"call of triumph." Some egg, some shell, 
some chick! Here is the brood of fuzzy 
chicks accompanying their father to the 
waterhole for a drink; they never bathe 
only in dust. By next breeding season the 
lucky chick joins the flock. In a couple of 
more years the chick becomes a parent 
in turn. 

WHAT'S \VRONG WITH BEING A 
SKUNK? by Miriam Schlein. Illus

trated by Ray Cruz. Four Winds Press 
($3.95). Why nothing. Skunks are play
ful, really very good-natured. They walk 
about relaxed, even with bears around. 
They have a special weapon: stink. A 
skunk uses it only to save his life, never 
to be mean or spiteful. Even then, he 
gives plenty of warning. If you see that 
tip of the tail go up, it is too late. You 
have had it, at 10 feet, maybe in the eye. 
Sometimes a hungry bobcat will go after 
a skunk. Then the weapon fails ; it is not 
the skunk's way to run. The skunk is 
strikingly well marked; in Mrica there 
is even an animal that looks like a skunk. 
It is not a skunk; it is a zorilla. In the U.S .  
there i s  a spotted skunk. It walks on its 
front paws before firing. Do not admire 
the acrobat; just leave. ("Very quietly.") 
This is an easy and droll book, with lots 
of big ink drawings having the same 
properties. It is a delight to encounter 
such a light-hearted, humorous and in
formed work, for young readers and for 
reading out loud. 

THE PORPOISE WATCHER: A NATUHAL-
1ST'S EXPERIENCES WITH PORPOISES 

AND WHALES, by Kenneth S. Norris . 
W. W. Norton & Company, Inc. ($7 .95). 
Twenty-five years ago the author of this 
cheerful, personal, reflective recollection 
was a graduate student at the Scripps In
stitution of Oceanography, working for 
a "human whirlwind," Professor Carl 
Hubbs, a man curious about everything. 
Young Norris counted gray whales 
(courting his future wife on their shared 
watch) and collected warm-water fish 
with verve. Somehow he took the job of 
curator for the first big-scale marine ex
hibit to open on the Pacific Coast. The 
curator's first task was to hire a good fish-

erman as collector. They found Frank 
Brocato "top boat" along the Los An
geles waterfront. The next chapters of 
this book, and of Norris' life, recount the 
fine times they all had learning to cap
ture porpoises and pilot whales for ex
hibit and training. Here is a delightful 
day-by-day study of Kathy, the porpoise 
with whose help it was first demonstrated 
by controlled experiments that porpoises 
practice a subtle echo-location. (There 
were, of course, plenty of hints and con
jectures already. )  We meet Alice, in the 
pools at the University of California at 
Los Angeles, and realize how difficult it 
is to sort out a discipline of clicks. Then 
Hawaii calls, and pools give way to open
sea experiments, with the porpoises free 
to perform set tasks and in the end to re
turn on recall or to rejoin the wild world. 
It is still too soon to envision porpoise 
couriers or porpoise marine sheep dogs ; 
the bond between men and porpoises is 
not yet as sure and strong as that. 

Norris has followed wild porpoises 
from an underwater conning tower 
mounted in a small special craft, the 
Semisubmersible Seasick Machine. He is 
still at it, trying to understand the clicks 
and echoes of porpoise and of cachalot, 
now out of the University of California 
at Santa Cruz. The last pages touch deep 
concerns : how can we exploiting humans 
manage a world we never made? Norris' 
case study is the dilemma of the net tuna 
industry. Porpoise-based tuna fisheries 
may drown, essentially by accident, 
about a quarter of a million porpoises a 
year in the eastern Pacific alone. At the 
same time catching the tuna without the 
porpoises to mark the schools for the 
light plane above or for the distant look
out is only a fifth as efficient as it is with 
them. 

THE MAGNIFICENT BIRDS OF PREY, by 
Philip S. Callahan. Holiday House 

($6.95). Falconry is "the sport of kings." 
It probably arose on the steppes of cen
tral Asia, and it first reached Europe in 
Roman times. This book, by a research 
biologist who is himself a Florida falcon
er, combines a knowing survey of the 
biology of the raptors, or birds of prey, 
with a brief but convincing chapter on 
how to reach that royal state of "a hawk 
on the hand." The wing loading of these 
birds, so harmoniously formed for flight, 
varies from swift heavy falcons to light 
soaring hawks by a factor of nearly 
three. All of them are lighter on the wing 
than the lightest man-carrying glider by 
a similar factor. They are kites, as some 
are named. It is hard to credit the story 
told here of a cruel human raptor, a 
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Texan who flew his light plane decades 
ago in the Davis Mountains, who 
boasted of killing golden eagles with a 
sawed-off shotgun as he flew beside 
them, almost 1 ,000 birds a year for 10 
years . After all, the raptors kill to eat. A 
hawk's eye may have three times the 
cone density of our own; they have two 
foveas in each eye, excellent binocular 
spacing, unusually effective muscles for 
lens accommodation, and eyes as big as 
human eyes mounted in a body weighing 
only a few kilograms or less. 

The book is a gem of knowledge and 
sensitivity, as much to human nature 
and history as to bird qualities. A young 
person-not too young-who wants to 
watch the hawks fly by (maps of flyways 
are here) or even longs to take one 
downy eyas from the nest of a Cooper's 
hawk can start here very confidently. 
Lists of books and articles, the nature of 
the laws, how to meet fellow falconers 
and where to seek equipment are also 
given. 

SOLO: THE STORY OF AN AFRICAN WILD 
DOG, by Hugo van Lawick, with an 

introduction by Jane van Lawick-Good
all and drawings by David Bygott. Color 
photographs by the author. Houghton 
MifHin Company ($6.95). Packs of wild 
dogs, perhaps a dozen together, roam the 
wide plains of the Serengeti as they have 
for a very long time, pulling down for 
their food gazelles and zebras out of the 
grazing herds that stretch to the horizon. 
With Land-Rover, radio and camera the 
author and his colleagues have studied 
the life of the dog packs for more than 
five years . A justly famous television mm 
and a first-rate book have already given 
an account of the research. This volume, 
honest and detailed, is the simply written 
account, not of the observations as a 
whole, but of the life of one puppy. Solo 
had a tough time. She was a runt, her 
mother was mistreated by the pack, her 
littermates were dead. Once the pack 
began its long trek to refuge from the 
drought, Solo finally could not keep up, 
although the others did not abandon her 
lightly. The humans who followed every 
move "finally came to the arbitrary de
cision to look after Solo for a full month."  
Then they placed her, rested, well fed, 
newly strong, with a dog family (the 
family of her "aunt") that had itself 
moved away from the pack. She was 
accepted "as though it was an everyday 
occurrence, instead of an experience 
which can never before have happened 
in the history of a wild dog pack any
where." Solo is, they expect, a mother 
herself now in the Serengeti, four years 
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old. "Maybe we shall find her. . . .  Cer
tainly we shall not stop looking." 

