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We have a way to find out 
what's really going on 

in the other 3/4 of the world. 

Why is the weather a favorite 
topic of conversation? What 
else can we do besides talk 
about it? 

One thing we know for sure 
is where most of our weather 
comes from: the seas 
around us. 

-::-.=====��� It is too costly to put weather-
men in the world's oceans. That 
was the problem: to find a less 
expensive way to put informa
tion-gathering devices in the 
oceans where they would pro
vide data for more accurate 
weather predictions. 

Under contract with the U.S. 
Navy's Office of Naval Re
search, we began work on this 
important project. Was it possi
ble to station a buoy in the 
ocean and have it report to me
teorologists on shore? 

Antenna relays 
information from the 
ocean station to 
on-shore control, up 
to 3,000 miles away. 

Devices are mounted atop the mast 
to measure wind, humidity, rain, solar 
radiation and barometric pressure. 

The hull is forty feet in diameter 
and seven-and-a-half feet deep

_
. _-------' 

It weighs 100 tons. 

The pie-plate shape of this hull 
will withstand winds of 150 knots 
and waves of 60 feet. The hull 
rode out Hurricane Betsy in 1965. 

To do its job, the buoy would 
have to have more than 100 sen
sors for gathering oceano
graphic and meteorological 
data for transmission to shore 
command. The buoy would 
have to be moored in deep 

ocean, in depths to 
20,000 feet. 

Finally, it 
would have 

to operate rou
tinely in ISO-knot winds, 10-
knot currents, and 60-foot 
breaking waves. 

In short, besides gathering 
weather information, the buoy 
would have to withstand storms 
that even the Queen Eliza
beth II would run from. 

A working all-steel hull was 
built. 

This station went to sea in 
October, 1964. It was moored 

The entire station is built to 
operate unattended for a full year, and 
can be serviced at sea. 

Attached to the hull, other 
instruments measure wave 
height and current velocity. 

Inside, electronic equipment gathers 

Below the surface, more devices are placed on the 
mooring lines to measure water temperature and salinity. 

and stores information from 100 different 
sensors for transmission to shore. 
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in the middle of the Gulf 
Stream, off the Florida Coast, 
in a hurricane lane. 

The station carried environ
mental sensors to see what a 
hurricane would do to the buoy. 

In calm seas, the buoy 
worked to our fullest expecta
tions. The most physical test of 
the system was to come. 

In September, 1965, the eye 
of Hurricane Betsy passed with
in fifty miles of the station. 

Waves were 45 feet high. 
Wind speed averaged 80 miles 
per hour. Gusts as high as 110 
miles an hour. 

Through this punishing 
storm the buoy functioned 
routinely. 

Today, ocean data stations 
are operated off our east coast 
by the Commerce Depart
ment's National Oceanic and 
Atmospheric Administration. 
Next year, additional stations 
will be in service in the Gulf 
of Mexico to monitor the hur
ricane season. In the future, a 
network of these stations could 

Prototype weather station off Florida. 

form a major part of a world
wide weather watch. 

This is-the kind of data 
ocean stations send back: 

Meteorological data on wind 
speed and direction, baromet
ric pressure, air temperature, 
relative humidity, precipitation 
and solar radiation. 

Oceanographic data on 
ocean current, direction and 
speed, water temperature, sa
linity and surface wave profile. 

By knowing the exact water 
temperature a thousand miles 
away, we'll know better wheth
er a storm will bring snow or 
rain when it reaches land. 

One way or another, this in
formation will benefit every
one. For instance, by helping 
tell when to plant and harvest, 
schedule a vacation, even lo
cate fish. 

Because of the buoy's capa
bilities, the U.S. Coast Guard 
decided to use it as an un
manned navigation aid. So far, 
our Electro Dynamic Division 
has outfitted seven of them and 
the Coast Guard is using them 
to replace lightships, at a great 
reduction in operating costs. 

Navigation buoys are on sta-

Potential ocean station network. 

tion now off the entrances of 
New York and San Francisco 
harbors, in Delaware Bay, and 
off the English Coast, among 
other places. 

Off our busy harbors, these 
navigation buoys could form 
net'>vorks of traffic sensors re
porting to onshore stations and 
helping control ships in and out 
of ports. 

Because we could put so 
many technologies together, we 
could put together the weather 
and navigation stations. 

They're typical of something 
else at General Dynamics. Our 
people develop new technolo
gies for specific needs. Then 
someone else in the company 
finds other lIses for those tech
nologies. 

It's happening in all sectors 
of our business, in defense and 
in ollr growing commercial 
markets. It happens in marine 
systems. It also happens in aero
space, shipbuilding, telephone 
systems, electronics and natu
ral resources. 

It explains why we're a com
pany that keeps doing things no 
one's been able to do before. 

Navigation buoy off the English Coast. 

GENERAL DYNAMIC:S 
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Crystal·clear bottle 
with more class than glass. 

The Marlex® Marketing Team created it. 

The packaging industry needed it. A 
bottle that feels soft and satiny, has 
sparkling clarity plus the unbreak
ability, light weight and economy 
of plastic. 

The Marlex Marketing Team 
made it happen. The first clear poly
propylene bottle for commercial use. 

Using Marlex polypropylene 
resins, the team developed our pat
ented Orbet process-a sophisti
cated fabricating technique for pro
ducing crystal-clear bottles with all 
the best features of plastic. They 
can be used for practically every
thing from dishwashing liquids and 
detergents to syrup and juices. 

But it took years of research 
and development by our Marlex 
Marketing Team. And years of work
ing with packaging experts. Testing 
for clarity, impact strength, moisture 
vapor transmission, environmental 
stress cracking. 

The point is: whatever your 
product, if you have any reason to 

work with plastics, you have every 
reason to work with Phillips, inven
tors of genuine Marlex polyethylene 
and polypropylene resins. The resins 
that are worth more to you. 

Get help from the Marlex Mar
keting Team. Call: 
Robert F. Lynch. Fairfield. N.J. 201 227-6600. 
Bill Shriver. Soulhfield. Mich. 313 353-6666. 
Ralph Porter. Villa Park. III. 312 834-6600. 
Harry House. Memphis. Tenn. 901 682-8317. 
David Day. Los Angeles. Calif. 213 685-6380. 

At Phillips 66 it's performance that counts 
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Dualwon't 
make aiasting 

• • 

Impression on 
JODr records. 

Your record collection may be 
worth hundreds, even thousands of 
dollars. And its value can be 
preserved indefinitely. 

Or be diminished every time you 
play a record. It all depends on your 
turntable. 

Your turntable is the one com
ponent that actually comes in contact 
with your precious records and 
tracks their impressionable grooves 
with the unyielding hardness of a 
diamond. 

So, to preserve their investment, 
many serious music lovers demand 
the flawless precision of a Dual 
automatic turntable. A standard of 
perfection so well recognized, that 
most professionals choose a Dual for 
thei r own stereo component systems. 

If you'd like to know why, just mail 
the coupon. We'll send you some 
i nteresti ng I iterature that tells you 
what to look for in record playing 
equipment. And a series of 
independent test reports on the Dual. 

We didn't write either booklet. 
But if you read them, you'll know 

why Dual has made such an 
impression on the experts and 
absolutely none on thei r records. 

United Audio Products, Inc. 
120 So. Columbus Ave., Mt. Vernon, 
New York 10553 Dept. SA 

III 

1209, $129.50 

II "Please -send-your --;;"Iiterotu-;-� turntables. I 
including lest report reprints. I 

I Name I I Address 
I 

I � Zip I I Uni1ed Audia, 120 So. Columbus Ave., I L MI. v� N.Y. 10553. Dept. SA _
_

_
__ 

� 
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THE COVER 

The photomicrograph on the cover enlarges a thin section of the brain of a 
rat 1,800 diameters. The section was embedded in plastic and stained by a 
method that identifies the fibers of cells that have degenerated because 
their cell bodies were destroyed by an experimental lesion, In this case the 
large black silver particles indicate degenerating axons and boutons (ter
minals of axons) of cells in the olfactory system. Nerve cells and their proc
esses are yellow or yellow-green; the dark red spot is a nucleolus, Through 
study of such micrographs and then of electron micrographs of the same or 
similar sections it is possible to trace the routes by which nerve cells in the 
brain communicate with one another (see "Pathways in the Brain," page 48). 
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The 80" (f/l0-2000mm) focal length of this 
scope is accomplished by multiple passes within the 
short 16" tube. '25# total weight and 9x 12x24" se
cured size. Complete with fork mount and clock drive. 

tI The Schmidt·Cassegrain optical system of the 
Celestron 8 assures the sharpest 40X telephoto 
images. Distortion-free and perfect color rendition. 
Full 35mm format. 

V For the wife - a n�ture telescope to study the 
frolicking of a bobolink at ISO feet or a bee pollinat
ing a flower at 30 feet. She'll be sold. 

tI For the kids - a real educational bonus. They'll 
study the wealth of detail of the Moon, rings of 
Saturn, twirling satellites and belt structure of Jupi
ter, and the filamentary detail of a remote nebula. 

"Celestron Techniques" published quarterly. Currenf issue 
contoins orticles on Lunar. Solor. and terrestrial tele
photography and many full·color Celestron 8 shots of 
these subiects. $2.00 for 4 issues. 

Cel.stron 8 - price $850 - For details write to: 

,Celestron PaciFze 
2430 Amsler 
Torrance, Calif. 90505' 

Tindura. 
91immbcn � :!!::t.1:ti.tn tin Actuet,obc 

Sl�ll/llllb tbllt I�lt ball"' .. · ·M.., """ dnm wan 
t\.·arm fCl)nlbod· ':l.6er l1ic(Jq 
.ft'ca(r II' 13'\71' 

(finl1iet 
.a�6 �1(111 
bl\l1 � Del' � 
balf €8{,,� aUfl 

'�rtlms 
I/lInbt 
fH>a� 

Jlneln 
"ef} ;> I barnaa; .tett mit 

m(�r tin gtro.,. I; autf � " 
�f,mt mad) dllm .pCl) iJ!!mif �,ol 

6 

f�rd)(� 0'a� � Stf6altJI\)�'(lItirt lin 

books, 
journal articles, 
papers, patents, 
contracts, records, 
specifications, 
manuals, brochures, 
letters 

from and into the 
languages of the world 1�:E:�-I"�.A...l.W'I> 

� LANGUAGES, INC. 
369 Lexington Ave., New York, N.Y. 10017 
(212) 867·2370 

LETTERS 
Sirs: 

"Physiological Tremor," by Olof Lip
pold [SCIENTIFIC AMERICAN, March], is 
a fine presentation of many aspects of 
muscle control. However, the notion 
that the brain's alpha rhythm may be 
generated by the extraocular muscles 
(voluntary muscles that control move
ments of the eyeball) needs to be cor
rected. It is natural that such a keen in
terest in muscle activity could lead to 
the aggrandizement of the role of 
muscles in neurophysiology. Data cited 
recently ("Alpha and Kappa Electroen
cephalogram Activity in Eyeless Sub
jects." Robert M. Chapman, C. R. Ca
von ius and J. Terry Ernest in Science, 
Vol. 171, No. 3976, pages 1 159- 1161; 
March 19, 1971) eliminate tremor of 
the extraocular muscles as a necessary 
source of alpha electroencephalogram 
activity. A subject with both eyes 
removed showed alpha activity, and 
marked left-right differences in alpha 
activity were not found in one-eyed sub
jects whose eyes and extraocular mus
cles were removed on one side. 

Although alpha brain activity and the 
muscle action studied by Lippold are 
predominantly 10 cycles per second, the 
physiological tremor of the eye has been 
reported to be primarily between 30 and 
70 cycles per second. 

ROBERT M. CHAPMAN 

Eye Research Foundation 
Bethesda, Md. 

Sirs: 
I am sorry to have worried Dr. Chap

man by my mild statement that "the 
alpha waves may be generated by the 
extraocular muscles." I was referring to 
the theory that alpha rhythm does not 
originate in cortical gray matter but is 
due to an interaction between the cor
neoretinal potential (a standing poten
tial across the eye) and tremor in the 
extraocular muscles (voluntary muscles 
that move the eye). 

This theory was suggested by the 
similarity between phYSiological-tremor 
rec:Jrds from any muscle in the body 
and human electroencephalograms ob
tained when the eyes are closed. They 
have a similar frequency spectrum; they 
behave similarly in response to various 
stimuli; both are absent in sleep and 

during anesthesia; in the child, tremor 
and alpha waves both have a frequency 
of around five hertz (cycles per second), 
increasing to 10 hertz in adult life. 

Four main lines of experimental evi
dence support the new theory: 

1. Tremor (at 10 hertz, having a fre
quency spectrum similar to alpha waves) 
can be recorded from the eye when al
pha waves are present in r�cords from 
the occipital regions of the scalp. This 
tremor is mainly an in-and-out transla
tional movement of the eye and not a 
rota tory one; cross-covariance functions 
show the tremor to be Significantly cor
related with alpha waves. 

2, The properties of the servo loop 
controlling eye muscle contraction can 
be altered. Injecting a local anesthetic 
into both eyes of an experimental dog 
abolishes the major part of the sur
face-recorded electroencephalographic 
rhythms (presumably the equivalent of 
alpha waves in humans). Cooling the 
orbits in humans slows the alpha rhythm 
by several hertz, just as finger tremor is 
slowed by cooling the arm. Fatigue of 
extraocular muscles, induced by making 
forced, rapid eye movements for some 
time, increases the amount of alpha 
rhythm that can be recorded. Fatigue 
increases ordinary muscle tremor: 

3. Single or repetitive mechanical 
displacements applied to the eyes can 
either produce alpha waves or synchro
nize preexisting alpha rhythm. This phe
nomenon is just like the effects of "prod
ding" the finger described in my article, 

4. The corneoretinal potential can 
be identified as the "source" of alpha 
waves. It is a potential difference of 
about 80 millivolts across tlle pigment 
layer of the retina, and it can be altered 
experimentally in magnitude by chang
ing the level of illumination of the eye. 
When the potential is, say, increased in 
the left eye and decreased in the right, 
it is found that the amplitude of alpha 
waves is larger on the left side of the 
scalp and smaller on the right. This must 
imply that nervous mechanisms are not 
responsible for alpha rhythm because 
the optic nerve from each eye is distrib
uted to both visual cortexes. 

The purely "observational" approach 
to this question is useless. One cannot 
say: "I once had a patient with both 
eyes removed who had alpha waves, 
therefore the theory is wrong." If Dr. 
Chapman examines his eyeless patients 
carefully, he will find that they still have 
a potential difference across the empty 
sockets that behaves just like the normal 
corneoretinal potential, although it is 
usually about 10 to 20 percent of the 
normal magnitude (and the alpha 
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rhythm to be found in eyeless people is 
usually 10 to 20 percent of the usual 
amplitude}. He will also find that the 
inside of the eye socket is in continuous 
oscillatory movement, roughly in syn
chrony with the alpha waves present in 
the scalp record. 

O. C. J. LIPPOLD 

University College London 
London 

Sirs: 
I fear that the speculations of Thad

deus M. Cowan in the letters depart
ment of Scientific American [December, 
1970] may mislead your readers. The 
answer as to why the light-sensitive rods 
and cones of the retina point awav from 
the source of light in the eye almost cer
tainly lies in the development of the eye. 

The retinal portions of the vertebrate 
eye arise first as a hollow, ball-like struc
ture whose inner cavity is continuous 
with the cavity of the brain. At earlier 
times in development the cavity of the 
brain is continuous with the spaces out
side the embryo. Hence the outermost 
cells of the embryo (called ectoderm), 
the cells that line the cavities of the 
brain and the cells that line the cavity 
of the eye can be thought of as portions 
of a single continuous tissue layer. It is 
well known that surface ectodermal cells 
often possess cilia and that cells lining 
the cavity of the brain and spinal cord 
also possess those hairlike structures. 

It seems reasonable to suppose that, 
long ago during the evolution of the an
imals that were giving rise to the velte
brates, the cilia already present on the 
inner side of the future eye became 
modified to act as more efficient light 
receptors. Hence the outer processes of 
the rods and cones came to be formed 
during the developmen t of those orga
nisms instead of the more primitive cilia. 
Thus the mutations and forces of nat
ural selections that led to the origin of 
the vertebrate visual system probably 
operated by modifying preexisting cilia 
and not by creating new structures that 
point away from the light for no appar
ent reason. 

NORMAN K. WESSELLS 

Stanford University 
Stanford, Calif. 

Sirs: 
In the May issue of Scientific Ameri

can ["Letters"] Joel R. Cohen correctly 

pOints out that the Hebrew word for 
king is melech, not melek. He adds that 
the guttural sound eh bears no relation 
to the letter k, "which has a different 
symbol in the Hebrew alphabet." This 
latter statement is misleading. The last 
letter of melech is a terminal kaf, and 
the normal form of this symbol is pro
nounced ch or k depending on a simple 
dagesh (dot). Cohen's wording suggests 
that the letter or sound k is represented 
in Hebrew by the "different symbol" Iwf 
(or qaf), which is not always the case. 

Now, if we are to reject the cabalis
tically impressive melech because of its 
guttural sound, the same objection clear
ly applies to cholam (dream), particuhlr
ly since this word starts with a differen t 
type of ch, namely the symbol chet, 
which is never pronounced k, unlike I((/f. 

Let's face it, cabalists! If we eliminate 
kelimah (shame) because it has four let
ters (KLMH), there is simply no good 
solution for KLM other than the ob
vious Koninklijke Luchtvaart Maat
schappij (Dutch for Royal Dutch Air-· 
lines). 

EMILE C. VAN REMOORTERE, M.D. 

University of Nevada 
Reno, Nev. 
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Julian Huxley 
MEMORIES 

In this moving autobiography, the 
great biologist recalls his phenome
nally gifted family and reveals his 
innermost thoughts on science, re
ligion and humanism. 

"The point of view of a naturalist 
which dominates the entire volume 
has a scientific and an aesthetic 
component. How the two come to 
terms with each other is perhaps the 
central theme ... Huxley has pro
duced a book which is not only en
joyable, but a contribution to the 
presentation of science to the lay
man." - JAMES B. CONANT. 

Illustrated. $8.95 

A e",g:)� BOOK 
---

Secrets of the 
Great Pyramid 

by PETER TOMPKINS 
This beautifully illustrated volume 
"is a wonderful synthesis of every
thing that has been done since Sir 
Isaac Newton to establish the astro
nomical nature and purpose of the 
Great Pyramid as a monument to 
scien.:e rather than a monument to 
a dead pharaoh." 

- FRANCIS J. HEYDEN, Director, 
Georgetown College Observatory 

The author devotes special attention 
to the controversial theory that the 
Great Pyramid was constructed as 
a highly scientific instrument, an 
exact scale model of the Northern 
Hemisphere. With an appendix by 
Professor Livio Catullo Stecchini. 
"A fascinating book."-MELVIN H. 
JACKSON, Smithsonian Institution 

Profusely illustrated, $12.50 

At all bookstores 

tfl Harper eiJ Row 
181749 East 33d St., N. Y. 10016 
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This is how most oil companies 
see things. 
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This is how we see it. 
Black is the absence of vision . .. 

light is our thinker's tool. 