FLEAS, by Helen Hoke and Valerie 
Pitt. Franklin Watts, Inc. ($3.90). A 

first book on fleas, with many line draw
ings by James Robins and some period 
engravings and photographs. This is a 
very appealing work on a delicate sub
ject. The authors explicitly thank the 
English author Brendan Lehane, whose 
witty book The Compleat Flea started 
them off. They have matched his catho
licity well, producing a story that mixes 
a good deal of flea biology (not only, 
although mainly, about human fleas), 
some general ideas of parasitology and 
the itchy human past and its problems. 
Of fleas in literature only Swift's rhyme 
remains . (The definitely grown-up Le
hane book dealt heavily with the flea as 
a metaphor in prurient and porno
graphic literature, of which there is a 
considerable library!)  Two fascinating 
topics are amply considered. One is the 
flea circus, that triumph of showmanship 
and props over common sense. Here you 
can see pretty well in photographs the 
only flea circus in Britain, that of "Pro
fessor" Len Tomlin of Manchester. New 
York, the theater capital of this country, 
has not had a working flea circus for 
years ; only a few memorabilia of van
ished glory remain in Times Square. 
William Heckler has passed on to a 
trouper's reward, his flea Padely with 
him, veteran, he said, of "Broadway's 
longest run," a completely imaginary 
52,850 performances. 

The flea is not only comedy but also 
tragedy. There is an excellent brief ac
count of the bubonic plague in human 
history, with the last pandemic about 
19 10. It is shown to be a mutual disease, 
death alike to rat, flea and humankind. 

A SNAIL'S PACE, by Lilo Hess. Charles 
Scribner's Sons ($4.95) .  Snails are 

known for their slow pace, as Shake
speare can witness. This author-photog
rapher has clocked her pet at some 17 
miles per year, and she shows you how 
to time yours quite effectively. If one 
listens quietly enough, one can hear the 
rasping sound of the radula-file of the 
snail as it feeds. You can demonstrate 
this in a classroom with a cardboard-box 
sound studio and a recorder microphone. 
A description of the entire snail life 
cycle and a good deal more of such 
imaginative husbandry accompany the 
sharp close-ups of this always lucid ani
mal photographer. There is more : live 
cowries and whelks, held in fish tanks, 
and some beautiful empty shells . 
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Snails are neither he nor she but rath
er both; their slow egalitarian mating is 
covered in a series of photographs. We 
can admire here a giant land snail with 
a shell about four inches across ;  the re
mark in the text that such beasts can 
reach 12 inches arouses wonder. 

DANCERS ON THE BEACH: THE STORY 

OF THE GRUNION, by Edward R. 
Ricciuti. Illustrated by Richard Cuffari. 
Thomas Y. Crowell Company ($3.95). 
Ours is the planet of water. Deep in the 
ocean there be monsters, and on the 
surface the plankton make a watery 
pasture. Special forms of life have even 
developed to live, or at least to begin 
life, on the changing beach where the 
surf beats forever. One such form is the 
grunion, a member of the silvers ides 
family, a six-inch fish that lays eggs on 
all the beaches south from Point Con
ception, halfway down Baja California. 
These fish spend their adult lives near 
the coastline, less than 40 feet deep. 

In 1919 William F. Thompson of the 
California State Fisheries Laboratory, 
walking along the surf line at Long 
Beach, first showed the remarkable tim
ing of the grunion. The adult fish leave 
the sea briefly to lay and fertilize their 
eggs high on the beach only during the 
three or four nights each month of the 
season after spring tides. The ensuing 
nights bring a lowered water level, so 
that the eggs are not flooded away. In
deed, the fish spawn only at night, be
cause on that coast the higher of the two 
daily tidal peaks is the one that comes at 
night. (The related species in the Gulf 
of California spawn in daytime, the time 
of highest tide in that landlocked bay.) 
After a couple of years the new grunions 
themselves spawn, although not in the 
same place where they were hatched. In 
the summer months after the highest 
tides people "dart and run after the sil
very fish," which they scoop up by hand. 
Nets and traps are not allowed; the grun
ion are very good to eat. 

This small, serious book, with its 
broad and detailed ink drawings, con
veys an unusual sense of the unity of 
nature and of the depth of biological 
issues that should reach grade school 
readers . 

Biol ogy in General 

GREEN FUN, by Maryanne Gjersvik. 
The Chatham Press, Inc. ( $ 1 .95) . 

FROM SEED TO JACK-O'-LANTERN, by 
Hannah Lyons Johnson. Photographs by 
Daniel Dorn. Lothrop, Lee & Shepard 
Company ($5.50). GROWING Up GREEN, 

by Alice Skelsey & Gloria Huckaby. 
Workman Publishing Company ($8.95). 
GREEN TREASURES: ADVENTURES IN THE 

DISCOVERY OF EDIBLE PLANTS, by 
Charles Morrow Wilson. Macrae Smith 
Company ($5.25). We all live, city and 
country people, on the yield of agricul
ture. The headlines remind us of that 
every day, should we unthinkingly eat 
our packaged meals. These four books, 
which extend from a gentle, simple and 
childlike one of little text to one with
out any decoration at all, although still 
with easily read narrative pages, concern 
themselves with plants for man. We do 
not, however, live by bread alone. Green 
Fun, a square booklet the size of your 
hand, lists and pictures 30-odd things to 
do with the "common weeds, seeds, 
leaves and flowering things ." It is a 
garden of happy people, an old man 
with a maple-leaf crown pinned together 
with the leaf stems, a charming girl 
deeply quiet in her daisy wreath and a 
small child seeking that '10ud whistling 
squawk" made by blowing across a 
blade of grass. (One of your reviewers 
produced a fine grass whistle for the first 
time in more than five unfulfilled dec
ades, and he salutes the clear directions 
of the small paragraph that goes with 
every proposal . )  The poppy seed self
shaker and the basket of burrs filled with 
blackberries suggest the variety of this 
book, which is as sunny as a summer 
day. If these childish artifacts are not 
something out of the dawn of our 
species, one would be surprised. They 
feel so; the cornhusk dolly shown here, 
not so childish a feat, is one item in evi
dence. The entire book is a sheer de
light and a strength for families and 
groups of little kids everywhere, at least 
in summer. 

From Seed to Jack-O'-Lantern, still 
brief of text and lavish with black-and
white photographs, is the connected 
narrative of a crop, from the tractor pull
ing the plow across the flat Jersey acres 
in the stubble of early spring to the 
golden harvest of October, when "from 
miles around, people come to buy"
pumpkins . Mostly they go to make jack
o'-lanterns, for the pleasure and awe of 
children, although spicy pumpkin pies 
and custards are not to be ignored. 
Close-ups of flower, bee and fruit, long 
shots of the fields, the whole story is 
here, ending with calving directions and 
how to roast the seeds . The cast we see is 
mainly a set of engaged kids . The final 
page, an important one, explains how to 
grow your own pumpkin, outdoors or 
even in a pot, if you do not live near 
farmers like the Laurinos of Shrewsbury, 
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whose husbandry the book celebrates. 
Indoors you will have the responsibility 
and the pride of using a paintbrush to 
take over for those pollinating bees. 

A practical gardening book, Growing 
Up Green, is intended for parents and 
their children gardening together. It 
gives enough detail to get under way on 
a variety of scales, from seedlings in a 
bottle or one big amaryllis bulb up to a 
garden five feet by five feet or even 
bigger. The text treats with good sense 
and respect more than horticulture; it 
also deals with pedagogy and with at
titudes. Mulches and layering are as sen
sible as the advice to avoid trying to in
volve your child in gardening with the 
idea that he will learn "responsibility." 
The waiting part is hard for children. If 
you think failure will teach the child a 
lesson, spare the effort. All he will learn 
is to say, years later, "I just don't have a 
green thumb." Gardening is caught, not 
taught, the authors hold. What is in this 
book is pretty infectious, albeit a trifle 
complacent. 

Green Treasures is by a Vermonter, a 
journalist and a longtime tropical-plant 
hunter. It is a very lightly written series 
of narratives of famous plant hunters, 
full of fresh and important histories. 
Timothy grass was named by a young 
New Hampshire sheep farmer, Timothy 
Hanson, who brought it back in the 
1740's from rich pasturelands near Bor
deaux. Hanson came to travel the colo
nies, from seaboard New England out to 
the Kentucky River, to collect grasses 
and to sell his good hay seed. He never 
knew of our Great Plains, but until "Ber
muda" grass came into prominence at the 
start of this century Timothy's grass 
(Phleum pratense) was the chief hay and 
meadow crop in our country. In his jour
nal the old man wrote late in life : "Grass 
is of God's lastiness ." 

Plant hunters are everywhere still, 
nowhere more numerous and more re
spected than now in China. It is good to 
know that the greatest of agricultural 
nations has enough of a wild-plant popu
lation to nourish and reward organized 
plant hunting. Indeed, China now grows 
more than 600 different food crops ;  here 
we boast just over 50. But the hungry 
world needs more crops, perhaps yield
ing from both root and fruit, like the 
giant turnip of New Caledonia, a banana 
relative with five times the yield of rice 
in calories per acre. Starchy cassava 
holds the present record, 5 or 10 percent 
more than that turnip. This is a fascinat
ing book, good reading for junior high 
school students and up, even though it 
presses pretty hard at recruiting plant 

hunters! It is a pity that no bibliography 
is included. There is more to read. 

CHAMELEONS AND OTHER QUICK-

CHANGE ARTISTS, by Hilda Simon. 
Illustrated in color by the author. Dodd, 
Mead & Company ($7.95). Aristotle did 
it; no reptile is better known than the 
wonderful chameleon, the "dwarf lion" 
of the Greek (it is not clear whence the 
name), a small tree-dweller found all 
along the southern coasts of the Medi
terranean. He is fascinating in many re
spects, with his ratchet motions, inde
pendent eyes, dinosaur look and projec
tile tongue. He does not, however, 
change color to match his background. 
That skill is held by many forms, say 
the common Hounder, shown here col
orfully matching first a uniformly yellow 
sand, second a mottled substrate with 
red and blue pebbles, and third, hero
ically, black-and-white checkerboard! 
(Color, size, and mean spacing are 
matched, but the squares are rounded 
off.) 

The chameleon can change color, all 
right. Here he is, painted from the life, 
in a tweedy red-brown, a smooth green 
and in between, with tasteful dark spots. 
Even the circus vendor's "chameleon," a 
small Mexican lizard properly called the 
anole, changes wonderfully. Here is a 
Romeo and Juliet scene, the ardent anole 
Romeo a fine golden green, his scarlet 
throat fan puffed out, while in the little 
plastic palm six inches above is Juliet, 
demurely brown. During mating she re
mains brown, save "for a small piece of 
skin on her neck which the male 
grasped . . .  : that small area was bright 
green." The main inducers of color 
change in lizards are behavioral : mood, 
emotion, changes in environment, gen
eral health. These lizards have a coded 
color language, and protective colora
tion is for them quite secondary. So it is 
with frogs and cuttlefish, "cleaning" fish 
and crabs. 

This remarkable book discusses, very 
often from direct observation, many 
more examples of color change. Each 
one is painted by the artist in her meticu
lous and sensitive style. The mechanisms 
are teased out as far as we know them, 
and redrawn microscopic views help us 
understand. When we see that a chro
matophore cell can unfold from a pea. 
shape to that of a spider chrysanthemum, 
we begin to understand. The anole pro
vides an example of relatively simple 
color-change equipment: directly under 
the thin, clear outermost layer of its skin 
there is a static layer of droplets of yel
low pigment, filling the space between 

the cells. Then follows a thick layer of 
cube-shaped cells filled with purine 
crystals, whose structural iridescence 
provides much angle-dependent blue 
and violet scattering, by no means sim
ple. Below these lies a deep layer of dark 
melanin-bearing cells, whose intricately 
branched processes reach up through 
the layers above to the outermost skin 
itself. Add hormonal and direct nervous 
control, and you can begin to explain 
what the anole does, even a sick one 
that in distress will display a black spot 
behind each eye! 

The author's own wide observation 
and experiment, careful study in the 
literature and plenty of paintings dis
tinguish this work. To read it-or better, 
to try to extend it with anole or frog, if 
not squid or cuttlefish-will be a delight 
for any skillful reader who cares about 
living things. 