It's the light he carries in his mind 

that lets him look at what he's seen be

fore ... and see something new. 

Something no one ever thought to 

see before. 

An American Oil thinker can look at 

something ... like an industrial oil, and 

then see how to make it better. 

That's how you get more oils for in

dustry that are newer and better. 

The way we see it . that's why 

we're important to you. 

,. 
:aT .. 
AMERICAN 
�I� 

American Oil Company 
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50 AND 100 
YEARS AGO 

JULY, 1921: "Seldom, if ever, in history 
has one man been presented with so sub
lime an opportunity for doing a work 
both great and good as that which con
fronts the President of the United States 
at the present momentOUs era in the his
tory of the world. We refer, of course, to 
the practically universal call that has 
gone up from a war-weary and war
hating world for our President to con
vene an international conference for the 
reduction of naval armaments and the 
prevention of future naval rivalry. It took 
a world war to drive into men's heads 
the utter stupidity of settling debated 
questions by war. vVhatever the war has 
left behind, it has certainly rooted that 
conviction in men's minds. The world 
has turned to us as the nation that, by 
virtue of its wealth in men and natural 
resources, is best able to carry on war 
and has frankly asked us to take the 
initiative for peace. The people of this 
country have risen to that cry and have 
answered that they are for peace and for 
a reasonable reduction of armaments. 
More than that, both houses of Congress 
have voiced this call of the people in a 
jOint resolution in which the President is 
asked to call a conference of the three 
great naval powers to discuss the ques
tion of reducing naval armaments." 

"It is rather startling when men of un
questioned scientific standing tell us that 
all of the tissues of the body are essen
tially immortal and that, barring acci
dents, we ought never to die. This is the 
newest evidence the science of medicine 
has to offer, and it is evidence, mind 
you, not theory. A skillful surgeon has 
been able to keep alive by artificial 
means, outside the animal, a bit of tissue 
for a longer time than the natural span 
of life of the animal itself. The remark
able thing is that the tissue is no longer 
subject to the influence of time and 
there is no doubt that if properly cared 
for it will live on indefinitely. The sur
geon is Dr. Alexis Carrel of the Rocke
feller Institute in New York and his ex
periment is with the hcart of an embryo 
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chick, which he has kept alive for more 
than eight years." 

"It is interesting to note that it is now 
possible to construct scales for the mea
surement of length directly from the 
fundamental wave lengths of light with
out the use of any intermediary stan
dard. As an example of work of this kind 
that is now being regularly carried out, 
it may be mentioned that the Bureau of 
Standards recently completed the rul
ings on a six-inch scale using light waves 
from a tube containing neon as the 
length standard." 

JULY, 1871: "Ten years have elapsed 
since the publication of the first paper 
on the wonderful discoveries of Bunsen 
and Kirchhoff in Poggendorff's Annalen, 

and since that time every year-we 
might say almost every month-has wit
nessed some new and unexpected ap
plication of the spectroscope to astro
nomical research. Having in a measure 
determined the nature of the atmo
sphere of the sun, we are startled by the 
announcement that the spectroscope can 
be used to measure the velocity of ap
proach or recession in luminous bodies 
moving with great rapidity. We can 
detect and measure the movement of 
the stars, commonly called fixed, by 
this delicate instrument. It has been 
observed that if a luminous object ap
proaches with great velocity, the posi
tion of the image of the slit will be 
removed toward the violet end of 
the spectrum; if the body recedes, the 
change of position is toward the red. If, 
therefore, we can establish a ratio be
tween the rate of movement of an ob
ject and the amount of displacement ob
served in the image of the slit, we shall 
be able to measure or estimate the ve
locity of any moving body." 

"It is estimated that there are 225 

colleges for males in the United States 
entitled to confer degrees and that the 
total attendance upon them of under
graduate students is, in round numbers, 
14,000. This will allow one student to 
every 2,850 of the population. It is said 
that the total number of students at
tending colleges in the United States is 
both relatively and absolutely less than 
it was 30 years ago. In other words, al
though the population of the country 
has greatly increased, the attendance 

upon colleges has either remained 
stationary or has actually diminished. 
While at one time in our history there 
was one person in every 1,000 in col
lege, we now find only one person in 
nearly every 3,000. Our colleges would 
do well to consider whether the decrease 
in attendance may not be partly due to 
defects in their curriculum of instruc
tion. Perhaps the colleges do not offer 
the kind of education that the times de
mand. It may be that a little less Latin 
and Greek and more of the physical sci
ences would be acceptable." 

"The following illustration of the vi
bratory movement of matter, says Pro
fessor Henry, is attested by Professor 
Horsford. The top of the high tower that 
constitutes the Bunker Hill monument 
inclines toward the west in the morn
ing, toward the north at mid-day and 
toward the east in the afternoon. These 
movements are due to the expanding in
fluence of the sun as it warms, in succes
sion, the different sides of the structure." 

"Prof. Huxley, in responding to the 
customary compliments to science at the 
Royal Academy of the Arts dinner, said: 
'I will be generous and acquaint you 
with a fact not generally known, to wit, 
that the recent progress of biological 
speculation leads to the conclusion that 
the scale of being must be thus stated: 
minerals, plants, animals, men who can
not draw, artists. Thence I conclude, 
Sir, that you, as President of the Acad
emy, are the crown and summit of crea
tion. My statement, however compli
mentary, may be a little startling, and 
you will therefore, I hope, permit me to 
state the grounds on which it takes rank 
as a scientific truth. vVe have long been 
seeking, as you may be aware, for a dis
tinction between men and animals. The 
old barriers have long broken away. 
Other things walk on two legs and have 
no feathers, caterpillars make them
selves clothes, kangaroos have pockets. 
If I am not to believe that my dog rea
sons, loves and hates, how am I to be 
sure that my neighbor does? Parrots talk 
what deserves the name of sense as 
much as a great deal that it would be 
rude to call nonsense. Again, beavers 
and ants engineer as well as the mem
bers of the noblest of professions. But, 
as a friend of mine discovered a few 
years ago, man alone can draw, or make 
unto himself a likeness. This then is the 
great distinction of humanity, and it fol
lows that the most pre-eminently human 
of creatures are those who possess this 
distinction in the highest degree: " 
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LOCOS - The new layer cake mix 
Although our new layer cake is inedible, we've got 
a feeling that it is going to make some mouths 
water! In fact, the cross-sections above show 
stages in the construction of three different de
vices: a bipolar transistor, a resistor and a MOS 
transistor on one silicon slice. The resulting struc
ture looks extremely complicated, yet it can be 
made with a relatively simple new technique which 
we call LOCOS: local oxidation of silicon. 

LOCOS is the brainchild of Dr. E. Kooi and his 
support team at Philips Research Laboratories, 
Eindhoven, the Netherlands. A major advance in 
semiconductor technology, it enables designers 
to make new device structures and generally im
proves the performance and packing density of 
integrated circuits. 

Basically, LOCOS involves the use of a silicon 
nitride mask to make well defined patterns of thick 
oxide on the silicon slice. When required, the 
oxidation stage is combined with a diffusion stage. 
The top figure shows the nitride mask on a thin 
N-type silicon layer which is grown epitaxially on 
the P-type silicon substrate. In the centre figure, 

which shows an intermediate step, the silicon 
oxide layer is embedded in the N-silicon, on top of 
P+ diffused areas. N-type islands are thus formed, 
separated by the oxide walls. The nitride is then 
removed from those areas where P-diffusion is 
carried out. This is followed by oxidation and N
diffusion steps. During these, the N-type surface 

area of the MOS transistor continues to be protected 
by the nitride. This area still needs a thin oxide 
layer, which is made after the remaining nitride 
has been removed. Then contact windows are 
defined and an interconnecting metallized pattern 

is applied. The bottom figure shows the devices in 
their final form. 

The number of likely applications for LOCOS is 
at least as great as that for the well-known planar 
technology. The main difference between the 
LOCOS and the planar techniques is that in the 
former, the thick oxide pattern is defined by a thin 
nitride mask and in the latter, the silicon is first 
completely covered by a layer of oxide in which 
windows are subsequently etched to give the 
desired pattern. As a result, LOCOS allows the use 
of much thicker oxide films whilst still giving an 
excellent window definition. In addition, the oxide 
is embedded in the silicon, so that the overall 
surface is relatively flat, permitting more efficient 
control of metallization. 

The example shows that LOCOS may be applied 
to both bipolar and MOS devices. Bipolar inte
grated circuits can have a very high packing 
density because the oxide walls are used for isola
tion. In MOS circuits the reduction in parasitic 
effects leads to improved reliability. 

In all cases, the thick oxide pattern brings about 
a reduction in capacitances and thus gives better 
device performances at high frequencies. Gener

ally speaking, we have found that the LOCOS 
technique offers valuable additions to the existing 
technology. 

In the Research Laboratories of the Philips group 

of companies, scientists work together in many 

fields of science. Among these are: Acoustics, 

C"oge,'", ','o'mot'o, P,ocm',g, e 
Mechanics, Nuclear Physics, Perception, 

� Solid State, Telecommunication 

� and Television. 

PHILIPS 
11 
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We put this little book together 
because pyrogens can be a lot more 
than a pain in the neck. 

We paid Grace D. Brown of totally independent G.B. 
Laboratories, Inc., Brookline, Mass., to do it. 

To put down everything anybody knows about 
pyrogens. 

What they are. 

The damage they can do. 

And what you can do about them. 

Despite the fact that this little book proves that the 

best way to make sure you're not going to have a 

pyrogen problem is to run your water through one of 

our new TD-15 stills, it's much more than a Barnstead 

commercial message. 

It's the last word on pyrogens. 

And if you're making eye drops, mouthwash, tooth

paste, pancake, lipstick, eye liner, intravenous or 

other medical solutions, anything that goes on or into 

a human being it's the end of your search to make 

it safer. 

© 1971 SCIENTIFIC AMERICAN, INC



We're not in the printing business so we've got to 

charge you a 2Scj handling charge for handing your 

book to you. 

But any information you want about our T D-lS's is free. 

Some of the best things you can get in life still are. 

Even if little books about what you can do with it aren't. 

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

I Mr. Norman McLellan I 
I 4· 8IIAN�mg I 
I 225 Rivermoor St./Boston, Mass. 02132((617) 327-1600 I 
I 0 Enclosed is my 25¢ for The Barnstead Book About Pyrogens. I 
I 0 Please send me my free information on your TO-15 sti lis. 

I Name, ______________________________ ___ 

I Title I 
I Company I Address, ______________________________ _ 

I City State _____ Zip__ I 
L ______________ � 

© 1971 SCIENTIFIC AMERICAN, INC



THE AUTHORS 
PHILIP M. HAUSER ("The Census 

of 1970") is professor of sociology and 
director of the Population Research Cen
ter at the University of Chicago. For the 
past several years he has been the chair
man of two committees advising the Bu
reau of the Census: the Advisory Com
mittee on Population Statistics and the 
Advisory Committee of the American 
Statistical Association. From 1938 to 
1947 he was a member of the staff of the 
bureau. \;Vhen he left the bureau in 1947 

to join the University of Chicago, he was 
deputy director. In 19.50-19.51 he served 
as acting director of the Census, and 
from 1947 to 1951 he was the U.S. rep
resentative to the Population Commis
sion of the United Nations. He received 
his undergraduate education and his 
Ph.D. from the UniverSity of Chicago. 

\1AURICE R. HILLE MAN and AL
FRED A. TYTELL ("The Induction of 
Interferon") are respectively vice-presi
dent of the Merck Sharp & Dohme Re
search Laboratories and director of cell 
biology at the Merck Institute for Thera
peutic Research. Hilleman is also direc
tor of virus and cell-biology research at 
the Merck Institute. After receiving a 
B.S. from Montana State College in 1941 

and a Ph.D. from the University of Chi
cago in 1944, he worked principally at 
E. R. Squibb & Sons (1944-1948), the 
Army Medical Service Graduate School 
(1948-1955) and the Walter Reed Army 
Institute of Research (1956-1958). He 
went to the Merck Institute in 1958. Ty
tell studied chemistry and chemical en
gineering at Tufts University (B.S. 1936) 

and microbial chemistry and organic 
chemistry at the Massachusetts Institute 
of Technology (Ph.D. 1940). After teach
ing for 12 years at the Universitv of Cin
cinnati College of Medicine, he went to 
the 1\lerck Institute in 1952. 

MORTON B. PANISH and IZUO 
HA YASHI ("A New Class of Diode La
sers") are members of the technical staff 
of the Bell Telephone Laboratories. Pan
ish, who is head of the Materials Science 
Research Department, was educated at 
the University of Denver and Michigan 
State University. He received his Ph.D. 
in physical chemistry from Michigan 
State in 1954. Thereafter he worked at 
the Oak Ridge National Laboratory and 
the AVCO Corporation. He joined Bell 
Laboratories in 1964. Hayashi was born 
in Japan, received his Ph.D. in physics 
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from Tokyo UniverSity, worked for eight 
years at the Tokyo University Institute 
for Nuclear Study and came to Bell Lab
oratories the same year as Panish. The 
two men began their collaborative effort 
in 1966, investigating the chemical and 
luminescence properties of gallium arse
nide. Soon afterward they took up the 
chemistry and physics of the aluminum 
gallium arsenide system, which led to the 
evolution of the injection laser through 
the steps described in their article. 

LENNART HEIMER ("Pathways in 
the Brain") is research associate in the 
department of psychology at the Massa
chusetts Institute of Technology. A na
tive of Sweden, he was awarded an M.D. 
at the University of Goteborg in 1963. 

From 1962 to 1965 he was senior in
structor in the Goteborg department of 
anatomy. Encouraged by Knut Larsson 
of Goteborg, he became interested in the 
organization of the olfactory areas of the 
brain, which is discussed in his article. 
In 1966 he went to M.l.T., where he has 
been working with Walle J. H. Nauta on 
techniques of staining brain tissue and 
on the organization of the forebrain. 

SIMONE-ANTOINETTE DEYTS 
("The Sacred Source of the Seine") is di
rector of the Archaeological Museum of 
Dijon and has been in charge of the most 
recent archaeological excavations (1963, 

1966 and 1967) at the source of the 
Seine. In addition she heads the labora
tory where the wood sculpture uncov
ered in these excavations is preserved 
and restored. Born in Tunisia, she re
ceived her higher education at the Uni
verSity of Dijon, where she was awarded 
a doctorate in history in 1967. She has 
also participated in several other archae
ological investigations, including the dis
covery and excavation of the ancient 
Greek port of Marseille. 

PAUL GOREN STEIN and WAL
LACE TUCKER ("Supernova Rem
nants") are senior staff scientists at Amer
ican Science and Engineering in Cam
bridge, Mass. They are members of the 
astrophysics group of American Science 
and Engineering, which has made no
table contributions to X-ray astronomy. 
Gorenstein is an observer and experi
mental worker; Tucker is a theoretician. 
Gorenstein received his undergraduate 
.education at Cornell University and his 
Ph.D. from the Massachusetts Institute 
of Technology (1962). After studying as 
a Fulbright postdoctoral fellow in Italy 
in 1963 and 1964, he joined American 
Science and Engineering in 1965. He is 
one of a group of "principal investiga-

tors" supported by the National Aero
nautics and Space Administration who 
are responSible for an orbiting geochem
istry experiment that will be conducted 
during the vovages of Apollo 15 and 
Apollo 16; the experiment is designed to 
map gross differences in the chemical 
composition of the moon. Tucker studied 
at the University of Oklahoma and the 
University of California at San Diego, 
which awarded him a Ph.D. in 1966. 

From 1967 to 1969 he was assistant pro
fessor of space science at Rice Univer
sity. He went to American Science and 
Engineering in 1969, and he is a part
time associate of the Harvard College 
Observatory. 

RICHARD H. V. BELL ("A Grazing 
Ecosystem in the Serengeti") is an ecol
ogist

' 
who is currently working in Zam

bia. Born in Kenya, he studied at Win
chester College in England and at Mag
dalen College, Oxford. He received a 
B.A. in zoology from Oxford in 1963 and 
(after three years of fieldwork in the 
Serengeti National Park of Tanzania) a 
Ph.D. from the University of Manchester 
in 1969. He comments: "An ecologist has 
to be interested in everything from hu
man behavior to geology, and the way 
that it is possible to trace causal relation
ships from rocks through soils, plants and 
animals to man has a great aesthetic ap
peal to me. At the same time I take great 
pleasure in visual objects: painting, 
sculpture, photographs, architecture and 
natural scenes. Combining these two out
looks, an ecologist can help to create an 
environment that man can live in, work 
in and enjoy." The work described in 
Bell's article was financed by the Nuf
field Foundation. 

FREDERICK MURPHY and DAVID 
E. YOUNT ("Photons as Hadrons") are 
respectively a member of the Experi
mental High-Energy Physics Group at 
the University of California at Santa Bar
bara and associate professor of physics 
at the University of Hawaii. Murphy, 
who is based at the Stanford Linear Ac
celerator Center (SLAC), received a B.S. 
from Georgetown University in 1959 and 
his Ph.D. from Princeton University in 
1967. Yount did his undergraduate work 
at the California Institute of Technology 
and was awarded his Ph.D. at Stanford 
University in 1C33. From 1962 to 1964 

he taught physics at Princeton, where he 
worked in the same group with Murphy. 
Yount went to SLAC in 1965 and to the 
University of Hawaii in 1969. He is cur
rently involved in photon and neutrino 
experiments proposed for the National 
Accelerator Laboratory at Batavia, Ill. 

© 1971 SCIENTIFIC AMERICAN, INC



A hurricane. 
Six hundred people were 

killed by one in New England in 
1938. 

Four years later, eleven 
thousand were killed by one in 

India. 
The winds of a hurricane 

are over 75 miles an hour. 
It takes the form of a circle 

or an oval, sometimes as much 
as 500 miles in diameter. 

There is no prevention. 
But if we reduce the ele

ment of surprise, we can reduce 
its dead Iy potential. 

And we've taken steps so 
that it will never surprise us 
again. 

RCA has designed, devel
oped and produced the world's 
most advanced family of weather 
satellites. It's called the ITOS 
program. 

It's the most sophisticated 
weather detector yet devised by 
man, and perhaps one of the 
most beneficial facilities man 
has created since he broke the 
bonds of earth. 

From the detailed photo
graphs transmitted back to 
earth, we can see the formation 
and plot the course of hurri-

canes, typhoons, storm centers. 
We can spot sea ice and snow 
cover. Calculate wind speeds. 

Anywhere on earth. 
This program exemplifies 

the importance of interdisciplin
ary engineering, the engineer
ing concept of the future. 

It is becoming increasingly 
more apparent that in the fu
ture, the engineer will touch 
virtually every aspect of our 
lives. From medicine to the arts 
to education to leisure products. 

And he will do this in con
junction with other disciplines 
to complement, overlay, and 
unite his output for an end re
sult that is both balanced and 
complete. 