SEE WHAT I CAUGHT! ,  by Ann Thomas 
Piecewicz. Illustrated by Perf Coxe

ter. Prentice-Hall, Inc. ($4.95). Grade 
school children who can reach grassy 
lawns, open fields, streams or ponds, or 
wooded places can catch live pets, with
out much danger, one imagines, to either 
species. This informal, modest, practical 
book, with amusing drawings that them
selves drop quite a few hints, tells how. 
It is a guide also to simple husbandry; it 
is wrong to take a pet and then neglect 
it. Nets and critter carriers, cages and 
their cleaning, cage furnishings and food 
-all are here for a variety of common 
but fascinating cold-blooded little pets. 
The animals treated are turtles, sala
manders, various frog forms, crickets and 
fireflies. There are wise warnings against 
the use of fresh tap water and against 
soap. The hunt for spring peepers is no 
sinecure, but it sounds like a rewarding 
challenge. You use a flashlight on the 
branches. What you are looking for is a 
white bubble: the peepers blow up their 
throats to make the sound, and the in
flated throat looks like a white bubble 
on the tree branch! Happy hunting, and 
feed your frog with live food or a 
dangled morsel of hamburger every oth
er day. On rainy days he may peep all 
day long from his leafy jar. 

THE INSECT SOCIETIES, by Edward O. 

Wilson. Harvard University Press 
($7.95). No book on biology in the past 
20 years has been as satisfying as this 
treatise on ants, bees, wasps and termites 
(and maybe a few spiders). Its first pub
lication was in 197 1 ;  this cheaper paper
back edition makes it more accessible 
than ever. It is written with clarity and 
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A new series of lively, intelligent, revealing radio conversations be
tween bri ght and i n q u isitive interviewers Gerard Piel, publisher of 
Scientific American; Brendan G i ll, drama crit ic for The New Yorker ' 
Nat Hentoff, critic and col umnist for The Vii/age Voice; Isaac Asimov: 
distingu i shed author;  J. Anthony Lukas, Pulitzer Prize-winning jour
nalist, and Arthur Kni ght, whose fil m critic ism you enjoyed in Satur
day Review, and a guest list for December that i n cludes: 

Robert Buckhout, d i rector, Center for Respons ive Psychol
ogy,  B rooklyn Col lege;  Max Mathews, d i rector, Acoustical 
and Behavioral  Research Center, Bell  Telephone Labs;  
Bernard Berelson, P r e s i d e n t ,  The P o p u l a t i o n  C o u n C i l ;  
C .  Northcote Parkinson, author of " Pa rki nson's Law" and 
" B ig B u s i ness " ;  Peter Shaffer, author of the new B road
way h it. " Equus" ; Congresswoman Bella Abzug; James 
Chase, manag i n g  ed itor, Foreign Affairs; Ann Faraday, 
P h . D . ,  author of "The D ream Game " .  

Listen t o  " I n  Conversation " every even i n g ,  Monday thru Friday, 
over the followin g  radio stations*. 

. 

New York City: WOR·AM Boston. Mass: WGBH-FM 
los Angeles: KUSC-FM Tucson:  KTUC-AM 
Chicago: WNI B-FM Dal las: KERA-FM 
Phi lade lphia:  WFlN-FM San Francisco: K IBE/KDFC-FM 

Arli ngton, Va: WAVA-FM 
Baltimore: WBAl-FM 
Detroit: WaRS 
Cleveland: WClV-FM 

" I n  Conversat ion" is sponsored by Mobi l  Oi l Corpo ration .  
'Check y o u r  local l i s t i n g s  f o r  t i m e  i n  y o u r  a rea. 

Co 1974 Mobrl oi l  Corporation 

MERGER OR 
FINANCING? 
Are you thinking of equity financ 
ing or merger of your compa ny, 
n ow or in t h e  future ? Beckman 
Instruments maintains a long -term 
search for top qual ity, technical 
growth opportunities serving sci 
ence, medicine, and industry. Per
haps you or an associate would 
like a copy of our Diversifi cation 
Interests statement - for your pres 
e n t  review or future refere n c e .  
Av a i l a b l e  o n  r e q u e s t a n d  i n  
confi d e n c e . 

ROBERT BROWN 
Director of Corporate Planning 

Beckm a n® 
I N STR U M E NTS, I N C. 

2500 Hamor Blvd., Fullerton. CA 92634 
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Plant a THINK TANK anywhere 
and watch the minds grow! 

home-office-scnool-park-club-churches-Iaboratory 

Unique instructional games designed by uni
versity professors to make learning fun 
through brain-ta-brain oction. Beginning games 
can be mastered by yaung children-- final games 
will chal lenge intelligent adults. These are 
the famous GAMES FOR THI N K E RS from 
WFF 'N PROOF Publishers. 

WFF 'N PROOF ( Iag ic) 
QUERIES 'N THEORIES (science) 
EQUATIONS (mathematiCS) 
ON-SETS (set theory) 
PROPAGANDA (SOCial stud ies) 
ON-WORDS (word structures) 
CONFIGURATIONS (geometry) 
TRI-NIM (problem sol vi ng) 
REAL N UMBERS (a rithmet ic) 
WFF (beg i nner's logic) 
QWIK-SANE (puzzle) 
TAC-TlCKLE (pure strategy) 

reachers Manual 
TH I NKERS Bookends 
1 2-Kit THINK TANK & Teachers Manual  

9 .75'  
9 . 75" 
6 .50* 
6.50* 
7.50* 
6.50* 
6 . 50* 
5,50* 
2 . 2 5 *  
2 . 2 5 "  
2 . 2 5 "  
1 .25* 
1 . 25* 

1 6.00* 

With THI NKERS Bookends (save $ 9 . 2 5) 74.50* 
Without TH I NKERS Bookendslsave $ 3 . 2 5) 64 .50* 

postage & handl ing inc luded in  above prices 

Order from:  WFF 'N PROOF 
t 490-TY South Bou levard,  Ann Arbor. Mi. 481 04 

Gifts tha t are a COMPLIMENT to receIve'  

verve, but what distinguishes it particu
larly is its catholic mastery of all of biol
ogy, from paleontology to formal genet
ics, from ethology to biochemiStry. Noth
ing less can be an adequate basis for the 
study of our social colleagues on this 
earth, and nothing less has its coura
geous and energetic author settled for. 
Biology is a whole science, and here it is 
wholly seen. Any young person who is a 
serious student of biology at the high 
school level and higher can grow from 
working at this book. It goes without 
saying that it is a grown-up treatise, no 
juvenile edition, but it is so honest and 
yet so rich that it attracts and holds by 
the scent of understanding. 

MASTER BUILDERS OF THE ANIMAL 
WORLD, by David Hancocks. Har

per & Row, Publishers ($8.95). The au
thor is by training an architect. Caught 
in the problem of design of structures for 
the London and the Bristol zoos, he 
found his way a few years ago to write 
a novel book-reviewed in these pages in 
1971-that looked at the entire problem 
of the structures human beings have 
built for use by animals over the cen
turies. Now he has gone still further into 
biology and has produced a lively and 
very well-illustrated book (with a num
ber of color plates) on the structures that 
for a much longer time the other animals 
have built very well for themselves. 

His reach is a catholic one: webs and 
eggs, bird's nests and termitaries, gerbil 
burrows and decorated bowers all find a 
clear account here. Construction tech
niques and details of form are particUlar
ly treated; outside the technical litera
ture one will not find the knots tied by 
the weaverbirds or the underwater nest 
forms of the various sticklebacks. Our 
primate cousins are not much at shelter; 
they do not need it in the tropical forests. 
The dormouse seems, after man, to be 
the best mammalian builder: it weaves 
a spherical nest of long summer grasses, 
lined softly and often camouflaged. 
Through the neat opening peers the dor
mouse mother, very snug indeed. It is 
hard to forget the bowerbirds, artists 
and decorators. Their males are drably 
feathered, but they exert themselves and 
display their tastes in decorating their 
nuptial bowers with colorful stones, bot
tle tops, petals, broken pieces of red 
plastic and blue glass bottles. Jay Gats
by tried no harder to overcome the im
poverishment of low birthl 

THE RAm> McNALLY ATLAS OF 
WORLD WILDLIFE, edited by Martyn 

Bramwell, with a foreword by Sir Julian 
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Huxley. Rand McNally and Company 
($25). This big, flat volume has a fine 
old-fashioned look in that it presents 
page after page chock-full of little color
ful boxes displaying birds and beasts 
and plants in satisfying variety. But it is 
truly up-to-date, in that its pictures are a 
logical mix of excellent color photo
graphs, paintings from thumbnail size to 
two-page spreads, colorful diagrams, 
and maps in profusion. It is a corporate 
product, with credit given to a dozen 
firms of artists and a score of expert bi
ologists, mainly British but including an 
Aussie, a Muscovite and a New Yorker or 
two. The endless details of layout, re
search and typography have been well 
managed by a London company. 
Though we lose the sense of authorship, 
we gain a plum pudding of a volume for 
reference, browsing and dreams. 

The core of the work is about a dozen 
chapters, similar in form but not identi
cal. Each deals with a region of the 
world's living things, three northern con
tinental regions, three tropical ones, then 
Australia and New Zealand, the polar 
realms, the oceans and their islands . 
Take the chapter on northern Asia. First 
we encounter a two-page painted pano
rama. Brown bear, Arctic fox and lynx 
hunt calmly in a pine forest at its snowy 
edge, a scene as crowded with birds and 
stouts and voles as any zoo. The next 
pages hold a key to the panorama's ani
mals and a full-page relief map of the 
region. Then five two-page spreads each 
consider, with many a box and inset, one 
special habitat within the region: the 
Siberian taiga, the greatest forest on the 
earth; the windswept steppe, a sea of 
grass; the cold deserts from the Caspian 
Sea to the Great Wall of China; the life 
on the roof of the world, and finally the 
great river valleys of China. For each 
locale we see a brief text and some doz
ens of varied images, mostly in color, 
telling related facets of its natural his
tory. Here are, among much else, Lake 
Baikal and its landlocked seal, the 
ground-nesting steppe eagle, the Bactri
an two-humped camel and the brush
tailed jerboa (its skull sealed to retain 
humid air), the yak and the wonderfully 
spiral-homed markhor, the ginseng and 
the Japanese crane. 

The last section of the book deals with 
humans and wildlife; on the one hand 
there is a catalogue of endangered spe
cies, with fine black-and-white drawings 
and maps and on the other a map and 
brief account of the world's national 
parks and reserves. There are good in
dexes; it makes a lasting indul gence of a 
book for schools and libraries. 
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THE, by Irvin Rock; January, page 
78. 

PERCEPTION OF TRANSPARENCY, THE, by 
Fabio Metelli; April, page 90. 

PHOTOSYNTHESIS, THE PRIMARY EVENTS 

OF, by Govindjee and Rajni Govind
jee; December, page 68. 

PIGEON HOMING, THE MYSTERY OF, by 
William T. Keeton; December, page 
96. 

PLACEBOS, THE ETHICS OF GIVING, by 
Sissela Bok; November, page 17. 

PLATE TECTONICS AND THE HISTORY OF 

LIFE IN THE OCEANS, by James W. 
Valentine and Eldridge M. Moores; 
April, page 80. 

POLYMERS, INORGANIC, by Harry R. All
cock; March, page 66. 

POPULATION CYCLES IN RODENTS, by Ju
dith H. Myers and Charles J. Krebs; 
June, page 38. 

POPULATION, FOOD AND, by Roger Re
velle; September, page 160. 

POPULATION, THE HISTORY OF THE HU

MAN, by Ansley J. Coale; Septem
ber, page 40. 

POPULATION, THE HUMAN, by Ronald 

Freedman and Bernard Berelson; 
September, page 30. 

POPULATIONS OF THE DEVELOPED COUN

TRIES, THE, by Charles F. Westoff; 
September, page 108. 

POPULATIONS, THE GENETICS OF HUMAN, 

by L. L. Cavalli-Sforza; September, 
page 80. 

POPULATIONS, THE MIGRATIONS OF HU

MAN, by Kingsley Davis; Septem
ber, page 92. 

POPULATIONS OF THE UNDERDEVELOPED 

COUNTRIES, THE, by Paul Demeny; 
September, page 148. 

PROTEIN-CUTTING PROTEINS, A FAMILY 

OF, by Robert M. Stroud; July, page 
74. 

PSYCHIATRISTS AND THE ADVERSARY 

PROCESS, by David L. Bazelon; June, 
page 18. 

REPRODUCTION, THE PHYSIOLOGY OF HU

MAN, by Sheldon J .. Segal; Septem
ber, page 52. 