Think for a moment about 
an endeavor which, like mete
orology, is seemingly unrelated 
to classical engineering: the 
graphic arts industry. 

Recently, RCA engineers, 
working in conjunction with that 
industry, developed the world's 
most advanced electronic type-

setting machine. It's called the 
VideoComp. 

It can set type as fast as 
900 lines per minute. Compare 
this with the 15/minute of me
chanical typesetting, or the 3001 
minute of photosetters. 

It is our goal ultimately to 
produce an RCA electronic 
printing system that will accept 
a manuscript as input and de
liver printed copy - packaged, 
addressed and sorted - to the 
shipping dock. 

Now consider another field 
which had previously been out
side the realm of the engineer: ' 
medicine and health services. 

We've been involved in the 
development of a mobile labora
tory to provide comprehensive 
physical examinations in on-the
spot locations to people other
wise out of the mainstream of 
our health services. 

And we've researched a 
high-speed turbine drill to in
crease the efficiency and de
crease the pain in dental work. 

And we've done extensive 
work in developing facilities for 
teaching speech to the retarded. 

Communications? Comput
er education? Oceanography? 

A SURPRISE 
CAN KILL 

We're involved with them. And 
with so much more. 

We like to think that at RCA 
the drive toward innovation 
should be everybody's concern. 

Because this concern is 
needed if we are to continue 
the forward direction of crea
tive technology for people. 

If you're interested in a 
comprehensive index of over 
1100 technical papers pub
lished recently by RCA scien-

. tists and engineers, let us know. 
Write to Mr. D. L. Crosier, 

RCA, Bldg. 2-2, Camden, New 
Jersey 08102. Of course, we're 
an equal opportunity employer. 

nell 
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How Western Electric spots dots with TV. 

How would you use automation for 
drilling holes when every hole has to be 
in a precise spot, but every spot isn't 
exactly where you expect it to be? 

That became a critical problem 
for Western Electric when we started 
using a polyethylene with very superior 
electrical properties as fhe base lami
nate in printed circuit boards. Unfortu
nately this material showed a tendency 
to shrink when the circuit pattern was 
etched in the copper on the board-not 
enough to affect its electrical proper
ties, but enough to dislocate the dots 
which indicated where holes were to 
be drilled for placing components. The 
shrinkage was unpredictable but could 
move a dot by as much as V32"-more 
than its own diameter. 

What that meant was that we could 
not use a conventional tape-controlled 
drilling machine, which put the drill in 
preCisely the same spot every time. We 
needed a machine that could, in effect, 
"see" a dot, no matter where it was, 
tell it apart from an accidental marking 
of about the same size and shape, and 
put a drill right through it. 

Engineers at our Greensboro, N.C., 
Works made such a machine. It con
sists of a TV camera hooked up to cir
cuitry which removes the grays from 
the picture, turning it into a series of 
true on-or-off digital pulses; and logic 
circuitry which can respond to such 
pulses and activate a mechanism which 
moves the board around. 
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regular .025" dot (lower right). The pOints where the 
images cross can be made to produce black areas 

Once the dot has been roughly cen
tered beneath the camera, delay line 
circuitry creates a second image which 
is first superimposed on the original, 
then moved by successive stages to 
the right. The pOints where the two 
images meet-i.e., where the two circles 
cross-will be in certain positions if and 
only if the original dot is a perfect circle 
of the proper size. Logic circuitry tests 
these positions, and if they are not ex
actly right, it won't drill and the circuitry 
sets itself to search for another dot. If 
they are, it lines the dot up, moves the 
camera aside, moves the drill into posi
tion, and there you are. 

A simple, fast, economical, and 
very, very precise solution to a vexing 
problem. The kind of solution that helps 
us keep the quality of the equipment 
we make for the Bell System high, and 
the costs low. 

@ Western Electric 

(marked by arrows). The ghosts are moved right 
c.r left. and the positions of the black areas tested 

© 1971 SCIENTIFIC AMERICAN, INC



SCIENTIFIC 
Established 1845 AMERIC� July 1971 Volume 225 Number 1 

The Census of 1970 

The early figures from the 19th count of the U. S. population show 

a reduced rate of growth, large migrations to the West and South 

and a continued sh�ft of whites to the suburbs and blacks to cities 

T
he 1970 U.S. census, the nation's 
19th decennial inventory of its 
human resources, will undoubted

ly reap the richest harvest of useful in
formation in our history. For the first 
time computer tapes of the statistical 
data (carrying no identification of indi
viduals) are being made widely available 
to research organizations for analyses of 
one kind or another. The Bureau of the 
Census itself, universities and various 
other public and private research agen
cies will be tabulating and mining the 
data throughout the coming decade. 
From the great variety of studies that 
will be undertaken we can expect to ob
tain an unprecedented wealth of insights 
into the demographic, social, economic 
and educational trends under way and 
the health and life style of the American 
people. 

The extensive information that was 
obtained from a sampling of the popu
lation has not yet been tabulated. What 
we have so far is a set of statistics based 
on the questions that were asked of 
everyone in the census. In this article I 
shall discuss these findings against the 
background of the trends shown in the 
censuses of the preceding decades. 

First let me comment on the reliabil
ity of the figures that follow. Obviously 
no census covering so large a country 
and population can ever be 100 percent 
accurate or complete. The limitations in 
the state of the art of census-taking and 
in available funds, and the independent 
spirit of the American people that leads 

by Philip M. Hauser 

many to refuse to cooperate, result in an 
unavoidable margin of error for the 
overall count. In the past three decades, 
however, the census staff has made 
great progress in developing methods 
for estimating the reliability of the re
sponses and the degree of completeness 
of the enumerations. The evaluation 
after the 1960 census indicated that the 
total population was undercounted by 
3.1 percent, the count having failed to 
reach an estimated 2.2 percent of the 
white population and 9.5 percent of the 
nonwhite. New procedures designed to 
improve the completeness of coverage 
were adopted for the 1970 census, but 
the improvements in technique may 
have been offset by the effect of the ris
ing alienation of many Americans, par
ticularly among blacks and members of 
other minorities. No doubt again, as in 
the past, the blacks and the poor were 
undercounted somewhat in relation to 
the rest of the population. The degree of 
accuracy of this census has not yet been 
evaluated. We can be confident, how
ever, that the margin of error was small 
enough for the actual counts to truly 
reBect the basic trends over the past 
decade. 

The broad-scale tabulations show that 
the 1960's were a period of dramatic 
changes in the distribution and structure 
of the U.S. population, some of them al
ready well known, others not so well 
known. There were Significant changes 
in the population's rate of growth, in its 
regional and local distribution, in its 

metropolitan patterns, in its racial com
position and in its age structure. Let us 
look at these changes and their implica
tions. 

I n the 20th century we have seen a 
series of ups and downs in the u.s. 

population growth. In the first decade of 
the century the growth rate, boosted by 
a wave of immigration, reached a high 
of 21 percent. In the depression decade 
of the 1930's it fell to a low of 7.2 per
cent. In the 1940's the economic recov
ery occasioned by World War II raised 
the population increase to 14.5 percent, 
and the postwar "baby boom" and rapid 
growth of the economy in the 1950's 
pushed the population growth rate up 
to 18.5 percent. Now the 1970 census 
shows that in the 1960's the rate fell 
back to 13.3 percent (although in abso
lute numbers the increase was nearly 24 
million, second only to the record 28-
million increase in the 1950 decade). 
The total of U.S. residents as of April 1, 
1970, was 203,184,772, not counting an 
additional 1,580,998 citizens who were 
living abroad in the armed forces and 
in U.S. Government employment. 

It seems, then, that in the 1960 dec
ade the U.S. may have returned to the 
long-term downward trend in popula
tion growth that had been interrupted 
in the 1940's and 1950's by the effects 
of vVorid War II and its aftermath. 
What were the reasons for the sharp 
drop in the growth rate in the 1960's? 
Immigration was not a factor; during 
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the decade there was a net immigration 
of three million persons, about 400,000 
above the number in the 1950's. The 
overall growth rate fell because of a de
cline in natural increase, compounded 
of a drop in the number of births and, 
more important, an increase in the num
ber of deaths. Births in the 1960's to
taled 39 million, two million less than 
the preceding decade's total, and the 
number of deaths rose to 18.2 million, 
more than 2.5 million higher than in the 
1950's. Thus there was a drop of about 
4.5 million in the natural increase. At 
least part of the rise in deaths must be 
attributed to the increase of the popula
tion and of the number of older people 
in it. 

All four of the nation's distinct re
gions-the West, the South, the North
east and the North Central states-par
ticipated in the population growth, and 
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also in the slowing of the growth rate, 
during the 1960's. In general the trends 
of recent decades continued: the West 
remained the fastest growing region 
with a 24 percent increase (down from 
39 percent in the 1950's); the South was 
again the second fastest growing region 
with a 14.2 percent increase (compared 
with 16.5 percent in the 1950's); the 
Northeast had a 9.7 increase (down from 
13.2 percent), and the North Central 
states, which had been third in growth 
rate in the 1950's, dropped to fourth in 
the 1960's with a 9.6 percent increase 
(down from 16.1 percent). In total popu
lation the South remained first with 62.8 
million, the North Central states second 
with 56.6 million, the Northeast third 
with 49 million and the West fourth 
with 34.8 million. 

There was a continuation of the main 
recent trends in the migration of people 
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lion; 1920,105.7 million; 1930,122.8 million; 1940, 13 1.7 million; 1950,150.7 million; 1960, 

179.3 million. The dip in the curve occurred during the depression years of 1930 to 1940. 
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from region to region. The North Cen
tral states, con tinuing a trend that began 
in the 1930's, had a net loss of 752,000 
by migration in the 1960's; of the 12 
states in this region only three ( Michi
gan, vVisconsin and Missouri) showed an 
excess of in-migration over out-migra
tion, and their gains were small. On the 
other hand, the West continued to show 
the largest gains by migration, as it has 
in every census since 1920; in the 1960's 
its net in-migration was 2.9 million, Cali
fGrnia accounting for most of the gain 
with 2.1 million. 

There were, however, a few dramatic 
shifts in the migration picture. In the 
Northeast, although the region as a 
whole continued to experience a net 
gain (324,000 in the 1960's), the state of 
New York for the first time had more 
out-migrants than in-migrants. This de
velopment was matched by an equally 
dramatic one in the South: for the first 
time since 1880 the region as an entity 
had a net gain by migration. The in
crease, amounting to nearly 600,000 for 
the region as a whole, was attributable 
to gains by just a few states. Florida had 
a net in-migration of more than 1.3 mil
lion, and there were substantial gains in 
Maryland, Texas and Virginia. Nine of 
the 16 Southern states and the District 
of Columbia continued, however, to ex
perience net migration losses. 

-

I n the U.S. as elsewhere the main at-
tractions for migratory movement are 

greater economic opportunity and a less 
rigorous climate. The strong streams of 
migration to California and Florida rep
resent a combination of these factors. 
Usually the free movement of people 
toward areas of better economic oppor
tunity serves to improve the balance be
tween the population and the nation's 
economic resources. Thus over the long 
run the shifts of population in the U.S. 
can be expected to smooth out regional 
differences in the standard of living. 

At the state level the variations in 
population change were striking. Cali
fornia had a 4.2 million increase (27 per
cent) in the 1960's and, with nearly 20 
million residents, passed New York as 
the most populous state. Florida was 
next in increase in numbers (1.8 million), 
and other states gaining more than a 
million persons were IllinOis, Texas, 
New York, New Jersey and Michigan. 
The states with the highest percentages 
of growth were Nevada (71 percent), 
Florida (37 percent), Arizona (36 per
cent) and Alaska (34 percent). At the 
other end of the scale, three states de
clined in population. West Virginia's 
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shrinking economic base, which started 
a downtrend in population in the 1950's, 
caused a further loss of 6.2 percent, or 
116,000 people, in the 1960's. In North 
Dakota and South Dakota the population 
decline that was initiated by the depres
sion and the drought in the 1930's was 
resumed in the 1960's after a small gain 
in the 19,50's. 

Even more striking than the differ
ences among the states was the shifting 
of populations at the county level-the 
changes in what might be called the fine 
structure of the population distribution. 
No fewer than half of the counties in 
the U.S, lost population during the 
1960's, and of the counties that did not 
lose, half had only small gains: less than 
10 percent. In other words, the nation's 
large increase in population was concen
trated in a fourth of the counties, as it 
had been in the 1950's. This succinct 
statistic reflects the massive metropoli
tanization of the American people, 
steadily gravitating from the farm and 
rural areas to the cities and their sub
urbs. 

In effect urban life swallowed up the 
nation's entire population increase: 24 
million. In 1970, 149,3 million persons, 

73,5 percent of the total population, 
were living in cities and towns (of 2,500 
or more), compared with 69.9 percent in 
1960. The rural population (persons liv
ing on farms or in places with a popula
tion of less than 2,500) declined from 
54.1 million to 53.9 million, and the farm 
population dropped from 13,5 million in 
1960 to about 10 million in 1970. 

Interestingly, the Northeast, which is 
commonly regarded as the most urban
ized region, lost this distinction in the 
1960's, The West succeeded to the lead; 
its population in 1970 was 82,9 percent 
urban (compared with 77.7 percent in 
1960), and the Northeast was second 
with 80.4 percent (about the same per
centage as in 1960). In the North Cen
tral states the urban population rose to 
71.6 percent and in the South it reached 
64.6 percent. The South actually had the 
largest increase in proportion urban: 10 
percentage points. 

There was a slight increase in the num-
ber of large cities; the number with a 

population of more than a million, for 
example, rose from five to six (Houston 
joined the club), and the cities with a 
population between half a million and a 

million increased in number from 16 to 
19. Some cities exhibited spectacular 
gains: Jacksonville more than doubled 
its population to 529,000 (having an
nexed within its limits the entire large 
county of which it was the center); In
dianapolis gained 56 percent, and large 
advances in population were experi
enced by several cities in the Southwest, 
Phoenix increasing by 32 percent, Hous
ton by 31 percent and Dallas by 23 per
cent. 

Most of the nation's oldest and largest 
cities, however, stopped growing or 
showed a decline. Of the 25 largest cit
ies, 12 lost population during the dec
ade. Among them were Chicago and 
Philadelphia, the latter dropping below 
two million for the first time since 1940. 
Four of the 12 (Detroit, Cleveland, St. 
Louis and Pittsburgh) lost more than 10 
percent; St. Louis, with a 17 percent 
loss, fell back to its smallest population 
since the beginning of the century. 

When we switch our attention from 
the cities themselves to the metropolitan 
complexes they have generated, includ
ing their rings of suburban settlements, 
we see a different picture. Of the 50 
leading metropolitan areas in the nation 
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all but one showed substantial gro\\�th in 
the past decade. (The St. Louis metro
politan area, notwithstanding the heavy 
loss in the central city, grew in popula
tion by more than 11 percent in the 
1960's.) The nation's 243 Standard Met
l"Opolitan Statistical Areas (Sl\ISA'S), de
fined as cities of 50,000 or more together 
with their coun ties and the counties they 
dominate, had a net population growth 
of 16.6 percent during the decade. This 
was not as great as the SMSA growth in 
the 1950's (26.4 percent), but it still ac
counted for absorption of 84 percent of 
the total national growth in the 1960 
decade. The 1970 count shows that 
140.2 million people, 69 percent of the 
total population, now live in the metro
politan areas, compared with 67 percent 
in 1960 (based on SMSA'S as defined for 
1970). As in the 1950's, the metropoli
tan areas continue to grow considerably 
faster than the rest of the nation, whose 
population growth during the past dec
ade was only 6.5 percent. 

Analyzing the metropolitan areas in 
detail, we find, not surprisingly, that the 
suburbs grew much more rapidly than 
the central cores. vVhereas the aggregate 
growth of the 243 central cities them
selves was only 5.3 percent, in their sub
urban rings it was 28.3 percent. For the 
first time the suburban population out
numbered that in the cities: 76.3 mil
lion in the suburbs against 63.9 million 
within the cities. Between 1960 and 
1970 the proportion of the metropolitan 
population living in the outer rings rose 
from 49.5 percent to 54.4 percent. In 
large part, of course, the change in the 
statistical picture betokens local outward 
movement from the city to the suburbs. 
In eight of the 10 largest U.S. metro
politan areas the central city lost popu
lation during the 1960's. Of these cities 
only Los Angeles registered a substantial 
gain: 12.2 percent. 

Accordmg to the 1970 count the 10 
largest metropolises are the New York 
metropolitan area (11.4 million), Los 
Angeles-Long Beach (about seven mil
lion), the Chicago area (6.9 million), the 
Philadelphia area (4.8 million), the De
troit area (4.2 million), San Francisco
Oakland (3.1 million), the District of 
Columbia-Maryland-Virginia area (2.8 
million), the Boston area (2.7 million), 
the Pittsburgh arc a (2.4 million) and the 
St. Louis area (2.3 million). It is interest
ing to note that in the last four of these 
Sl\lSA'S about three-fourths of the popu
lation lives outside the central city. Dur
ing the past decade in metropolitan 
areas of the one-million-to-three-million 
class the growth rate in the suburbs was 
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31.9 percent, eight times the growth rate 
in their central cities. 

As in the 1950's, the growth rate of 
SMSA'S, with the exception of the very 
largest ones, varied according to size: 
the larger metropolitan areas had the 
higher growth rates. Sl\lSA'S with a pop
ulation in the range of one to three mil
lion grew by 20 percent in the 1960's, 
whereas in those above three million the 
growth rate was only 10.7 percent. This 
seems to suggest that three million in
habitants may represent an upper limit 
of reasonable size, beyond which urban 
problems begin to become unmanage
able. The question will undoubtedly be 
of increasing concern to the nation alld 
warrants intensive research. 

'fhe story the 1970 census tells about 
the U.S. population's racial composi

tion and movements is one that in the 
main is already familiar. During the past 
decade the black population grew by 
20.1 percent, compared with 11.8 per
cent for the white population, so that the 
proportion of blacks in the total U.S. 
population rose from 10.5 percent in 
1960 to 11.2 percent in 1970. The num
ber of blacks was 22.7 million. 

The migration of blacks from the 
South to other regions continued during 
the 1960's, although at a lower rate than 
in the preceding two decades. The net 
out-migration of blacks from the South 
was 1.4 million; the region showed a 

small overall gain through migration be
cause of a net in-migration of about 1.8 
million whites, mainly in Florida. By 
states the exodus of blacks was about 
279,000 in Mississippi, 231,000 in Ala
bama, 197,000 in South Carolina, 175,-
000 in North Carolina, 163,000 in Loui
siana, 154,000 in Georgia, 112,000 in 
Arkansas and lesser numbers in other 
Southern states. In the South only Dela
ware, J\'laryland, Kentucky and the Dis
trict of Columbia showed net gains of 
blacks by migration. 

Through natural increase there was a 
small net rise (6.7) in the total number of 
blacks in the South, but as a result of the 
exodus to other regions the proportion 
of the nation's blacks who live in the 
South fell to little more than half (53.2 
percent) by 1970, against 59.9 percent 
in 1960 and 77 percent as recently as 
1940. macks still constitute 19.2 percent 

of the South's population, compared 
with 8.9 percent of the population in the 
Northeast, 8.1 percent in the North Cen
tral states and 4.9 percent in the West. 
The blacks' migrations are rapidly re
ducing the regional differentials, how
ever. 