SOLAR SYSTEM, THE CHEMISTRY OF THE, 

by John S. Lewis; March, page 50. 
SOYBEANS, by Folke Dovring; Febru

ary, page 14. 
STAIRS, THE DIMENSIONS OF, by James 

Marston Fitch, John Templer and 
Paul Corcoran; October, page 82. 

STEADY STATE OF THE EARTH
'
S CRUST, 

ATMOSPHERE AND OCEANS, THE, by 
Raymond Siever; June, page 72. 

TRITICALE, by Joseph H. Hulse and 
David Spurgeon; August, page 72. 

UKRAINE, ICE-AGE HUNTERS OF THE, by 
Richard G. Klein; June, page 96. 

UNDERDEVELOPED COUNTRIES, THE TRANS

FER OF TECHNOLOGY TO, by Gunnar 
Myrdal; September, page 172. 

UNIFIED THEORIES OF ELEMENTARY-PAR

TICLE INTERACTION, by Steven Wein
berg; July, page 50. 

VIRUSES, SLOW, INAPPARENT AND RECUR

RENT, by John J. Holland; February, 
page 32. 

VISUAL PATHWAYS IN ALBINOS, by R. W. 
Guillery; May, page 44. 

VISUALLY GUIDED BEHAVIOR, THE NEURAL 

BASIS OF, by Jiirg-Peter Ewert; 
March, page 34. 

WEAR, THE PARTICLES OF, by Douglas 
Scott, William W. Seifert and Ver
non C. Westcott; May, page 88. 

WINCHESTER, THE ARCHAEOLOGY OF, by 
Martin Biddle; May, page 32. 

WIND BRACING OF BUILDINGS, THE, by 
Carl W. Condit; February, page 92. 

WINES, GRAPE VINES AND CLIMATE, by 
Philip Wagner; June, page 106. 

WOOD PULP, by F. Keith Hall; April, 
page 52. 

WOMEN IN DEVELOPED COUNTRIES, THE 

CHANGING STATUS OF, by Judith 
Blake; September, page 136. 

MATHEMATICAL GAMES 

Arts as combinatoriaL mathematics, 
The, or how to compose Like Mozart 
with dice; December, page 132. 

Cram, crosscram and quadraphage; 
new games having eLusive winning 
strategies; February, page 106. 

Crosscram and quadraphage, cram; 
new games having eLusive winning 
strategies; February, page 106. 

Figurate numbers, On the patterns 
and the unusuaL properties of; July, 
page 116. 

"I Ching," the Chinese book of divina-
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tion and wisdom, The combinatorial 
basis of the; January, page 108. 

Matrix, Dr., brings his numerological 
science to bear on the occult powers 
of the pyramid; June, page 116. 

Newcomb's problem: a prediction and 
free-witt dilemma, Reflections on; 
March, page 102. 

Nontransitive relations, On the para
doxical situations that arise from; 
October, page 120. 

Number theorems with playing cards, 
Some new and dramatic demonstra
tions of; November, page 122. 

Problems, some rational and some not, 
Nine challenging; April, page 110. 

Quadraphage, cram, cross cram and; 
new games having elusive winning 
strategies; February, page 106. 

Time travel, and answers to last 
month's problems, On the contra
dictions of; May, page 120. 

Tangrams, More on: Combinatorial 
problems and the game possibilities 
of snug tangrams; September, page 
187. 

Tangrams, On the fanciful history 
and the creative challenges of the 
puzzle game of; August, page 98. 
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Birdsongs and cockroaches in a maze, 
The voiceprints of; February, page 
110. 

Bubbles in which a gas encloses a 
liquid instead of the other way 
around, Curious; April, page 116. 

Clock, a venerable, is made highly ac
curate by equipping it with a quartz
crystal works; September, page 192. 

Cockroaches in a maze, The voice
prints of birdsongs and; February, 
page 110. 

Cross-staffs, paraboloids, sun viewers 
and other useful tools and experi
ments, Of; November, page 126. 

Electrostatic motors are powered by 
the electric field of the earth; Octo
ber, page 126. 

Hang gliding, or sky surfing, with a 
high-performance low-speed wing; 
December, page 138. 

Laser that puts out pulses in the ul
traviolet, An unusual kind of gas; 
June, page 112. 

Orbit of an earth satellite, A plotting 
device for predicting the; May, 
page 126. 

Paraboloids, sun viewers and other 
useful tools and experiments, Of 
cross-staffs; November, page 126. 

Polariscope as a measuring instru
ment and as a means of creating 
objects of art, The; July, page 122. 

Quartz-crystal works, A venerable 
clock is made highly accurate by 
equipping it with; September, page 
192. 

Schlieren photography, An air flash 
lamp advances color; August, page 
104. 

Spectrohetioscope for observing solar 
prominences, A new kind of; March, 
page 110. 

Sun viewers and other useful tools 
and experiments, Of cross-staffs, 
paraboloids; November, page 126. 

Weather-satettite pictures are picked 
up in the home; .January, page 
114. 
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But you can't aet more 
calaJlalOr for Ihe money. 

The Spectrum SP-70 
with Total Algebraic lDgiclM 

• Dual parenthetical capability • 8 data 
registers with Poly-MemorylN ( a five
memory system) . Scientific notation DOUIDS 

DBB •• 
aSSDII 
•• mDa 

• 14-d.igit alpha numeric display with 
10-digit mantissa and 2-d.igit exponent 
• Transcendental functions . Radian or 

degree calculations • Special statistical, 
financial, and engineering instructions 
• Rechargeable . Full Warranty 
• 6-3/4" x 3-1/2" x 1-1/2" 
• Immediate delivery • More! 

Nt\\' lOW PRICE ••• $129.95 
A most unique, compact, and quality

engineered precision computation instrument 
is the SP-70. The perfect tool for all 
engineers, scientists, statisticians, financiers, 
and students. 

With 8 data registers, the SP-70 instantly 
performs a multitude of mathematical func
tions. And Total Algebraic Logic'" makes 
it extremely simple to operate. All expressions 
are entered in exactly the same sequence as 
they are stated. This includes the signs, num
bers (in full floating decimal or scientific 
notation), function instructions, even the 
brackets and parentheses. Without ever 
needing to reprogram the expression. 

In fact, Total Algebraic Logic'" is so 
advanced that most calculations, no matter 
how complex, may be solved without manually 
entering any intermediate results into 
memory. The dual-level parenthetical system 
-one component of Poly-MemorylM -auto
matically directs intermediate results into 
sub-memory and conditions these intermediate 
results for automatic retrieval when necessary . 
Thus freeing the separate memory register 
for storing any other data at your option. 
For example, the SP-70 quickly solves the 
following-just the way you see it: 

r = --
-----------

calculators. We're convinced the SP-70 is by 
far the outstanding calculator of its kind. 
So much so, that we make this uncondi tional 
guarantee: H you're not satisfied with your 
new SP-70 (for any reason )-simply return 
the unit within ten days and we 11 send a 
prompt refund of the full purchase price. 

The SP-70 is also guaranteed for a full 
year: parts and labor. 

Compare the SP-70 with any calculator
feature for feature, function for function, 
doUar for dollar. You're certain to agree, 
Spectrum is truly the foremost calculator 
val ue on the market today. 

All units receive an additional final inspec' 
tion by one of our technicians before leaving 
our warehouse facility, and most orders are 
shipped on the same day they're received. So 
order yours- AT NO RISK-today. 

Complete with carry case, rechargeable 
hatteries, AC/DC adaptor/charger, instruc· 
tions, warranty. 
NANlli ____________________ _ 

ADDRESS __________________ __ 

CITY ___________ _ 

STATE ZW ________ _ 

Please rush __ Spectrum SP-70(s) @ 
$129.95 each. Enclosed is _____ , plus 
$2.50 per machine to cover shipping. Or bill 
by BankAmericard or l'vlaster Charge Account 
No. _____________ _ 

[ (t2 - t.) � (JLeX + I) ] Interbank No. Expires ___ • Md. Residents remit 4'70 sales tax. 111 . 
Try solving on a calculator 
without Total Algebraic 
Logic"'! 
Chafitz Equipment Company 
is one of the world's leading 
specialists in electronic 

CONTACT US fOR SPff1Al QUANTllY PRICING! • 
• 
• 
• 
• 

Mail or Phone! • 
• • 
• • 
.856 Rockville Pike - RockvIlle, Maryland 20852 -(01) 340-0200 • 
• •••••••••••••••••••••••••••• 
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Cloud-Solt Travelers 
Goose Down Sox 
For Men 
and Women 

Slip on a pair of these to keep your feet warm 
in sleeping bag or bed; as inner sox for Inau ... 
lated pacs or waders. Downright comfortable 
travel slippers. Bauer Goose Down quilted In 
tough, washable Nylon taffeta. Colora: Red, 
Winter Blue, Taupe, Powder Blue. Specify shoe 
size and we will send a proper fit. 0123 Goose 
Down Sox, pair $8.95 postpaid. 

Order Today! Money Back Guarantee! • 
Enclosed Is my check or money order for 

$ ___ . (Add sales tax where applicable.) 

Please RUSH my 0123 Goose Down Sox. 

Men's Slze ___ Color _____ _ 

Women's Size ___ Color ____ _ 

Name ___________ _ 

Address __________ _ 

Clty ___________ _ 

State Zip ___ _ 

o Send me FREE your new color catalog of 
over 1200 exciting outdoor products. 

Dept. ase, 1737 Airport Way S .• Seattle, Wa. 98134 
--------------------
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Jean Dorst 

THE LlliE' 
OF BIRDS 
In these two magnificent volumes a 

world-famous ornithologist presents 
the. first truly ecolo�ica.1 study of 
bird life. A unique work emphasiz
ing the relationships between phys
ical structure, habitat, and the fac
tors regulating population. A must 
for conservationists. 
2 vols., 700 pp., iIIus. $35.00 

At air booksellers or from 

COLUMBIA UNIVERSITY PRESS 
Addre .. for orders: 
136 South Broadway, 
Irvington, New York 10533 
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THE MYSTERY 
OF PIGEON HOMING 

ORIENTATION BY PIGEONS: Is THE SUN 
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MAGNETS INTERFERE WITH PIGEON HOM
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HOMING IN PIGEONS WITH IMPAIRED VI
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TERED BY A CHANGE IN THE DIREC
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BASIS OF HOMING IN BIRDS. William T. 
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Behavior: Vol. 5, edited by D. S. Lehr
man, R. Hinde and E. Shaw. Academ
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THE DETECTION 
OF NEUTRAL WEAK CURRENTS 

NEUTRINO PHYSICS. Leon M. Lederman 
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by E. H. Burhop. Academic Press, 
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INTRODUCTION TO HIGH ENERGY PHYSICS. 

Donald H. Perkins. Addison-Wesley 
Publishing Co., Inc., 1972. 

EXPERIMENTS WITH NEUTRINO BEAMS. 
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Vol. 229, No. 2, pages 30-38; August, 
1973. 

COUNTERFEITING IN ROMAN 
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PUTER AND THE ARTS. Edited by Jasia 
Reichardt. Frederick A. Praeger, 1969. 

COMPOSITION SYSTEMS AND MECHA

NISMS. Percy A. Scholes in The Oxford 
Companion to Music, edited by John 
O. Ward. Oxford UniverSity Press, 
1970. 

FROM MOZART TO THE BAGPIPE WITH A 

SMALL COMPUTER. T. H. O'Beirne in 
Bulletin of the Institute of Mathemat
ics and its Applications, Vol. 7, No. 1, 
pages 3-8; January, �971. 

THE AMATEUR SCIENTIST 

HANG GLIDING: THE BASIC HANDBOOK OF 

SKYSURFING. Dan Poynter. Published 
by the author, Box 4232, Santa Bar
bara, Calif., 1974. 

; 
'" 

When we build C;>uestars for special applications, they are engineered to 
combat the hostile environments that prevent an optical system from 
delivering its theoretical performance. Our designs tackle the problems of 
atmospheric conditions, extremes of temperature, high vibration levels 
and high gravitational forces in a combination of ways, depending on the 
critical demands of the application. 

We were the first to put the temperature-stable optical material Cer-Vit@ 
into production optics; We introduced peaked dielectric coatings shortly 
after their inception and have now included enhanced silver for maximum 
reflectivity when it is needed. Special metals such as Invar have long been 
used to decrease the expansion factors of our ruggedized models, thus 
maintaining an instrument's focus throughout temperature extremes. 

When your specs read like this: "optics system to function as receiving 
aperture in conjunction with laser system operating at a wavelength of 
0.6943 microns" or when the frequency, sinusoidal amplitude and sweep rate 
of the' vibration levels demand the ultimate in ruggedization, consider 
C;>uestar. We have met these challenges and our answers are in production 
here every day. 