In the 1960 decade the Northeast 
gained 1.3 million blacks (a 43.4 percent 
increase), the North Central states 1.1 
million (a 32.7 percent increase) and the 
West 609,000 (a 56.1 percent increase). 
The states experiencing the largest in
creases of blacks through net in-migra
tion were New York with 396,000, Cali
fornia with 272,000 and IllinOis, Michi
gan and New Jersey with more than 
100,000 each. 

The census figures vividly document 
the well-known fact that the black mi
grations were mainly to central cities in 

REDISTRIBUTION OF POPULATION is 

portrayed by counties and 50 largest Stan

dard Metropolitan Statistical Areas (SMSA'S). 
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the large metropolitan areas. In four cit
ies blacks now constitute a majority of 
the population. In Washington, D.C., 
the percentage of blacks rose during the 
decade from 53.9 to 71.1; in Newark, 
N.J., from 34.1 to 54.2; in Gary, Ind., 
from 38.8 to 52.8, and in Atlanta, from 
38.3 to 51.3. In seven other cities the 
population is more than 40 percent 
black; these are Detroit, St. Louis, Balti
more, New Orleans, vVilmington, Del., 
Birmingham, Ala., and Richmond, Va. 

The rising ratio of blacks in some cities 
was due in part to the exodus of ",hites. 

�c=> 
�SO 

HAWAI I 

{) 

In Chicago, for example, the white pop
ulation declined by more than half a mil
lion, or 18.6 percent, in the 1960's. Sev
eral other cities showed even larger per
centage losses of whites: 29.2 percent in 
Detroit, 31.3 percent in St. Louis and 
36.7 percent in Newark. 

The growth pattern in the suburban 
rings around the ccntral cities is, of 
course, quite different. vVith conditions 
in the suburbs generally unfavorable for 
the influx of blacks, these areas usually 
experienced only small increases of 
blacks and large increases of whites, so 

• GAIN 

D LOSS 

• SMSA GAIN 

[!J SMSA LOSS 

• CITY LOSS 

that in mallY cases the proportion of 
whites rose. Even in suburban areas 
where blacks made large gains in per
centage terms the actual increases ill 

number of persons were relatively small. 
For example, in the Los Angeles suburbs 
the blacks doubled their number with 
an increase of 124,000; around vVashing
ton they doubled in number with an in
crcase of 84,000, and in the New York 
suburban area an increase of 77,000 
blacks represented a gain of 55 percent 
in the total black population. 

Thc 1970 census emphasizes in cold 

Shown here are counties that gained population (gray), counties 

that lost (white), SMSA
'
S that gained (solid color) and the single 

SMSA that lost (white area bordered ill color). The white dots in 

most of the SMSA
'
S indicate that the central city of the SMSA lost 

population during the decade while its suburban ring gained pop

ulation. Boundaries of individual counties do not appear on map. 
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statistics the dimensions of the develop
ing racial problem that reached an ex-
plosive climax in the 1960's. More and TOTAL 

more the problem of race relations is ex-
tending into every region and population 
center of the nation, as the combination 
of civil-rights conflicts in the South and IN HOUSEHOLDS 

greater economic opportunity for blacks 
elsewhere continues to spur migration. 
In all likelihood the black exodus from 
the South will continue on a large scale 
in the 1970's, intensifying the problems 
of adjustment in other regions and in-
volving the entire nation in these prob
lems. 

Among the general social questions on 
which the census can be expected 

to throw some light is the question of 
what is happening to the American fami
ly. So far we have only a few preliminary 
tabulations on this subject from the 1970 
census. Their salient message is that the 
long-time trend to smaller families and 
smaller households in general is continu
ing. Whereas the population count of 
individuals increased by 13.3 percent, 
the number of families (defined as two 
or more rela ted persons living together) 
increased by 14.1 percent, from 44.7 
million families in 1960 to 50.9 million 
in 1970. This works out to a decrease in 
the average family size from 3.65 to 
3.57. 

Two factors are responsible for the 
declining size of the family as the census 
defines it: (1) the trend toward bearing 
fewer children and (2) the "undoubling," 
or splitting, of the traditional extended 
family so that older couples beyond the 
child-raising age now generally live 
apart from their children in their own 
household. 

The number of nonfamily households 
(one person or a group of two or more 
unrelated persons living together) shows 
a sizable increase during the past dec
ade: 49.3 percent. Adding these 12.5 
million units to the family domiciles, we 
have a total of 63.4 million households in 
the nation, up from 53 million in 1960. 
The average size of all the households 
then is 3.11, down from 3.29 in 1960. 
In part the overall trend toward smaller 
households stems from changes in the 
age structure of the population, a factor 
I shall discuss below. 

There were also increases during the 
1960's in the numbers of inmates in in
stitutions and of other persons living in 
group quarters (establishments contain
ing five or more unrelated persons). In
mates in institutions numbered 2.1 mil
lion, an increase of 11.7 percent in the 
decade, and other persons in group quar
ters totaled about 3.7 million, up 21 per-
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cent from 1960. The reasons for these 
increases remain to be investigated. 

The age composition of the U.S. popu-
lation has exhibited wide swings in 

recent decades. The swings have result
ed from the sharp fall in the marriage 
and birth rates during the depression 
1930's, the baby boom following World 
War II, a drop in the birthrate between 
1957 and 1968 and a new baby boom 
that began in 1968 as babies born after 
World "Val' II reached reproductive age. 
Underlying these various episodes there 
is a basic long -term decline in the birth
rate. There will be large changes in the 
age composition during the coming dec
ades as these groups move through their 
life cycle. Such swings generate severe 
problems for the nation, particularly in 
the areas of education and employment. 

Among the changes shown in the 1970 
census was a 44.3 percent increase in the 
age group between 15 and 19, following 
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a 23.9 percent increase in this group that 
had taken place in the decade ending in 
1960. Since the age span roughly repre
sents the population of high school age, 
the sharpest impact of these increases 
fell on the facilities for high school edu
cation. The pressure on those facilities 
became severe in the 1960's and will 
continue into the 1970's. The swelling of 
the late-teen-age population also had oth
er important consequences. This is the 
main part of the age group that, by defi
nition, is involved in juvenile deliquen
cy. Consequently just from the increase 
in the size of this population we should 
have expected an increase of more than 
40 percent in the amount of juvenile de
linquency during the 1960's, even with
out a rise in the group's rate of delin
quency. This consideration has generally 
been overlooked by police authorities, 
political officials and others who lament 
the conduct of the young generation. 

The population in the age group from 

20 to 24, after a 6.5 percent decline in 
the 1950's, shot up to an increase of 51.6 
percent during the 1960's. Thus the late
teen-age and young-adult groups togeth
er constituted the greatest bulge in the 
population, representing nearly half of 
the decade's total increase. The com
bined increase of the two groups has had 
pronounced effects in a number of spe
cific areas, notably the rate of automo
bile accidents and the problem of un
employment. Since drivers under 25, 
particularly males, account for a high 
proportion of the automobile accidents 
and fatalities, the recent increases in in
surance rates are in large part a reflection 
of the increase in the size of this popula
tion group. The entrance of this group 
into the employment market has also 
made a major demand on the economy, 
a challenge that the economy has not 
yet successfully met, as unemployment is 
particularly high among the nation's 
young people. 

NEW YORK LOS CHICAGO PHILADELPHIA DETROIT SAN WASHINGTON BOSTON PITTSBURGH ST LOUIS 
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LONG BEACH 

WHITE AND BLACK POPULATIONS of the 20 largest SMSA
'
S 

showed a consistent pattern of change hetween 1960 and 1970. With 
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a few exceptions the white population of the central city declined 

and the hlack population increased (top row of bars). In the sub· 
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Since young adults are chiefly respon
sible for the formation of new house
holds, the large increase of this group 
has greatly stepped up the demand for 
housing and for the many products and 
services needed for the establishment of 
homes and families. In addition to the 
increase in the group under 25, during 
the 1960's there was a substantial rise 
(9.2 percent) in the number of people in 
the age span between 25 and 34. In the 
age groups between 35 and 64 most of 
the changes were less dramatic [see bot
tom illustration on page 22]. It is ob
vious, however, that the fluctuations in 
the various age levels of the working and 
consuming population have had and will 
continue to have profound effects on ev
ery sector of the economy, in terms of 
consumption patterns and the training, 
recruitment, employment and promotion 
of the labor force. To cite an example, 
during the 1950's, when there was a 
shortage of young men aged 20 to 29, 

we saw a change in the pattern of pro
motion of male employees and an in
crease in the employment and promo
tion of women. 

At the polar ends of the age spec
trum-children and "senior citizens"-
the trends at the moment are following 
different courses. The number of chil
dren under five showed a sharp drop 
(15.5 percent) between 1960 and 1970, 
and in the age group from five to 14 the 
increase slowed to 14.9 percent (from 
45.2 percent in the 1950's). The tidal 
wave of postwar babies that inundated 
the elementary schools in the 1950's and 
early 1960's has receded. This decline 
wiII continue into the 1970's, but the in
crease in the birthrate since 1968 indi
cates that there wiII again be a great rise 
in the elementary school population in 
the 1980's. 

In contrast to the loss during the 
1960's at the baby end, the number of 
citizens aged 65 and over continued to 

BALTIMORE CLEVELAND HOUS TON NEWARK MINNEAPOLIS 
-ST. PAUL 

DALLAS SEAT TLE
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increase at a high rate, although the rate 
slowed from 34.7 percent in the 1950's 
to 2l. 1 percent in the 1960's. The senior 
citizens now number more than 20 mil
lion, about 10 percent of the total popu
lation. Their increase in numbers is forc
ing additional national attention to the 
problems and needs of the aged. 

Clearly the changes in the popula
tion's age structure, and the lowering of 
the voting age to 18, foreshadow impor
tant shifts in political weight. Youth and 
age wiII gain at the expense of middle 
age. The reapportionment of Congress 
dictated by the 1970 census wiII bring 
about regional shifts, principally adding 
power to the West. California gains five 
seats in the House of Representatives, 
Florida three and Arizona, Colorado and 
Texas one each. On the other hand, New 
York loses two, Pennsylvania two and 
Alabama, Iowa, North Dakota, Ohio, 
Tennessee, West Virginia and Wiscon
sin one each. 

ANAHEIM. MILWAUKEE 
SANTA ANA. 

GARDEN GROVE 

ATLANTA 

urbs the white population increased and so did the black popula. 

tion (bottom row). In some SMSA'S suburban black population rose 
by a huge percentage because it was building on a small base. In 

Cleveland suburbs black population increased by 452.8 percent. 
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The Induction of Interferon 

A synthetic RNA called poly l:C may provide broad-spectrum 

protection against virus diseases. It Inakes cells fornL interferon, 

the protein that defends other cells against infection by viruses 

by Maurice 11. Hillemnn an d Alfred A. Tytcll 

T
here are potentially three ways in 
which virus diseases can be con
trolled in man. To date the only 

clinically practical way has been to 
administer a vaccine: a preparation of 
killed or attenuated virus that stimulates 
the body to form antibodies against that 
virus. The specificity, or narrow spec
trum, of vaccines is a limitation; it means 
that a different vaccine is required for 
each virus or strain of virus. Another 
possible method, and potentially one 
with broad-spectrum action, is chemo
therapy. No safe and effective chemical 
agents have been discovered, however, 
that act against viruses in the way that 
sulfonamides or antibiotics act against 
large groups of bacteria. The third possi
bility is to rely on what is apparently the 
cell's own first line of defense against 
virus attack: interferon. Since 1957 it has 
been known that a cell infected by a vi
rus produces a substance, interferon, that 
protects other cells against virus infec
tion. Now an effective method has been 
found for mobilizing the body's inter
feron system and the way is open for the 
assessment of the method's safety and 
efficacy in clinical trials. 

I
n 1935 Meredith Hoskins of the Rocke-

feller Foundation observed that infec
tion of a monkey with an attenuated yel
low-fever virus prevented death from a 
virulent yellow-fever virus administered 
at the same time. Two years later George 
M. Findlay and F. O. MacCallum of the 
Wellcome Research Institution in En
gland found that monkeys infected with 
the virus of Rift Valley fever were pro
tected against yellow-fever virus. Be
cause it operated against a second virus 
given at the same time as the attenuated 
one and also against a different virus, this 
protective effect was clearly not related 
to known immune reactions involving 
the antigen-antibody response. Findlay 
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and MacCallum called it "virus interfer
ence," and in the next few years many ex
amples of interference between pairs of 
viruses were reported. No one found a 
practical way to adapt the phenomenon 
to the prevention of viral disease, how
ever. 

Then in 1957, at the National Insti
tute for Medical Research in England, 
Alick Isaacs and Jean Lindenmann made 
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the epochal discovery that the interfer
ing action of viruses was brought about 
by a substnnce, which they called inter
feron, that was produced by the virus
infected cell and thnt protected un infect
ed cells against viral infection. Inter
feron could be destroyed by proteolytic 
enzymes and so it wns presumed to be a 
protein; it was of relatively low molecu
lar weight, and it was more resistant to 
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INTERFERON SYSTEM is believed to be indllced and to provide protection against viral 

infection in two phases. The virus containing single-strand RNA attaches itself to the cell 

wall (1) and enters the cell (2). The ollter coat of the virus is removed, leaving the single 
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acid and alkali than most proteins. In
terferon's antiviral activity was found to 
be very broad: the protein was effec
tive against essentially all viruses. On the 
other hand, it had a narrow spectrum in 
a different sense: it was effective only in 
the animal species in which it was pro
duced. Mouse interferon was active only 
in mouse cells, chick interferon in clJick 
cells and so on [see "Interferon," by 
Alick Isaacs; SCIENTIFIC AMERICAN, 
May, 1961}. 

The immediate response to the dis
covery of interferon was the hope that 
the protein might be produced in cells, 
purified and administered to prevent 
and treat viral diseases. There was even 
the possibility that the interferon mole
cule might turn out to include a simple 
chemical group that was responsible by 
itself for the an tiviral activity and that 
could be synthesized. The first necessary 
step was purification, a task that was 
undertaken by our group at the Merck 
Institute for Therapeutic Research. In 
1963 we were able to report a significant 
degree of purification of interferon pro
duced in embryonated hens' eggs that 
were infected with influenza virus. The 
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refined in terferon was extremely active 
against viruses in test-tube experiments; 
it was effective as an antiviral agent, for 
example, in smaller quantities than the 
usual antibiotics are effective when they 
are assayed against highly susceptible 
bacteria. It turned out that interferon's 
antiviral activity stemmed from the com
plex molecule as a whole rather than 
from any simple subgroup of the mole
cule. Our observations were confirmed 
and extended by Thomas C. Merigan, 
Jr., of the Stanford University School of 
Medicine and by Karl H. Fantes of 
Claw Laboratories Ltd., in England. 

It is doubtful that absolutely pure in
terferon has yet been isolated. More
over, there is no practical way to pro
duce interferon in human cells that is 
safe for general use in man. Even if a 
safe way is found, it is not likely to be 
practical quantitatively. That is, the re
lation between the required dose and 
the possible yield of interferon by cells 
is so unfavorable at present as to seem 
to rule out the practicality of producing 
human interferon, purifying it and ad
ministering it to humans. Monto Ho and 
Bosko Postic of the University of Pitts-
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burgh have arrived at a similar conclu
sion on the basis of extrapolation from a 
mouse-interferon system, but we should 
note that not all workers share this 
judgment. 

In view of the limitations on the use 
of exogenous interferon in medicine, the 
obvious alternative was to find a suitable 
inducer of interferon: a substance that 
could be given a patient to cause his 
body to manufacture its own endoge
nous interferon. The search for inducers 
in a number of laboratories turned up 
many different kinds of substances that 
stimulated interferon production in ani
mals. These included bacteria, parasites, 
viruses, polysaccharides, agents such as 
phytohemagglutinin that promote cell 
division, bacterial endotoxins, synthetic 
plastics and other substances. For vari
ous reasons none of these agents was 
suitable for clinical purposes. 

Our group at the Merck Institute, con-
sisting of the authors and A. Kirk 

Field, George P. Lampson and Marjorie 
M. Nemes, concentrated on an attempt 
to find and then imitate the means 
by which viruses naturally induce in�er-
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strand of RNA (3), which replicates to form a double strand (4). 
The presence of a foreign double·strand RNA causes the cell to 

synthesize interferon (5) but the RNA continues to replicate. The 

interferon leaves the cell and enters a new one (6). It cannot keel' 
a virus from entering the new cell (7, 8, 9) but somehow serves 

to prevent the replication of the single-strand viml RNA (10). 
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POLY I: C is a synthetic polynucleotide, a 

laboratory analogue of RNA formed by the 

complexing of two homopolymers: poly. 

riboinosinic acid (left) and polyribocyti. 

dylic acid (right). Each strand, like the 

strands of a natural RN A, consists of a back· 

bone (gray) of alternating phosphate (P) 
and sugar (ribose) groups to which nitrog· 

enous bases are attached as side groups. In 

these synthetic homo polymers the bases 

are all the same: the purine hypoxanthine 

(color) and the pyrimidine cytosine (black). 

The two single strands are linked by hydro· 

gen bonds between the bases (broken lines.) 
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feron. We decided on two approaches. 
The first was to fractionate a number of 
virions, or virus particles, and to try to 
find a component or components re
sponsible for inducing interferon. The 
second was to isolate the active princi. 
pIe from helenine, an extract of the fun
gus Penicillium funiculosum that Rich
ard E. Shope and his colleagues at the . 
Rockefeller Institute for Medical Re
search had shown would induce inter
feron in cell culture and induce resist
ance to viral infection in animals. The 
event that happened to put us on the 
right track was the finding by Werner 
Braun and Masayasu Nakano of Rutgers 
University that antibody responses in 
animals were enhanced by certain syn
thetic polynucleotides. These are ana
logues of the nucleic acids DNA or RNA 
that are made in the laboratory by com
bining nucleotides (the subunits of nu
cleic acids) in arbitrary ways instead of 
in the naturally occurring arrangements 
that encode hereditary information in 
living cells. 

We wondered whether such polynu
cleo tides might also induce interferon, 
and we tested a number of synthetic 
RNA's. One of them was extremely ac
tive: in small amounts (micrograms) it 
induced interferon in -rabbits and made 
cell cultures and animals resistant to 
viral infection. The active substance was 
poly l:C, consisting of paired homopoly
mer strands of polyriboinosinic acid 
(poly I) and polyribocytidylic acid (poly 
C) [see illustration at left]. Poly A:U, a 
complex based on adenylic and uridylic 
acids, was also active in cell cultures 
but was much less active in animals. 
The individual single-strand homopoly
mers were not active. 

Meanwhile the work on helenine was 
well on its way, and soon after we 
had established the interferon-inducing 
property of poly I:C we were able to re
port that the active principle in helenine 
was also a double-strand RNA. We sug
gested that the mold from which the 
helenine was derived must have been in
fected with a virus, which had presum
ably supplied the double-strand RNA. 
Our suspicion was confirmed when Wal
ter J. Kleinschmidt and his associates at 
Eli Lilly and Company demonstrated 
the presence of a fungal virus in stata
lon, an extract of another penicillium 
species and, like helenine, an inducer of 
interferon. Later C. T. Banks and his 
co-workers at the Imperial College of 
Science and Technology in London iso
lated a fungal virus from P. funiculosum 
itself. 

We thereupon undertook an exten
sive screening program, testing polynu-

cleotides of varying ongms for inter
feron induction. We did this by inject
ing the polynucleotides intravenously in 
rabbits, withdrawing blood and testing 
the ability of the blood serum to protect 
a cell culture against virus infection [see 
illustration on opposite page]. A large 
number of double-strand RNA's, of nat
ur I and synthetic origin, were found to 
be active inducers. Single-strand RNA's 
were inactive, as was double-strand 
DNA [see illustration on page 30]. 

The question arose: Where does the 
double-strand RNA come from in 

the case of an ordinary virus infection? 
Whereas the genetic material is DNA in 
some viruses, in bacteria and in higher 
plants and animals, it is RNA in many 
viruses. In most RNA viruses it is the 
Single-strand form of RNA that is pres
ent in the virion, not the double-strand 
fOim. We realized that such viruses 
therefore must not contain an interferon 
inducer to begin with; the interferon-in
ducing activity must arise only when the 
double-strand replicative form of RNA 
is produced in a virus-infected cell. It 
has since been demonstrated by imn1U
noRuorescence and other techniques that 
the double-strand form does indeed ap
pear in the normal course of virus repli
cation. The same thing is true of the 
synthetic polynucleotides: the homo
polymers become active only when they 
are complexed to form a double strand. 
(Under certain conditions poly I or poly 
C alone may show weak interferon
inducing capacity, but such activity is 
trivial compared with that of poly I:C 
and is of no practical importance.) 

The discovery that interferon is in
duced by double-strand RNA provided a 
breakthrough in the understanding of in
terferon induction by viruses as well as a 
possible new approach to the control of 
viral infections. The exact mechanism 
for interferon induction and utilization 
has yet to be fully elucidated, but in our 
working hypothesis the interferon sys
tem is conceived of as operating in two 
distinct phases [see illustration on pre
ceding two pages]. In the first phase a 
single-strand RNA virus penetrates the 
cell. Its outer coat of protein is removed, 
releasing the RNA, which sets about 
producing the complementary strand of 
RNA that is essential to its replication. 
The double-strand RNA that is formed 
is not normal to the cell, and so in some 
undisclosed way it alerts the cell to syn
thesize in terferon. 

The interferon itself is not active 
against viruses. It leaves the cell in 
which it was produced and, in the sec
ond phase, enters uninfected cells, 
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TEST FOR INDUCTION of interferon is conducted by injecting 

poly I:C (or any other potential inducing substance) intravenously 

in rabbits. After two hours the rabbits are bled and the blood is 

allowed to clot. Interferon induced in the rabbit is contained in 

the blood serum, which is tested at various dilutions by a cell· 

culture assay (a): the culture is treated with the diluted serum, 

incubated for 18 hours, washed and then infected with the virus 

of vesicular stomatitis. If the interferon level is adequate, the cells 

are unharmed. Meanwhile an untreated control culture is exposed 

to the virus in the same way (b). Its cells are killed by the virus. 

where it exerts antiviral activity. It may 
function as a "derepressor" that causes 
the new cell to produce a new protein 
that prevents the formation of viral nu
cleic acid when the cell is later attacked 
by a virus. Alternatively, it is possible 
that the interferon itself is altered by the 
new protein, perhaps enzymatically, to 
form an active antiviral molecule. There 
is only indirect evidence for the presence 
of this "new protein," and its precise 
mechanism of action in preventing viral 
replication is not known. The few vi
ruses (such as the reoviruses) that con
tain double-strand RNA induce inter
feron immediately on cell penetration 
without the need for replication. At least 
one DNA virus, vaccinia, for some rea
son produces a double-strand RNA, 
which is active in inducing interferon; 
how most DNA viruses stimulate inter
feron induction is not yet known. 

The usefulness of an interferon in
ducer cannot be predicted on the basis 
of a demonstration of induction alone. 
We went on to more meaningful tests 

that showed actual protection against 
cell destruction by a virus and preven
tion of disease and death in animals in
fected with viruses. In cell-culture trials 
of protective efficacy the inducer being 
tested is added to the culture, and about 
three hours later a measured challenge 
dose of virus is administered. Activity is 
demonstrated by the drug's ability to 
prevent viral damage to the sheet of 
cells in the culture. All the double-strand 
RNA's found to be active in inducing 
interferon in rabbits were also active, in 
microgram amounts, in preventing cell 
death by vesicular stomatitis virus in a 
wide variety of cells of avian and mam
malian origin, including human cells. 
When the same inducers were tested in 
mice, all of them prevented disease and 
death in animals infected with the pneu
monia virus of mice (PVM). 

Because of the ready availability of 
poly I:C and its considerable promise in 
these early tests, further studies in our 
laboratories were centered on poly I:C 
alone. Following a common practice for 

appraising the potential usefulness of a 
drug, we established a "model system" 
in mice, infecting them with a standard
ized and ordinarily fatal dose of various 
viruses so that the prophylactic and 
therapeutic effect of poly I:C could be 
measured. In a typical experiment poly 
I:C was instilled into the nostrils of mice 
before or after nasal inoculation of a 
standardized lethal amount of PVM vi
rus [see illustration on page 31]. Nearly 
all untreated control mice died but all 
animals given poly I:C before the virus 
survived. So did nearly all mice that 
were given poly I:C two days after the 
virus. In other words, the poly I:C had a 
therapeutic as well as a prophylactic ef
fect. Apparently poly I:C given soon 
enough after infection induces sufficient 
interferon to protect a large proportion 
of the cells; in effect the interferon out
races the virus, and the animal survives. 
Starting treatment four days after virus 
inoculation was too late and all the ani
mals succumbed. 

Experiments along these lines have re-
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SOURCE DOSE INTERFERON 
(MICROGRAMS) TITER 

DOUBLE-STRAND RNA 

POLY I:C 2 640 

POLY AU 25 20 

PENICILLIUM FUNICULOSUM 8 640 

REOVIRUS 3 8 640 

MS2 COLIPHAGE (REPLICATIVE) 8 160 

MUg MUTANT COLIPHAGE (REPLICATIVE) 2 40 

RICE DWARF VIRUS 20 640 

CYTOPLASMIC POLYHEDROSIS VIRUS 22 160 

SINGLE-STRAND RNA 

POLY I 25 0 

POLY C 20 0 

MS2 COLIPHAGE 8 0 

ESCHERICHIA COLI 100 0 

NEWCASTLE DISEASE VIRUS 10 0 

INFLUENZA VIRUS 10 0 

TOBACCO MOSAIC VIRUS 40 0 

YEAST RIBOSOME 1,000 0 

YEAST SOLUBLE RNA 200 0 

DOUBLE-STRAND DNA 

CALF THYMUS TISSUE 200 0 

SCREENING OF NUCLEIC ACIDS for interferon induction yields these results. Double· 

strand RNA's, both natural and synthetic, were effective in microgram amounts. The titers 

(right) are the dilutions of the rabbit serum that were effective in protecting 50 percent 

of the cell cultures tested. Single.strand RNA's and double·strand DNA were ineffective. 

vealed a strong protective effect of poly 
I:C in mice against the encephalomyo
carditis virus, vaccinia virus and parain
fluenza viruses. Minor protective effects 
were obtained in animals against the 
oncogenic (cancer-producing) SV-40 vi
rus, adenovirus and Friend leukemia vi
rus. This ability to protect against both 
DNA and RNA viruses and against on
cogenic as well as cell-killing viruses 
emphasized the broad-spectrum anti
viral activity of poly I:C. Workers in 
other laboratories have greatly extended 
the studies with poly I:C. They have 
shown poly I:C to be effective against 
severe herpes simplex eye infections in 
rabbits, Semliki Forest virus (an insect
borne virus) infections in mice, rabies in 
rabbits and certain respiratory virus in
fections such as influenza. Moreover, 
marked antitumor effects have been ob
served for poly I:C against several trans
plant tumors in mice, particularly the 
L1210 ascites tumor. Activity against 
experimental malaria and other parasitic 
diseases has also been recorded. The 
mechanisms of the effects against tumors 
and malaria are not known and may well 
involve properties other than interferon 
induction. Poly I:C, as noted above, is 
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known to stimulate the ordinary immune 
mechanisms, including cell-mediated im
munity, and this is believed to be impor
tant in defense against tumors. 

Before any drug can be used in clinical 
trials in man, its safety must be as

sessed in animal tests, and so we carried 
out trials in mice, rats, dogs and mon
keys with different doses and routes of 
injection. When the drug was given in
travenously, destructive side effects were 
noted in the small blood vessels, liver 
and blood-forming organs of dogs; these 
effects were minor or absent following 
administration by the subcutaneous or 
respiratory routes. The toxic effects were 
far less in mice and rats than in dogs, 
and they were essentially absent in mon
keys. The tests indicated that there 
wonld be a satisfactory margin of safety 
for human subjects treated with doses of 
poly I:C large enough to stimulate in
terferon. 

Other tests for safety showed that poly 
I:C did not sensitize guinea pigs to ana
phylactic reactions. The drug was not 
carcinogenic when injected into new
born animals, which were observed for 
18 months after injection, It did not 

cause normal human cells to acquire 
cancer-like properties when they were 
assayed in cell culture or tested by im
plantation in the cheek pouch of ham
sters. Finally, it did not bring about 
changes in the chromosomes of normal 
human cells grown in cell culture. 

When the time came for testing in 
man we decided, because of the remark
able effect shown by poly I:C against 
certain cancer-producing viruses in ani
mals and the striking beneficial action of 
the drug against certain transplanted 
tnmors, to conduct trials in patients with 
cancer. Accordingly we carried out a 
study in cooperation with Charles W. 
Young and Irwin H. Krakoff of the 
Memorial Hospital and Sloan-Kettering 
Institute for Cancer Research in New 
York. Twenty patients with advanced 
cancer of various types were given poly 
I:C intravenously-from two micrograms 
to four milligrams per kilogram of body 
weight. Serum samples for interferon 
assay were taken prior to injection and 
up to 72 hours thereafter. Fourteen of 
the 20 patients responded with the pro
duction of interferon; six failed to re
spond. The induction of interferon and 
the magnitude and duration of the in
terferon response did not appear to be 
related strongly to the size of the poly 
I:C dose. Interferon appeared in the 
blood as early as two hours after the 
poly I:C injection and persisted in some 
patients for as long as 72 hours. Peak 
production of interferon was usually at
tained between 12 and 48 hours after 
the administra tion of the drug. U nfortu
nately there was no Significant beneficial 
effect against the tumors in these pa
tients. 

Two significant problems that relate 
to the clinical application of interferon 
inducers are the relatively short duration 
of resistance following the administra
tion of inducer (usually about six days in 
animals) and the failure to respond to a 
second injection of inducer within a cer
tain period after successful induction. 
Fortunately this state of hyporeactivity 
seems to disappear at about the same 
time as the resistance to viral infection 
is lost-just when one needs to give a 

new dose of inducer. In the studies with 
human patients successful reinductions 
of interferon were obtained when the 
poly I:C injections were given six or sev
en days apart in two subjects and even 
within three days in one patient. An
other patient showed lack of response to 
interferon induction only after the fourth 
of a series of daily doses of poly I:C, and 
this patient became fully responsive 
again after a 10-day period. It appears, 
then, that although resistance to induc-
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tion of interferon does occur in man, its 
duration is relatively short. It may be 
that the administration at frequent in
tervals of small but therapeutically ade
quate doses of poly I :C  will allow the 
continuing induction of interferon and 
thus maintain continuous resistance to 
viral infection. 

Clinical reactions to poly I :C in man 
were remarkably few. The most consist
ent reaction to intravenous injection of 
poly I :C was fever. The temperature ele
vation ranged as high as seven degrees 
Fahrenheit, reaching a peak from six to 
15 hours after injection. The fever was 
generally accompanied by interferon in
duction, although the responses did oc
cur independently in some patients. The 
amount of fever was not correlated with 
the poly I :C  dosage. Extensive labora
tory observations revealed no distur
bance of liver, kidney or bone-marrow 
functions. No effects on the blood-clot
ting mechanism were observed. In sum, 
there were no clinical symptoms that 
placed a limit on the doses we adminis
tered. 

We were concerned about the possi
bility of an antibody response to the poly 
I :C, but tests showed that the patients 
did not develop antibody against either 
poly I :C  or DNA. One related possibili
ty remains to be investigated. It has been 
noted that the development of an auto
immune disease that resembles systemic 
lupus in man, and that appears spon
taneously in a particular breed of mice, 
may be accelerated by multiple injec
tions of poly I :C .  The dose requirements 
and route of administration of poly I :C  
in  these mice are now being studied in 
order to establish another safety limit for 
the drug in human subjects susceptible 
to autoimmune disease. 

Most viral infections in human beings 
are self-limited, suggesting that 

natural defense mechanisms are opera
tive in recovery from viral diseases. Anti
body and cell-mediated immunity, the 
ordinary specific immune mechanisms, 
seem to come into effect rather late in 
the infectious process; they may be of 
greater importance in preventing later 
reinfection by the same virus or in re
moving virus-infected cells than in the 
early recovery of the host from a particu
lar virus infection. Interferon is pro
duced early in the process of infection 
and there is substantial reason to believe 
that it is at least one of the important 
factors involved in the recovery from 
viral disease. 

The administration of exogenously 
produced interferon has shown very lim
ited promise up to the present time be-

cause of limitations in source, safety and 
cost. The more practical approach seems 
to lie in the administration of interferon 
inducers. The fact that beneficial sec
ondary effects, such as stimulation of the 
ordinary immune mechanisms, may also 
occur is an added reason for utilizing 
polynucleotides. Poly I :C  shows consid
erable promise as a means for exploiting 
the interferon mechanism. The remark-

POLY I :C  

ably low toxicity for human beings and 
ready availability of this synthetic prod
uct open the door to large-scale explora
tory investigations. After some final tests 
to rule out the danger of autoimmune 
disorders: poly I :C will be ready for cau
tious trials in human subjects for pre
venting infections, such as the common 
cold, that are caused by a variety of 
viruses. 

PLACEBO 

T H R E E  HOURS 

14 DAYS 

3 

PROTECTIVE EFFECT of poly I : C  was tested in laboratory animals. Poly I : C  was in
stilled into the nostrils of some mice ( le/t) and a control group (right) was given a placebo. 
After three hours both groups of mice were infected with a lethal dose of pneumonia virus 
of mice (PVM ) .  The animals were then observed for 14 days. All 17 of the treated mice 
survived but only one of 32 mice in the control group survived. The drug was also effec
tive when it was given two days after the virus; the survival rates were 15 of 15 treated 
animals and one of 25 controls. Given four days after the virus, poly I :  C was ineffective. 
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A New Class of Diode Lasers 

Jl1inute sandwich-like (( heterostructures" composed of two or more 

different semiconducting materials show great pr01nise as cheap, 

efficient carrier-wave generators for use in J11C[SS comlnunications 

Soon after the invention of the laser 
a decade or so ago it was recog
nized that one of the most impor

tant potential applications of this new 
tool would be as a generator of carrier 
waves for a long-distance optical com
munications system. In principle a single 
laser beam has many thousands of times 
the signal-carrying capacity of any other 
transmission medium then or now in ser
vice. Nevertheless, the large-scale com
mercial application of lasers to communi
cations has not yet occurred, and it may 
not occur for quite a while. This situa
tion is of course partly a result of the fact 
that such an application requires the de
velopment of a vast and complex asso
ciated technology. In addition, however, 
there has been the fact that most of the 
lasers available so far have been too 
large, too delicate, too costly and too 
complicated to operate for this approach 
to compete economically with present 
mass-communications techniques. The 
one exception to many of these draw
backs is represented by the semiconduc
tor diode laser. 

The first success in obtaining laser 
light from semiconductor diodes was an
nounced almost simultaneously in 1962 
by groups working at the General Elec
tric Company, the International Business 
Machines Corporation and the Lincoln 
Laboratory of the Massachusetts Insti
tute of Technology. These three groups 
achieved success with diodes made from 
the semiconducting compound gallium 
arsenide. The first announcement was 
greeted with considerable enthusiasm by 
workers in the field, because the new la
sers, unlike their larger predecessors, 
could be made very small and were quite 
rugged, cheap and simple to operate. 
They were expected to work, in prin
ciple at least, at a very high efficiency in 
comparison with other lasers. "-'10reover, 
they required an operating voltage of 
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only 1.5 to two volts! It is in fact tempt
ing, where certain applications are con
cerned, to compare the more convention
al large lasers to the diode laser in much 
the same way that one would compare 
the vacuum tube to the transistor. 

The early diode lasers did, however, 
suffer from a major disadvantage. They 
required such a high current denSity to 
operate that, in order to protect them 
against damage resulting from overheat
ing, they could not be run continuously 
except at very low temperatures. It was 
possible to operate them in very short 
pulses (approximately a millionth of a 
second) at room temperature, but pulsed 
operation severely limits the usefulness 
of such devices in communications as 
well as in other applications .  

In the discussion that follows, the 
properties of a new class of semiconduc
lor diode lasers that are capable of being 
operated continuously at room tempera
ture are described. The evolution of this 
new class of lasers-called heterostruc
ture lasers-brings closer to reality the 
achievement of a competitive optical 
transmission system for telephone signals 
and other communications.  Some of the 
ideas involved in the development of the 
heterostructure lasers were first present
ed in 1963 by Herbert Kroemer, who is 
now at the University of Colorado. In 
addition to our work at the Bell Tele
phone Laboratories important contribu
tions have been made by Zh. I. Alferov 
and his co-workers at the loffe Institute 
in Leningrad and by H. Kressel and his 
co-workers at the RCA Corporation. 

The diode laser is a refinement of the 
electroluminescent diode [see "Light

emitting Semiconductors," by Frederick 
F. Morehead, Jr. ;  SCIENTIFICAMERICAK, 
May, 1967]. Such a device produces 
light in a manner quite different from 
the way the familiar incandescent lamp 

does. In the in candescent lamp the elec
trically heated tungsten wire emits light 
over a single band of wavelengths thou
sands of angstroms wide as a result of the 
fact that some of the thermal-excitation 
energy of the atoms is transferred to pho
tons with a wide range of energies char
acteristic of the temperature of the emit
ting wire . Luminescent diodes produce 
a narrow band of radiation, usually less 
than several hundred angstroms wide, at 
a peak wavelength characteristic of the 
material that is luminescing. Lumines
cent diodes require no increase in tem
perature; in fact, their efficiency almost 
invariably increases when their tempera
ture is decreased. The electrolumines
cence of these devices is a direct result of 
the semiconducting properties of the ma
terials of which they are made. 