Both photographs show the Questar SR-7, a modified version of our 
famous Questar Seven. It is the prime optical component of a laser tracking 
system and features diffraction limited optics of Cer-Vif® and quartz 
housed in a ruggedized barrel assembly of Invar. As a result, the system 
is essentially temperature compensated and extremely stable when operating 
in a variety of environmental and climatic conditions. 

@QUESTAR CORPORATION 1974 
All rights reserved 

QUESTAR 
BOX SR20, NEW HOPE, PA. 18938 

SEND FOR OUR BOOKLET 

ABOUT QUESTAR, THE WORLD'S 
FINEST, MOST VERSATILE 

OPTICAL SYSTEM. IN COLOR. 

WITH 150 PHOTOGRAPHS BY 
QUESTAR OWNERS TAKEN 

WITH THE 3% AND SEVEN. 
SEND $1 TO COVER MAILING 
COSTS ON THIS CONTINENT; 
BY AIR TO SOUTH AMERICA. 
$2.50; EUROPE AND NORTH 
AFRICA, $3.00; ELSEWHERE, 

$3.50. 

® Registp.red Trademark of 
Owens-Illinois. Inc, 
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WHAT AMERICA MEEDS IS A MEW BALAMCE OF POWER / OME 1M A SERIES 

The energy challenge. 
Our people take it personally. 

Come behind the scenes for a 
moment. 

Combustion Engineering 
is a corporation that has served 
and supplied energy industries 
for over 60 years. 

But C-E is also individuals
over 35,000 of them - who know 
the energy situation personally, 
from outside and in. 

Each of them is an energy 
consumer, buying gas for the 
family car, paying utility bills 
and reading headlines about 
Mid-East oil fields. But for each 

of them, energy is also the job 
and the professional challenge. 

Over 5,500 people, more than 
15 percent of C-E's total person
nel, are scientists and engineers. 
Over the years they've come up 
with many ways to transform 
energy or produce power more 
efficiently. 

Like a better method for firing 
fossil-fueled boilers , which is 
now used by power plants and 
industries on 6 continents. 

Or a special system for burn
ing the low-sulfur coals that are 

plentiful in our Western states 
and could go a long way towards 
closing the energy gap. 

Everybody at C-E knows that 
one of the biggest energy chal
lenges is how to double America's 
electric power every ten years. 
And we know that the solution 
is to find a new balance of power. 
To develop ways of generating 
more power economically with
out depleting our oil and coal 
resources and without spoiling 
the environment. 

Is nuclear power one of them'? 
Absolutely. C-E personnel have 
been working with nuclear 
power for over 30 years, so they 
know firsthand how abundant, 
clean and safe it can be. Today, 
they are building nuclear sys
tems, training the men who run 
them , and designing advanced 
systems for the power needs of 
the future. Such as breeder 
reactors which will produce 
more fuel than they consume. 

In our labs, factories and in 
the field, C-E people are work
ing with the energy technologies 
of today and tomorrow-coal, 
oil, gas, nuclear power. That's 
how the Company was planned 
and built: by staying close to a 
variety of energy technologies. 

And when you're that close, 
you know that energy challenges 
can be met. By the ultimate 
energy source -men and women 
who think long and work hard. 

And who take their work 
personally. 

Nuclear power is his business. Nuclear power may 
account for half of America's electrical energy by 
the end of the century. Helping to meet that goal 
are John West, Vice President-Nuclear Power 
Systems, and C-E's new System 80 design which 
has achieved wide acceptance by utilities since 
its introduction a year ago. 
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He coaxes oil and gas from the sea. Fritz Boschitsch is a C-E Natco sales 
engineer whose work relates to one of the world's major new oil exploration 

locations in the North Sea. In early 1974, most oil being produced in the North 
Sea was flowing through Natco equipment, such as shown on this offshore 
platform in Denmark's Dan field. 

He fights pollution, and wins. Bill Murray, 
Industrial Products Regional Manager for 
C-E Air Preheater, with a fume incinerator 
that keeps offensive vapors from reaching the 
air. More than 80 of these units, part of a 
complete line of pollution control systems, 
are now in use for industrial complexes. 

He's making gas out of coal. By 1985, some 
of the gas we use will be made from coal. Bob 
Patterson, Product Development Manager, 
Fossil Power Systems, leads efforts now 
underway on a program that will ultimately 
produce low Btu, clean burning gas for 
utilities ... helping ease demand on more 
critical petroleum fuels. 

Clean fuel from coal is his challenge. Dr. Morgan Sze, head 
of the C-E Lummus Engineering Development Center in 
Bloomfield, New Jersey, observes the performance of a 
prototype system for coal liquefaction. C-E Lummus' R&D 
efforts lead the way in the development of process technol
ogy with emphasis on coal conversion to liquid clean fuels 
and other coal chemicals. 

If you would like more information on today's energy 
challenge, or are interested in a career with The Energy Systems 
Company, write· Combustion Engineering, Inc., Dept. D, 
900 Long Ridge Road, Stamford, Connecticut 06902. 

E� COMBUSTION 
iii& ENGINEERING 

The Energy Systems Company 
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The Parker 75 Soft Tip. 
It� taken for granted by people who aren't. 

The Parker 75 Soft Tip is rarely admired 
by its owners. They don't have the time or 
the inclination. 

They tend to be the doers of this world, 
the people who make things happen. They 
know what they think and they don't mince 
words. 

It would not be true to say we made the 
75 Soft Tip specifically for such people. 
But it's true that it matches their lifestyle 
remarkably well. 

First off, the 75 Soft Tip looks refined, 

even elegant. Its solid sterling silver case, 
with the deeply engraved grid design, 
makes it a striking business accessory. 

Its generous dimensions give it the "feel" 
of substance. 

But it's on paper that the 75 Soft Tip Pen 
earns friends. Its firm nylon tip puts down a 
rich, vivid track that is forthright, personal 
and definite. And the ease with which it 
writes promises solid comfort through 
hours of use. 

Naturally, this pen is guaranteed. In 

Cq 

Co I1veJ 

il1l1ov at 
I-?ith 110 

't 1914 THE PARKER PEN COMPANY JANESVillE WISCONSIN, USA. 

writing. If it fails to perform due to defects, 
we will repair or replace it-free. 

The Parker 75 Soft Tip Pen in sterling 
silver. For the person destined to go 
places, it makes an admirable traveling 
companion. What's the best time to give 
this pen? Probably now. 

<P PARKER 
" 

World's most wanted pens 

Parker 75 Soft Tip Pens from 512.50 to 5475. Matching ball pens and pencils. Ample engraving area for full monogram. 
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