Semiconductor crystals, like any other 
crystal, are materials in which the indi
vidual atoms are bound to each other 
in a repetitive three-dimensional array. 
Such an array is called a crystal lattice. 
The bonding of the individual atoms in 
the lattice involves primarily the inter
action of the outer electrons of the con
stituent atoms. These electrons, in addi
tion to binding the crystal together, give 
the material its characteristic optical 
properties. In an isolated atom (for ex
ample an atom in a gas) each electron 
may have any one of a number of distinct 
energies. These energies are called en
ergy levels, and an electron at a particu
lar energy is described as occupying a 
particular energy level. What level an 
electron occupies depends on its position 
in the electronic structure of the atom, 
on the temperature, on the degree of ex
ternal excitation and on other factors. 

The energy-level structure of an iso
lated atom can in fact be described as a 
kind of ladder [see upper illustration on 
page 34]. For an atol11 in a low state of 
excitation the upper rungs (or levels) are 
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all empty. With the addition of energy in 
discrete quantities electrons can be made 
to jump from one rung to a higher one, 
so that at higher states of excitation of 
the atom some of the lower rungs are 
empty and some of the upper ones are 
occupied. Luminescence results from the 
transfer of the excitation energy from the 
electron to a discrete quantum of light, 
or photon, when the electron goes from a 
higher to a lower level. The photons can 
be thought of as a wave with a given 
wavelength or as particles with a given 
energy. Either telm describes the color 
of the light if it is in the visible part of 
the spectrum. 

In crystals the individual energy levels 
of the outer electrons of the isolated 
atoms have merged to form almost con
tinuous bands of very closely spaced en
ergy levels. These levels in the bands can 
be regarded as a continuum of energy 
states, each of which can be occupied by 
an electron. The number of states in a 
band is equal to the number of atoms in 
the crystal multiplied by a small whole 
number (usually less than 10). One de
scribes the bands as empty, full or partly 
full depending on whether none of the 
states is occupied by electrons, all are oc
cupied by electrons or only some of them 
are occupied by electrons. The bands are 
separated from each other by "forbid
den" energy regions. Except under spe
cial circumstances electrons in the crys
tal cannot have energies in the forbid
den range, which is called an energy gap 
or a band gap. 

It is sufficien t for the purposes of this 
discussion to regard a typical semicon
ductor as having two such energy bands. 
The higher-energy one, called the con
duction band, is separated from the low
er one, called the valence band, by a for
bidden energy gap with a width desig
nated Err The size of En has a controlling 
effect on the optical properties of the 
semiconductor. In general the semicon
ductor will be transparent to light with 
photon energies smaller than En and will 
absorb light with photon energies great
er than Eg. Light "�ith photon energies 
near En is absorbed to a greater or lesser 
extent depending on many factors but 
particularly on the amounts of various 
foreign atoms present as "dopants" in 
the crystal. 

The conduction band contains almost 
no electrons unless the crystal contains 
"donor" impurities, which contribute 
them. The valence band is nearly filled 
with electrons. It has a few empty states, 
called holes, which act as though they 
were positively charged particles. These 
imaginary particles result primarily from 
the presence of foreign "acceptor" atoms, 

NEW LASER designed by the authors at the B ell Telephone Laboratories is shown here 
in the eye of a needle to accentuate its extremely small size. The device, called a double
heterostructure diode laser, is the first semiconductor laser capable of operating continuous
ly at room temperature. Low·voltage leads are normally connected to two opposite faces. 

CROSS SECTION OF NEW LASER appears in this scanning electron micrograph of a 
cleaved end of the device. The particular double-heterostructure design shown is essentially 
a stack of very thin impurity·"doped" semiconducting layers grown on a gallium arsenide 
substrate. Layer 1 is tin·doped aluminum gallium arsenide. Layer 2, the active lasing region, 

is silicon· and ziuc·doped gallium arsenide. Layer 3 is zinc·doped alumiuum g allium arse
uide. Layer 4, which serves as a contact layer, is germanium·doped gallium arsenide. 
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which have accepted some electrons 
from the valence band, leaving the emp
ty states, or holes, behind. The holes in 
the valence band and the electrons in the 
conduction band are the only current
carrying entities present in the semicon
ductor. If there are more donors than 

>
<.') 
a:: 
w 
z 
w 

acceptors, current in the material is car
ried by conduction-band electrons (neg
atively charged) and the material is des
ignated an n-type semiconductor. If 
there are more acceptors than donors, 
current is carried by holes (positively 
charged) and the material is designated a 

CONDUCTION BAND 

VALENCE BAND 

ALLOWED ENERGY STATES of an electron in an isolated atom (left) and in a semicon. 
ducting solid (right) are compared in these two diagrams. In the atom an electron (black 

dot) may occupy one of a number of discrete energy levels depending on its degree of ex· 

citation. When the electron absorbs energy, it moves to a higher level (upward arrow); 

when it loses energy, it falls to a lower level (downward arrow) and in the process emits a 
photon of light whose wavelength is inversely proportional to the energy·level transition 
(colored arrows). This phenomenon is called luminescence. In a crystalline solid, on the 
other hand, the energy levels merge to form bands, each of  which contains approximately 
the same number of  levels as there are atoms in the crystal. These bands are separated from 
each other by a forbidden·energy gap (Eg) within which electrons cannot exist in the crys· 
tal. A pure semiconductor has a pair of adjacent energy bands; the lower one, called the 
valence band, is usually filled with electrons, whereas the upper one, called the conduction 
band, is usually empty. In a semiconducting crystal electric current is carried only by car· 
riers in partially filled bands, such as the one that results when an electron is excited from 
the valence band to tbe conduction band by absorbing the band·gap energy either thermally 
or by some other means of excitation. This leaves an unoccupied energy level, or "hole" 
(open circle), in the valence band. B oth the negatively charged excited electrons in the 
conduction band and the positively charged holes in the valence band can act as current· 
carriers. The electrical conductivity of a semiconductor is normally rather low, because 
only a comparatively few carriers are created thermally. Luminescence occurs in a semi· 
conductor when an excited electron in the conduction band "recombines" with a mo· 
bile hole in the valence band, releasing its excess energy in the form of a photon of light. 

CONDUCTION BAND 
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IMPURITY ATOMS with energy levels in the band.gap region of a semiconducting rna· 
terial can be used to improve the electrical conductivity of the semiconductor. Donor 

atoms (left) contribute an electron to the conduction band, creating immobile positive 
charges at the donor levels. Acceptor atoms (right) accept an electron from the valence 
band, making the electron immobile but leaving a mobile hole behind in the valence band. 
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p-type semiconductor [see lower illustra
tion on this page l. 

It is possible to create pairs of elec
trons and holes in n-type or p-type ma
terial in several ways. These extra car
riers are present in a "non equilibrium" 
way, and the crystal tends to eliminate 
them. This elimination of the injected 
carriers involves the loss of the excita
tion energy by the excited electron. 
Since the excitation of the electron from 
the valence band to the conduction band 
means giving it the energy E[f' this is the 
amount of energy it can lose. It then 
"reoccupies" the injected hole in the va
lence band in a process called hole-elec
tron recombination. Among the ways in 
which this energy can be lost is the 
emission of a photon (luminescence). 
That is the process with which we are 
primarily concerned. It occurs quite effi
ciently in semiconductors such as gal
lium arsenide. 

\Vhen part of a semiconductor crystal 
is n-type and part is p-type, the 

boundary between the two regions is 
called a p-n junction. Such junctions 
form the basis of transistor action and 
also of the action of luminescent diodes. 
Since a p-n junction is a boundary that 
has mobile negative charges (electrons) 
on one side and mobile positive charges 
(holes) on the other, it might be expect
ed that by ordinary thermal motion 
these charges would move toward the 
junction, where they would recombine, 
causing a net current to flow in the di
ode. Actually this process does start to 
happen, but it stops after a small num
ber of holes and electrons have reached 
the junction and recombined, because 
the mobile holes and electrons have left 
immobile positively charged and nega
tively charged impurity centers behind. 
The electrostatic field due to the immo
bile charges opposes the motion and 
stops current flow. The result is a bend
ing of the valence and conduction bands 
[see top illustmtion on opposite lJage l. 

The bands can be unbent and a cur
rent can be induced to flow across the 
p-n junction by applying an external 
voltage to the crystal in such a way as to 
oppose the internally induced field. This 
is called "forward biasing" the diode. 
When the forward-bias voltage is ap
plied to the diode, electrons are caused 
to flow into the n side from the external 
circuit and out of the p side into the ex
ternal circuit. (To say that electrons flow 
out of the p side to the external circuit 
is exactly the same as saying that holes 
flow into the p side from the external cir
cuit.) When the p-n junction is sufficient
ly forward-biased, electrons flow across 
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P·N JUNCTION exists between one region of a semiconductor in 
which negatively charged electrons are the predominant current
carriers (n-type material) and another region in which positively 
charged holes predominate (p-type material). The induced elec
trostatic field bends the edges of the valence band and the con
duction band at the junction, producing potential barriers that 
prevent electrons and holes from crossing the junction (left). By 
applying an external voltage of about Eg (a procedure known as 

----- NET ELECTRON FLOW-----?» + 
forward-biasing tbe junction) one can unbend tbe bands and re
duce the potential barriers to  current flow (right). For gallium 
arsenide with appropriate impurities most of the current is carried 
across the junction by electrons that are injected by the external 
source into the p-type region. In that region the electrons are mi

nority carriers and not at equilibrium. Hence they readily recom
bine with holes, releasing their energy in the form of  light. Do
nor and acceptor impurity levels have been omitted for simplicity. 

the p-n junction from the n-side conduc
tion band to the p side, a process called 
electron injection. In many semiconduc
tors holes from the p-side valence band 
cross the p-n junction into the n side of 
the junction, a process called hole injec
tion. Usually one of these two processes 

predominates. For the semiconductor of 
interest here, gallium arsenide, the pre
dominant process is electron injection. 

the band-gap energy. They exist in the 
conduction band a certain average 
length of time (their "lifetime"), and fi
nally they recombine with holes already 
present in the region. They can recom
bine in various ways, but in gallium ar
senide diodes a substantial fraction of 

Once in the conduction band of the 
p region, the injected electrons have an 
energy above their normal energy in this 
region by an amount roughly equal to 

a 
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NET ELECTRON FLOW:> 

WHEN ELECTRONS ARE INJECTED across a p·n junction at 
low currents, they recombine spontaneously with holes and emit 
incoherent light in any direction (a). As the current is increased 
stimulated emission starts to take place near the junction where 
there are excited hole·electron pairs that have not had time to re-

. combine spontaneously; the stimulation occurs when a photon 
from the recombination of one such pair strikes another pair (b). 

Since the stimulated light has the same phase and direction as the 

stimulating light a succession of  such events results in amplifica
tion. When the crystal is made with a flat p-n junction and has two 

cleaved ends perpendicular to the plane of the junction, some of 
the light is reflected by the cleaved faces, which act as partial mir
rors (c). This light is thus trapped between the mirrors and may 
contribute to further stimulation and amplification. At a sufficient
ly high current more light is being produced by stimulation than 
is being lost by absorption, scattering, leakage out of the mirrors 
and so on; at that point the amount of trapped light begins to in
crease rapidly and lasing, or laser action, ensues. This illustration 
shows these processes taking place inside a homostructure laser, 
that is, one constructed entirely of  a single semiconducting material. 

35 

© 1971 SCIENTIFIC AMERICAN, INC



p-TYPE GaAs 

INJECTED 
ELECTRON 

• 

o o 

f 

o 

H ETEROJUNCTION 

I 
CONDUCTION BAND 

I 
I 

� 
I 
I 
I 
I 
I 
I 
I 
I 

0 0 I 0 0 I 
I 

VALENCE BAND 
I 

p-TYPE AI,Gal_xAs 

i 
u;-
« 

'i' OJ 
Q 
� 
0; 
w 

1 
0 0 0 

HETEROJUNCTIONS can be made between different semicon
ducting materials with tbe same or different conductivity types. In 
this illnstration the potential profiles of the valence band and the 
conduction band are shown for a Pop heterojunction and a p-n het
erojunction between gallium arsenide (GaAs) and aluminum gal
lium arsenide (Al"Ga1 _ ",As). At the Pop heterojunction (left) the 
wider band gap of aluminum gallium arsenide causes a step in con
duction band that can act as a potential barrier to reflect electrons 

/ 
1/ 
1 / 
I GaAs 

OPERATING PRINCIPLES of a homostructure laser (left), a 
single-heterostructure laser (middle) and a double-heterostructure 
laser (right) are compared in this illustration. In the homo structure 
laser electrons (black arrows) are injected across the p-n homo
junction to varying distances into the p region. (Hole injection 
does not become important until much higher current levels are 
reached.) In the homostructure device light (color) penetrates into 
the adjacent material out of the region where most of the stimula

tion is taking place, causing a loss of light that would otherwise 
contribute to stimulation. In the single-heterostructure device the 
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if they are injected from the left. Forward-biasing the diode has 
no effect on this barrier. At the p-n heterojunction with no forward 
bias the bands are already bent to prevent current flow. When for
ward-biased enough to inject electrons from the "-type aluminum 
gallium arsenide to the p-type gallium arsenide (right), a residual 

potential barrier remains on tbe valence band at the p--n hetero· 
junction as a result of the band-gap difference. This barrier pre
vents holes from crossing the p-n heterojunction from the right_ 

light does not penetrate sign ificantly through the p.p heterojunc
tion and the electrons are reflected. As a result a higher degree of 
carrier-confinement and light-confinement is attained. In the 
double-heterostructure device holes, electrons and light are all 
effectively confined in the very thin region between the two hetero· 
junctions. Electrons are reflected by the potential barrier in the con· 
duction band at the Pop heterojunction, and holes are reflected by 
the potential barrier in the valence band at the p-n heterojunction. 

Light-confinement results from the difference in refractive index 
between the gallium arsenide and the aluminum gallium arsenide. 
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the injected electrons give up their en
ergy by the emission of a photon with 
a wavelength determined approximately 
by the band-gap energy of gallium ar
senide. The process is called electrolu
minescence, and a device that produces 
light in this way is called an electrolu
minescent diode. In gallium arsenide the 
band gap is about 1.4 electron volts 
wide. The light emitted by gallium ar
senide luminescent diodes has approxi
mately that energy and therefore has a 
wavelength of about .00009 centimeter. 
An electromagnetic wave of this length is 
not visible but is in the near-visible part 
of the infrared region of the spectrum. 

The light thus produced is said to be 
a spontaneous emission because the holes 
and electrons combine spontaneously af
ter a certain average time interval with
out being affected by photons from othcr 
recombination events. As the injection 
current is increased a process called stim
ulated emission will start to become im
portant. In general when an electron in 
an excited state is struck by a photon 
with the same energy as its excitation 
energy, it will be stimulated to emit that 
energy as a photon of light during a tran
sition to a lower energy level; the stimu
lated light will have the same phase, 
wavelength and direction as the stimu
lating light. This idea was quantitatively 
developed by Albert Einstein in 1917. 
Injected electrons in the p region are, of 
course, excited electrons, their excitation 
energy being approximately Eg• There
fore when an injected electron that has 
not had a chance to recombine spon
taneously is struck by a photon from a 
previous recombination event, it may be 
stimulated to emit its photon in the same 
direction and with the same phase as the 
stimulating photon; under these circum
stances both photons will have the same 
energy, Eg• 

As the injection current is increased 
the light produced by stimulated emis
sion increases, because the number of 
hole-electron pairs present near the p-n 
junction increases; amplification, partic
ularly along the junction plane, is the 
result. If the diode has been made with 
a flat p-n junction, it can be fabricated 
in such a way as to have two flat ends of 
the crystal perpendicular to the plane of 
the junction. These. flat ends (actually 
cleaved crystal surfaces) act as partial 
mirrors and tend to trap some of the 
light produced parallel to the junction 
plane by reflecting it back into that re
gion. The structure is now a laser diode 
[see bottom illustmtion on page 35]. 

The introduction of the mirrors feeds 
the stimulated light back into the plane 
of the junction and thus furthers ampli-
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WIDTH OF ACTIVE LASING REGION (MICRONS) 

THRESHOLD CURRENT for the onset of laser action at room temperature in a single
heterostructure laser (top curve) and a double-heterostructure laser (bottom curve) are 
compared in this graph as a function of the width of the active lasing region. In the single
heterostructure device the threshold current decreases with the width of the active lasing 
region to near two microns because the smaller widths correspond to smaller active-region 
volumes. The smaller this volume is, the fewer electrons are neede8 to reach the electron 
density required for the lasing to  start. B elow about two microns the forward bias needed 
to start lasing is large enough to initiate hole injection. This means that some current is 
being carried by holes going into the n region, where they do not contribute to the laser 
action. As a result the lasing threshold rises. This effect does not apply to  double-hetero
structure lasers because of the potential barrier at the p-,. heterojunction. The thresholds of 
double-heterostructure lasers are lower overall because of their superior light·confinement. 

fication. When the injection current be
comes high enough so that the light in 
the crystal making a round trip along the 
junction plane is amplified enough to off
set losses due to absorption, to scatter
ing, to leakage out of the mirrors and so 
on, the diode is said to be lasing. In the 
language of workers in the field, the gain 
now equals the loss. 'With a further 
increase in injection current the added 
hole-electron pairs recom,bine primarily 
by stimulation. An intense beam of light 
is observed to emerge from the mirror 
ends of the crystal; the entire process is 
called light amplification by stimulated 
emission of radiation (hence the acronym 
"laser"). 

Simple diode lasers of the type de
scribed above are called homostruc

ture lasers because they are made of 
a single semiconductor material. Even 
when they are made of the best material 

available (gallium arsenide), lasing at 
room temperatures requires high current 
densities (25,000 to 100,000 amperes per 
square centimeter). In other words, if the 
area of the junction plane of the laser di
ode were a square centimeter, the cur
rent would in the best case be 25,000 
amperes. Actually, of course, the areas 
are much smaller, typically .0005 centi
meter, and the corresponding current is 
12.5 amperes. The use of the "current 
density" notation enables us to compare 
diodes with different areas. The mini
mum current density needed to start 
lasing action in a diode is termed the 
threshold current density. It is because 
of their high threshold current density 
that such lasers are always run under 
pulsed conditions at room temperature 
in order to keep the power dissipation 
low enough to prevent overheating. 
Typically pulses of a millionth of a sec
ond are used with an interval between 
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pulses of a thousandth of a second (to al
low cooling). Continuous, or nonpulsed, 
operation is possible only at much lower 
temperatures (typically 77 degrees Kel
vin, the boiling point of liquid nitro
gen), because the lasing threshold cur
rent is much lower at lower temperatures. 

In recent years the maximum tem
perature at which homostructure lasers 
could be run continuously has been 
205 degrees K. This temperature was 
achieved in 1967 by J. C. Dyment and 
L. A. D'Asaro at Bell Laboratories in a 
test where the laser was mounted on a 
diamond to allow very efficient heat re
moval. Such a heat-removal device is 
called a heat sink. From that work it was 
recognized that, in order to operate a 
semiconductor diode laser with direct 
current (continuously) at room tempera
ture, not only was an efficient heat sink 
nccessary but also a large reduction in 
the threshold current density at room 
temperature had to be achieved. 

In retrospect one can appreciate the 
reasons for believing that a considerable 
reduction in the thrcshold current dcn
sity could be obtained, on the basis of 
the following simplified argument. In the 
region near the plane of the p-n junction, 
where stimulated emission is taking 
place in a semiconductor laser diode, a 
critical density of light and electrons 
must be attained in order for the ampli
fication due to stimulated emission to 
overcome losses. In gallium arsenide la
ser diodes, however, the distance that 
the electrons can diffuse away from the 
p-n junction after injection increases 
with temperature.  At room temperature 
the electron's average diffusion distance 
from the 7J-n junction after injection may 
be as much as several microns. Thus the 
width of the region con tributing to lasing 
is uncontrolled; it depends not only on 

the semiconductor used but also on the 
temperature and the impurities present. 
This means that the volume of semicon
ductor material that must reach the 
required electron density is not a param
eter that one is able to vary in a homo
structure laser. Clearly if this volume 
could be reduced, a lower threshold cur
rent density could be achieved. 

Furthermore, much of the light is not 
well confined in such a laser; the light 
tends to spread into inactive regions of 
the crystal. That reduces the photon den
sity available to contribute to ampliRca
tion because the light occupies a larger 
volume and because some of it has 
spread out into regions where there are 
few excited electrons. The light is ab
sorbed rather than amplified because its 
energy is approximately the same as the 
energy of the band gap of gallium arse
nide. Therefore to a first approximation 
the high threshold current density re
quired for lasing to occur at room tem
perature in homostructure lasers is de
manded not only by the need to main
tain a required electron density in a 
large volume of the p region into which 
the carriers diffuse but also by the high 
light losses and reduced photon density 
resulting from the spreading of the laser 
light. 

The achievement of low-threshold la-
sers that can be made to operate con

tinuously at room temperature results 
directly from the use of modified struc
tures that restrict both the light and the 
electrons to a small active region. This 
was done by utilizing crystals that had a 

region of pure gallium arsenide and a 
region where some of the gallium atoms 
in the gallium arsenide crystal had been 
replaced by aluminum atoms. The latter 
region consists of the semiconductor alu-
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minum gallium arsenide, and the junc
tion of the two materials is called a het
erojunction. The chemical symbol for 
gallium arsenide is GaAs and for alumi
num gallium arsenide is AI.vGal _ �As, 
where x is 1 or less. This symbolism in· 
dicates the one-for-one replacement of 
gallium atoms by aluminum atoms in the 
lattice. If, for example, half of the gal
lium atoms are replaced by aluminum 
atoms, the formula of the resulting semi
conductor is A]"Gac,As. 

In aluminum gallium arsenide the 
band gap is larger than it is in gallium 
arsenide, the amount of this increase it
self increasing with the fraction of the 
gallium atoms that are replaced by alu
minum atoms. The increased band gap 
has profound effects not only on the be
havior of the holes and electrons when 
they encounter these heterojunctions but 
also on the electroluminescent light that 
is generated. The holes and electrons are 
influenced because the presence of the 
heterojunction results in abrupt changes 
in the width of the band gap and hence 
in the shape of the bottom of the con
duction band or the top of the valence 
band in its vicinity [see top illustmtion 
on page 36). 

The electroluminescence is influenced 
because the aluminum gallium arsenide 
is transparent to light that has the band
gap energy of gallium arsenide (as a re
sult of the larger forbidden gap of alu
minum gallium arsenide) and because 
hand in hand with an increase in Eo with 
increasing x is a decrease in the refrac
tive index. In the past, when other ma
terials were used for the preparation of 
heterojunctions, these properties could 
not be utilized because another property 
of heterojunctiolls is that they tend to 
trap holes and electrons in such a way 
as to prevent recombination from occur-

GRAPHITE SOLUTION HOLDER 

PUSH ROD 

< 

APPARATUS used for growing multilayered structures to serve as 
diode lasers is depicted here. The graphite "boat" contains four 
wells filled with solutions of gallium, aluminum, arsenic and an 
appropriate impurity element. A wafer consisting of a slice of a 
single crystal of gallium arsenide, mounted in a sliding graphite 
holder, is successively brought under each solution. When a suit· 

able cooling cycle is used, successive layers are grown from each 
solution. From one to four layers of gallium arsenide or aluminum 
gallium arsenide, each with a proper complement of impurities, 
can be grown on the wafer. A typical wafer measures four milli· 
meters wide by 10 millimeters long by half a millimeter thick. 
Growth temperatures range from 800 to 1,000 degrees Celsius. 
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LASERS A R E  FA BRICA TED from the multilayered semiconduct· 
ing wafers by first lapping the substrate of the wafer so that the 
wafer has a total thickness of about 7 5  to 125 microns. Very thin 
metal electrical contacts are then applied by directing atomic 

beams of the proper elements onto the surfaces in a high.vacuum 
system. The crystal is then cleaved into bars approximately half 
a millimeter wide, and these in turn are sliced w ith a fine wire 
saw into the finished lasers, which are roughly .1  millimeter wide. 

ring with the production of useful light. 
This does not happen with heterojunc
tions between gallium arsenide and alu
minum gallium arsenide. vVe assume 
that this is because the two compounds 
have the same crystal structure and al
most exactly the same spacing between 
atoms in the crystal lattice. 

How do all these factors aid in achiev
ing a reduced lasing threshold in diode 
lasers? To make such lasers one must first 
of all be able to make crystal structures 
with one or more heterojunctions be
tween gallium arsenide and aluminum 
gallium arsenide. Such structures are 
generally made by growing layers of 
both compounds on slices of single crys
tals of gallium arsenide. At present these 
layers are grown on the gallium arsenide 
crystal at high temperatures from liquid 
solutions containing a mixture of gal
lium, aluminum and arsenic in much the 
same way that ice crystals grow larger 
when heat is removed from a mixture of 
ice and water. 

The simplest use that can be made of 
the ideal nature of the gallium arse

nide-aluminum gallium arsenide hetero
junction for the reduction of laser thresh
olds is the single-heterostructure laser. 
This laser structure is made by growing 
a layer of aluminum gallium arsenide 
on an n-type gallium arsenide substrate 
wafer and simultaneously diffUSing zinc 
a short distance into the wafer from the 
growth solution. Zinc is an acceptor im
purity in gallium arsenide, and enough 
of it can convert n-type material into p
type material. Zinc also has the property 

that its atoms can, at sufficiently high 
temperatures, readily move into the gal
lium arsenide lattice from an external 
source, be it vapor, liquid or solid. The 
result then is a wafer consisting mostly 
of an l1 -type substrate but with a thin 
]i-type region caused by the diffused 
zinc. On the surface of the p-type region 
there is a layer of p-type (Zn-"doped") 
aluminum gallium arsenide. The struc
ture therefore has a p-n junction in gal
limn arsenide (a homojunction) sepa
rated by a small amount of p-type gal
lium arsenide from a layer of p-type 
aluminum gallium arsenide. We refer to 
the latter boundary as a pop heterojunc
tion. The p-n junction plane and the pop 
heterojunction plane are parallel to each 
other. The structure has a single hetero
junction, hence the name single-hetero
structure laser. 

In constructing the actual lasers from 
the wafer the substrate is thinned by 
lapping with an abrasive to a total thick
ness of about 100 microns. Electrical 
contacts (thin metal layers) are applied 
by vacuum deposition on the n side and 
p side of the wafer, and the resulting 
combination is sawed and cleaved into 
rectangular chips approximately 100 by 
400 microns on a side [see illustration 
above]. These are the lasers. When a 
chip is forward-biased enough for elec
tron injection across the p-n junction to 
occur, the injected electrons go into the 
p-type gallium arsenide region but are 
stopped (reflected) by the potential bar
rier formed by a bend in the conduction 
band at the heterojunction. The elec
trons are hence not free to diffuse into a 

larger volume, as happens with homo
structure lasers. Moreover, as a result of 
the decrease in the refractive index at 
the heterojunction there is little penetra
tion of the light out past the heterojunc
tion boundary. The lasing threshold cur
rent is thus reduced below that of homo
structure lasers because both the elec
trons and the light can be confined to a 
smaller volume in the single-heterostruc
ture laser. The lasing threshold is now 
dependent on the width of the region be
tween the p-n junction and the p-p 
heterojunction because smaller width 
means a smaller volume to be filled with 
electrons to the density required for las
ing [see illustration on page 37] . 

With the single-heterostructure laser 
some of the light is still lost owin g to its 
penetration across the p-n junction into 
the n-type gallium arsenide. Further
more, when the voltage needed to cause 
the current to flow is raised sufficiently, 
holes are injected across the p-n junction 
into the n-type gallium arsenide. The 
hole injection occurs primarily in sin gle
heterostructure lasers with a very nar
row active region. Since this part of the 
current is not useful for lasin g, the 
threshold current rises. Even with such 
defects single-heterostructure lasers with 
a room-temperature threshold as low as 
about 8,000 amperes per square centi
meter have been made. 

A further considerable reduction in 
current thresholds results if an ad

ditional heterojunction is located at the 
p-n junction. In order to achieve such a 
p-n heterojunction a three-layer struc-
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ture must be grown onto the gallium 
arsenide substrate. Actually four layers 
are grown [see bottom illustration on 
page 33 ] .  The fourth layer (of gallium 
arsenide) serves to provide a cOllvenient 
surface to make electrical contact. 

The important part of this layered 
structure is a sandwich of n-type alumi
num gallium arsenide, p-type gallium 
arsenide and p-type aluminum gallium 
arsenide; the sandwich comprises the 
first three layers on the substrate. An 
n-p heterojunction exists between the 
first two layers and a p-p heterojullction 
between the second two. The ]i-type 
gallium arsenide region between these 
two heterojunctions defines the active 
lasing region; such a structure is called 
a double heterostructure. 

As before, contacts are applied and 
the wafer with the layers is cleaved into 
small rectangular laser chips. When 
these are forward-biased enough for 
electrons to be injected into the second 
layer, a residual step remains on the va
lence-band edge. As before, electrons 
are reflected at the p-p heterojunction, 
but now in addition holes are reflected 
at the p-n heterojunction. The result of 
this second reflection is that at no volt
age near the voltage needed to obtain 
lasing do we get hole injection with its 
attendant increase in threshold current. 
It is therefore possible to construct la
sers with much narrower active regions 
than was possible with the single-hetero
structure laser. There are now steps in 
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the refractive index at both the p-p and 
the p-n heterojunction and the light 
penetration out of the active region is 
restricted on both sides. vVe thus have 
a structure that for widths of the active 
region as small as .5 micron has almost 
complete light and recombining-carrier 
confinement. This means that it is possi
ble to have a very thin active region and 
hence a very small volume in which 
holes, electrons and light are confined. 
Therefore in order to obtain sufficient 
carrier and photon density for lasin g to 
start we need a much lower current 
than is required by homostructure lasers 
or single-heterostructure ones. Thresh
old current densities for laser action as 
low as about 1 ,000 amperes per square 
centimeter have been obtained with 
double-heterostructure lasers, and it is 
bclieved that lower thresholds will result 
from further research. 

Although the achievement of such rel
atively low threshold current densities 
brought the achievement of continuous 
operation of diode lasers at and above 
room temperature much closer, one ma
jor problem remained. At currents of 
about 1 ,000 to 3,000 amperes per square 
centimeter much heat still must be re
moved from the laser during operation. 
Since most of the heat is generated in 
the active region it must be removed 
through at least one layer of aluminum 
gallium arsenide. Such ternary com
pounds have much poorer thermal con
ductivity than binary compounds such as 

SINK 

E LECTRI C 
CURRENT � GOLD WIRE 

STRIPE GEOMETRY characterizes the design of this double·heterostructure laser. The 
insulating oxide layer restricts the current to a narrow stripe along the active region, en· 
abling heat to /low more readily away from the lasing region to the diamond heat sink. 
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gallium arsenide. The problem here is 
therefore worse than it was with the 
homostructure lasers. To overcome this 
difficulty at least one of the two alumi
num gallium arsenide layers should pref
erably be very thin. Estimates indicated 
that by making one of these layers ap
proximately a micron thick, continuous 
operation with the low-threshold lasers 
would be possible if the laser were bond
ed to an efficient heat sink. The multi
layer-growth technique was therefore 
developed in such a way that the re
quired thin layers were obtained. 

An efficien t heat sink was achieved by 
alloying the metal contact on the p-type 
surface of the laser to a tin-coated dia
mond. The first units to run continuously 
at and above room temperature were 
obtained in our laboratory in that way. 
The structure thus obtained is a simple 
parallel-plane configuration. More effi
cient heat sinks have recently been ob
tained at Bell Laboratories by another 
group with a "striped" heat-sink con
figuration [see illustration at left ] .  With 
this configuration only a small stripe in 
the active region is affected by the cur
rent. Less heat is produced because the 
active part of the device is smaller, and 
the heat that is produced is more readily 
dissipated because heat dissipation oc
curs laterally as well as vertically in the 
striped structure. A number of such units 
have already been tested. Continuous 
operation of such striped lasers on both 
diamond and copper heat sinks has been 
achieved; with diamond heat sinks and 
the stripe-geometry modification lasers 
have been run continuously at tempera
tures as high as about 100 degrees C. 

We have described the evolution of a 
new class of lasers, the heterostruc

ture lasers, which have so far been made 
with output powers of tens of milliwatts 
while operating continuously with wave
lengths between .00009 and (with slight 
modification of the structure) . 000077 
centimeter. Total efficiencies for the con
version of electrical to optical power of 
about 10 percent have already been 
achieved during continuous operation of 
several of these lasers at Bell Labora
tories. The numbers will probably im
prove with further study. Although the 
devices are still in the research stage, 
they show great promise as small, cheap, 
efficient and rugged carrier-wave gen
erators that can be utilized for optical 
mass-communications systems and other 
applications. We believe the evolution 
of other devices that utilize the ideal 
nature of lattice-matched heterojunc
tions will be accelerated by the results 
of the work described here. 
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We want to be useful 
. . .  and even interesting 

Roses a re red ,  violets a re blue 
Sugar is sweet and 
attached to the 
3- or 5- hyd roxy group 

Delphiniums,  for 
from 

HO 

O H  

exampl e ,  a r e  blue 

0- Meta/;
=0 

0 ,  

\5U9aiJ 
To make blues and reds, nature is  

very busy right now in flowers, fruits, 
and berries synthesizing pigments on 
this basic anthocyanin pattern : 

X-
O-t-

--..:: 

Dye chemists keep prying jealously, 
even dye chemists who al ready ape the 
colors as well as ours do with pigments 
on film and paper that last longer than 
a few summer days. 

We have recently found that certain 
man-made molecules built on this gen
eral plan join together  by threes to form 
an intensely blue compound. No sugar. 

Seeing no way that our shareowners 
can profit from keeping this a secret, we 
have publ i shed a short paper ':' on the 
details in the hope that someone can 
profit from the information i n  a way 
not yet clear. That's science. 

- a n d  from f l owers to babies 

To wander in the garden and spend 
one's days wondering what makes the 
roses red and the delphiniums blue i s  
not quite pul l in g  one's load . N o t  today 
it  isn't.  But was i t  i rresponsible behav
ior 6 5  years ago? 65 years is  not a very 
long span of moral history. 

In 1 906 a Russian botanist named 
Tswett at the University of Warsaw 
proved he could separate the compo
nents of coloring matter in plants by the 
same principle that leaves a ring on 
cloth after a partial failure at stain re
moval . He must have been pleased. He 
would h ave been more pleased to watch 
the following routine for testing blood 
o r  urine of everybody at b i rth for the 

-Journal of Heterocyclic Chemistry 7, 1395  (1970) 

purpose of detecting metabolic errors 
that can be treated by diet and other
wise lead to mental retardation and 
other impairment : 

Tswett called it chromatography. He 
might not h ave recognized i t  in this ver
sion . The idea is new of applying the 
solvent in  a gel and incorporating there
in a color-forming compound that re
acts with the separating compounds 
from the sample m ixture to form iden
tifying colors ( afte r  heating to 1 00 C 
in the case of amino acids ) . Many 
hands h ave carried chromatography a 

long way. 
Our contribution has been analogous 

to what we did to photography a dec
ade and more before Tswett's discovery 
and to what we did later in color pho
tography ( the better term "chroma-

tography" h aving been appropriated 
by Tswett) : minimizing the manipula
tion, not with fancy h ardware, but by 
keeping the elegance back in the fac
tory and financing i t  by broadening the 
market for the end result. 

The new KODAK CHROMAT/ O / SCREEN 
A nalysis Kits will SOOI! be stocked by lead
ing lab suppliers, complete with detailed 
directions, discussion, alld bibliography. 
Th e one for amino acids serves the infant
screen ing market. Oth ers separate respec
tively amphetamines, barbiturates, alka
loids, catechola m i n es, sugars. Clinical 
chemistry may I!ot  be the only place for 
such quick and easy thin-layer chroma
tography . 

For the enthusiastic teacher 

Let's say that  next  year  30,000 students 
in North America ( o r  in  the English
speaking nations o f  the worl d )  are to 
be taught some fl avone chemistry. Or 
that 3 00,000 should lea rn how mole
cules and light interact. They could all  
be assembled and hooked together, as 
for watching a championship prize
fight. Alternatively, individual teach
ers, each greatly interested and each 
with a somewhat different viewpoint 
for a somewhat d ifferent level , could 
p roject a separate vision to a separate 
band o f  students . 

In chemistry? Yes, in chemistry. Or 
in other subjects. 

The teacher too enthusiastic to stick 
to that dusty audiovisual  m e d i u m  
chal k-and-talk c a n  consider m a k i n g  a 
film. It's not that b ig  a deal . Some of 
the students may well h ave made films 
themselves.  Little kids are doing it .  To 
express oneself with film is to m atch 
what our more articul ate forebears 
might h ave tried with verse o r  well
t u rn e d  p h r a s e .  F i l m  l an g u a g e  gets  
learned ear ly .  A KODAK PRESSTAPE 
Universal Splicer ( l ist $ 8 .50,  at camera 
counters ) is  an instrument for elo
quence through self-discipl ine.  "Movies 
With a Purpose" ( single copies free 
from Dept. 4 1 2-L, Kodak, Rochester, 
N.Y. 1 46 5 0 )  teaches film grammar, 
without which communication is  d iffi
cult.  Animation, for subjects l ike  mole
cules, may be the heart of the m atter .  
For suggestions on how to do it ,  see 
Journal of Chemical Education 48, 143 
( Feb.  1 9 7 1 ) .  

Price subject to change without notice. 
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We believe the � 
world altitude ����� -��""" ��� 

record fora 
Land Rover is 
the top of the 
temple steps in 
Jiaclian,liEet 
{15,870 feet}. 
If your Land Rover has 
topped this (airlifts not 
counted) please write: 
LandRover� 
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British Leyland Motors Inc. 
Leonia, New Jersey 07605 

STANDARD EQUIPMENT: 4 forward 
speeds and reverse, and 2-speed trans
fer box,equals8 forward, 2 reverse. Four 
wheel drive. Full length metal top. Body 
of non-corroding aluminum alloy with 
sliding side windows, security catches, 
door locks. Side-hinged rear door, exter
nal locking handle. Seats for seven. 
Windshield ventilators. Dual braking 
system. Windshield washers. Back-up 
lights. Fresh air heater and defrosters. 
SUGGESTED RETAIL PRICE: $4100 
East Coast P.O.E., not including inland 
freight, dealer preparation, state and 
local taxes. 
OPTIONS: So many they are best gone 
into with a Land Rover dealer. 

Unreordered Priority 

W
orld military expenditures con
tinued to rise in the past year, 
reaching a record peak in 1970 

of $204 billion, or 6.4 percent of the to
tal gross national product of the nations 
of the world, according to a report re
leased by the U.S. Arms Control and 
Disarmament Agency. In summarizing 
the results of the agency's fifth annual 
survey on the size and impact of world 
arms expenditures, the report's authors 
observe that last year's world total was 
the equivalent in dollar value of a year's 
income produced by the 1.8 billion peo
ple in the poorer half of the world. 

In the six years since the agency's first 
world survey military outlays in current 
dollars have risen almost 50 percent. In 
terms of constant dollars (that is, if 
prices had remained unchanged) mili
tary expenditures for 1970 would have 
exceeded those for 1964 by roughly 20 

percent. This 20 percent "real" increase 
is reflected partly in increased numbers 
of personnel, which are up more than 10 

percent since 1964 (to an estimated 23 

million), and partly in investment in in
creasingly sophisticated military equip
ment, including both strategic (long
range nuclear) and conventional weap
ons. 

In spite of a slight decline for the sec
ond straight year in the rate at which 
military expenditures are increasing, the 
current survey could find "no evidence 
that a widespread shift from military to 
civilian uses of resources has begun. Nor 
does the slower rate of increase in total 
military expenditures in the past two 

SCIENCE AND 

years reflect a worldwide tendency to 
restrict such outlays. In the vast majority 
of countries for which recent information 
is available, there was a further rise in 
military budgets in current prices in 
1970." 

Developing countries in particular 
continued to increase their share of 
world military outlays, devoting to mili
tary programs funds that could have 
been allocated to economic develop
ment. For example, it is estimated that 
in developing countries the increase in 
military spending since 1964 represented 
the equivalent of three years' expendi
tures on public education for the billion 
school-age children in those countries. 
In general more public funds continued 
to flow into military programs than into 
public-education or public-health pro
grams for the world's population of 3.6 

billion. 
Although the share of world GNP go

ing into military programs has declined 
from a high of 7.3 percent in 1967 to 6.4 
percent in 1970, the report points out 
that "changes over time in the ratio of 
military spending to GNP must be evalu
ated cautiously, both as measures of rela
tive burden and as indicators of arms 
restraint. Economic growth is popula
tion-related. Unless the civilian portion 
of world GNP-the investment and con
sumption component-grows with rising 
population, living standards fall. Unless 
the civilian portion adjusted for the pop
ulation rise expands with rising GNP, 
living standards have not benefited fully 
from the growth dividend." 

The record on this point for 1970, as 
compared with 1964, shows that mili
tary expenditures have indeed absorbed 
part of the growth dividend, even 
though the share of world GNP that 
they take is diminished. In 1970 the dol
lar value of world GNP was $1,252 bil
lion higher than in 1964. Taking into ac
count price rises and population growth, 
however, the "real" gain in world GNP 
was only $450 billion, or about a third of 
the apparent gain. The increase in world 
arms expenditures in constant prices 
took $28 billion of this dividend, repre
senting a considerably larger share of 
real growth in developing countries than 
in developed countries. 

As an indicator of arms restraint, the 
report concludes, "a downward trend in 
the ratio of military expenditures to GNP 

© 1971 SCIENTIFIC AMERICAN, INC



THE CITIZEN 

is not sufficient. With a rapidly growing 
economy, even a declining ratio to GNP 
can conceal an intensified arms race." 

How Many People? 

Japan is unique among the major na
tions in having steadily reduced the 

rate of growth of its population to a 
point suggesting that the population 
will begin to decrease in a generation or 
so if the present level of reproduction 
continues. Now concern is rising that the 
trend will inhibit the rapid economic 
growth the nation has experienced over 
the past decade. The situation is de
scribed by Minoru Muramatsu, chief of 
the Section of Public Health Demog
raphy of the Institute of Public Health 
in Tokyo, in "Country Profiles," a publi
cation of the Population Council. 

Muramatsu notes that the population 
of Japan was about 50 million in 1912 
and had doubled by 1967. The annual 
rate of growth of the population during 
this period therefore averaged 1.3 per
cent. In the U.S. the population has 
grown at rates ranging from a high of 
21 percent in the first decade of this 
century to a low of 7.2 percent between 
1930 and 1940 (see "The Census of 
1970," by Philip M. Hauser, page 17). 

In recent years the Japanese rate has 
been about 1.2 percent per year; by 
1985, according to the Institute of Pop
ulation Problems (an agency of the Min
istry of Health and Welfare in Japan), it 
will decline to .7 percent. 

The control of population in Japan has 
been largely voluntary. It is traced by 
Muramatsu back to the "rice riots" of 
1918, when people in many parts of the 
country demonstrated against the high 
price of rice; the episode was widely 
interpreted as being an indication that 
there was not enough food to go around. 
"Regardless of official policy decisions 
or the pros and cons of birth control," he 
writes, "people proceeded to practice 
birth control on their own, primarily 
through induced abortion." Two govern
ment policies, however, were "notable 
influences." The first was the establish
ment of the Eugenic Protection Law; 
the second, the establishment of a na
tional program for the promotion of fam
ily-planning practice. The chief aim of 
the law, which was enacted in 1948, was 
to liberalize induced abortion. The num-

Part of the view through Questar shown 
at lower left of photograph below 

Another of those 
"impossible" views 
with a Questar -
the world's finest, most versatile small 
telescope, photo-visual, priced from 
$865. Our booklet, with more than 100 
photographs by Questar owners, de
scribes it. Send $1 for mailing anywhere 
in North America; by air to South Amer
ica; $2.50; Europe and North Africa, 
$3.00; elsewhere, $3.50. 

QUIESIAI 
Box 120, New Hope, Pa. 18938 

Why don't you 

keep an eye 
on things 
with a 
Questar? 

The construction industry is not the 
only one discovering how easy it is 
to keep an eye on things with Ques
tar's sharp closeups. Doesn't this 
suggest a need that you might have 
for safe, convenient maintenance in
spection or supervisory control from 
ground level? Questar not only does 
this sort of job well, but is a lot of fun 
to use in its off hours. 

Questar's new price catalog dis
cusses, among other things, the de
mand for these superb optics in many 
special applications. The following, 
for example, are all in the day's work 
for Questar: closed-circuit television, 
autocollimation, laser sending and 
receiving, motion detection, solar re
search, star simulator, satellite track
er, site testing, bore sighting, surveil
lance (day and night), and biomedical 
studies, to mention just a few. 

And if you haven't seen the recent 
price catalog you may not have heard 
the news about the Questar Autocol· 
limator, Questar TV Camera, and the 
Questar Cinema Model, designed 
especially for the Arriflex 35, which 
is taking the professional cinematog
raphers by storm. Of course, the 16-
mm. buffs will want it, too. 
© Questar Corporation 1971 
All Rights Reserved 
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ber of reported induced abortions rose 
sharply to a peak of 1.17 million in 1955; 

thereafter it declined gradually to 744,-

451 in 1969. The family-planning policy, 
inaugurated in 1952, resulted from alarm 
in the Cabinet about the abortion rate; 
the policy was that contraception was to 
be recommended as a far more reason
able method of family limitation. 

Then came the economic boom, which 
has kept Japan's economic growth rate 
above 10 percent a year since 1963 (ex
cept in 1965). During the same period, 
because of the downward trend in fer
tility, a shortage of young workers de
veloped. The annual increment of the 
productive age group (15 to 64) was 
960,000 from 1965 to 1970 but will be 
only 620,000 from 1970 to 1985. 

As a result of these effects, according 
to Muramatsu, "a reaction to the low fer
tility trend and apprehension of 'di
minishing' population are developing. 
Business magnates and industrial lead
ers have voiced concern over the short
age of young workers." The Population 
Problems Council gained wide attention 
with a report saying that Japan would 
have to raise its fertility rate slightly in 
order to bring about a stationary popula
tion in the future and recommending 
that efforts to raise fertility levels should 
be directed toward the strengthening of 
social-development problems so that the 
people encounter fewer economic, social 
and other deterrents to pregnancy, child
birth and child-rearing. In the present 
debate over population policy, Mura
matsu writes, "some maintain that an in
crease in the birthrate is imperative, 
while others wonder why Japan should 
raise its fertility rates in the face of an 
inevitable increase of tens of millions 
in the population expected during the 
several decades to come." Both groups, 
however, recognize that "the future fer
tility trends in this country will be large
ly determined by the people, not by in
terventions from outside." 

Venera on Venus 

The Rrst spacecraft known to have 
made a soft landing on another plan

et was the Russian vehicle Venera 7, 
which reached the surface of Venus last 
December 15. At the time there was 
some doubt whether radio signals from 
Venera 7 had continued until the actual 
landing and, if they had, whether they 
had persisted after the craft had come 
Lo rest. The Russians had failed in three 
earlier attempts to soft-land a space
craft on Venus. Venera 4, Venera 5 and 
Venera 6 had all entered the planet's 
atmosphere successfully and had trans-

44 

mitted measurements through the Rrst 
stages of a parachute descent, but in 
each case the messages had stopped 
when the landing capsules were between 
17 and 22 kilometers above the surface. 
Details of the successful landing of 
Venera 7 are now reported by a team of 
U.S.S.R. investigators in the Journal of 
the Atmospheric Sciences. 

They describe Venera 7's landing cap
sule as an oblong, aerodynamically 
shaped object that weighed about 100 

kilograms more than the capsules carried 
by Venera 5 and Venera 6. (They do not 
mention what the weight of those cap
sules was.) The extra weight was used to 
provide additional insulation to protect 
the capsule from the high temperatures 
that had presumably knocked out the 
transmitter on the earlier craft before 
they had reached the surface. The re
port notes that the capsule's parachute 
was fabricated of material able to with
stand a temperature of about 530 de
grees Celsius. The capsule was built to 
withstand the same temperature and a 
pressure of 2,700 pounds per square 
inch. Just before the capsule had en
tered the atmosphere of Venus the tem
perature inside it was about -7 degrees 
C. The capsule contained aneroid ma
nometers able to measure pressures of 
between seven and 2,200 pounds per 
square inch and resistance thermome
ters with a range between 25 and 540 

degrees C. 
The descent through Venus' atmo

sphere took 35 minutes, or about 25 min
utes less than the predicted time. The 
reason is not known. The parachute 
opened when the external temperature 
was about 200 degrees C. The capsule 
reached the surface moving at a velocity 
of 16.5 meters per second, or about 37 

miles per hour. One evidence of the cap
sule's landing was an immediate reduc
tion by a factor of 100 in the strength 
of the radio signals received on the 
earth, evidently caused by a sudden 
change in the alignment of the cap
sule's antenna. Intensive computer anal
ysis was required to decode the Signals 
that continued to arrive for 23 minutes. 

The temperature on the surface of Ve
nus was 474 degrees C., with a probable 
error of ::!::20 degrees. The highest tem
perature reported by earlier Venera cap
sules was about 325 degrees C., mea
sured at an altitude of about 17 kilome
ters. The pressure at the surface, now 
measured for the Rrst time, is 90 ::!:: 15 

kilograms per square centimeter, or 
about 1,300 pounds per square inch. An 
analysis of the temperature distribution 
with altitude leads the Russians to con
clude that there is strong convective mix-

ing, thus making it unlikely that solar 
radiation is trapped near the surface by 
the "greenhouse" mechanism. This re
fers to the hypothesis that the abundance 
of carbon dioxide in Venus' atmosphere 
would allow solar light to reach the 
planet's surface but would block the out
flow of radiation at longer wavelengths. 
The Rnal observation in the report is 
that "it seems fairly certain that the sur
face of Venus is hard enough to bring a 
spacecraft to an abrupt stop." 

Rising Fever 

rl�he grave tick-borne infection known 
as Rocky Mountain spotted fever, 

now relatively rare in the Western states 
where it was Rrst observed in 1896, ap
pears to be on the rise in the U.S. as a 
whole. Fewer than 300 cases were re
ported nationwide in 1968, but in 1969 

(the most recent year for which statis
tics are available) the number had risen 
to nearly 500. The state with the worst 
record was Virginia, which reported a 
total of 91 cases and four fatalities. Of 
the next Rve states on the list only one 
(Oklahoma) is west of the Mississippi; 
three of the Rve (Maryland, North Caro
lina and Tennessee) border on Virginia. 
None of the 49 continental states except 
Vermont was free of the disease in 1969. 

The symptoms of the disease are high 
fever, a hemorrhagic skin rash, head
ache, muscle pains and sometimes de
lirium and coma. 

Reporting on the increase in The Jour-
11al of the American Medical Association, 
Allen H. Peters of the Virginia State 
Health Department attributes it to two 
interacting factors. One is the reversion 
of farmland to woodland that is well 
suited to the three species of ticks that 
are known vectors of the disease orga
nism (Rickettsia Tickettsii). The ticks 
feed on mice, rabbits and other wild ani
mals and on domesticated dogs in par
ticular. The other factor is the expansion 
of suburban populations into the new 
woodlands. 

Sarah Language ? Learn 

Can a chimpanzee learn a language? 
The answer is clouded by other 

questions; What constitutes proper train
ing for language? Indeed, what is lan
guage? Without Rnally answering these 
fundamental questions David Premack 
of the University of California at Santa 
Barbara has reported in Science what 
appears to be some success in teaching 
Sarah, an African-born female chimpan
zee, to use a written language. The 
words of the language are pieces of plas-
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tic of various shapes and colors, backed 
with metal so that they adhere to a mag
netized slate. Sentences are written ver
tically by placing one piece of plastic 
below the other. 

Premack began the training by estab
lishing and then "mapping" a social ex
change between Sarah and a trainer. The 
trainer put a piece of fruit on the table; 
Sarah ate it. After a while the trainer put 
a plastic "word" alongside the fruit. 
Then the fruit was moved out of reach; 
Sarah was induced to place the word on 
the slate, after which she was given the 
fruit. Different fruits were olFered along 
with different words (pieces of plastiC). 
Sarah learned to associate the correct 
word with each fruit. Then a second per
ceptual class and a second word were in
volved; depending on which of several 
trainers was present, Sarah had to write 
"Mary apple" or "Randy apple" and so 
on in order to get the fruit. Again, the 
animal learned to use the correct train
er's name when several names were 
available but only one trainer was pres
ent. Sarah was taught to write such sen
tences as "Mary give apple Sarah." 

After teaching Sarah the concepts 
"same" and "different" and the words for 
them, Premack and his colleagues intro
duced questions-first in the form "X is 
the same as what?" and then "Is X the 
same as Y?" with pieces of plastic stand
ing for the interrogation mark, for "Yes" 
and for "No." Then Sarah went on to 
metalinguistics, or the use of language 
to teach language. She learned, for ex
ample, to place "name of" between the 
word "apple" and an apple, "not name 
of" between "apple" and a banana. She 
apparently understood the concept 
"name of," because she learned new 
words correctly after seeing an object ac
companied by "name of" and one new 
plastic word and by "not name of" and 
another new word; it could not, then, 
have been merely the physical relation 
between object and word that led to the 
association. 

Just as "name of" was introduced after 
some objects had been named, so the 
class concepts of color, shape and size 
were introduced after the establishment 
of such properties as "red" and "yellow," 
"round" and "square," "large" and 
"small." In time Sarah was able to ma
nipulate the properties, using their 
words in syntactic contexts other than 
the ones they were learned in. For exam
ple, having learned "Mary give Sarah 
red" and "Brown color of chocolate," she 
could follow the instruction "Sarah insert 
brown [in] red dish," choosing a brown 
object from among several objects and 
choosing the dish of the right color. 

Sarah learncd the preposition "on," 
compound scntenccs, a symbol for plu
rals and such words as "all," "none," 
"one" and "several" and then went on to 
the conditional relation. Here, in order 
to avoid the discontinuous construction 
"if ...  then," Premack uscd a piece of 
plastic standing for the symbolic-logic 
particle :). In time Sarah could perform 
correctly in response to such instructions 
as "Mary take red :) Sarah take apple" 
and "Mary take green :) Sarah take 
banana." 

Attack by Pheromone 

C ertain ants conduct "slave raids" on 
other ants: they remove the pupae 

of the other ants, and when the pupa 
metamorphoses into an adult, it takes up 
the role of a worker in the raiders' nest. 
In their raids ants of the Formica san
guinea group lay a guiding trail of phero
mone, a substance usually defined as 
something that is secreted by an animal 
that influences the behavior of other ani
mals of the same species. It now appears 
that the pheromones of the F. sanguinea 
group also alarm and scatter the ants be
ing raided. These pheromones are called 
"propaganda substances" by F. E. Reg
nier of Purdue University and E. O. Wil
son of Harvard University. 

Writing in Science, Regnier and Wil
son report that the pheromone-secreting 
gland in the abdomen of ants in the F. 
sanguinea group is hyperdeveloped: it 
accounts for as much as a tenth of the in
sect's total weight. The secretions are 
hydrocarbons (some 60 percent decyl 
acetate and the rest dodecyl and tetra
decyl acetates) that are unusually slow 
to evaporate. Regnier and Wilson ob
serve that the French naturalist Pierre 
Huber, who discovered ant slavery in 
1810, wrote: "One of the principal fea
tures [of raiding] seems to consist in ex
citing fear, and this effect is so strong 
that [the attacked ants] never return to 
their besieged nest, even when the op
pressors have retired." Speculating that 
the panic observed by Huber and others 
might be caused by the raiders' phero
mones, Regnier and Wilson performed 
chromatographic analyses of three kinds 
of extract from whole ants: extracts 
from raider ants, extracts from ants that 
had been raided and extracts from undis
turbed ants of the raided species. None 
of the three chromatographic peaks asso
ciated with the acetates in the extracts 
from raiders were detected in the ex
tracts from undisturbed ants. All three 
peaks showed up in the extracts from 
raided ants. The raided ants have their 
own pheromones to spread alarm when 

thcy are attackcd, but Rcgnicr and Wil
son calculate that the raiders spray them 
with so much additional pheromone that 
they are alarmed even more than usual 
and retrcat in confusion. 

Ticklish Question 

Try to ticklc yourself. You cannot. Dar-
win suggested that the reason is that 

"the precise point to be touched must 
not bc known" if a tickle is truly to tickle, 
but according to three investigators in 
England most children can be tickled 
even if thcy know where and when the 
stimulus is to be applied. L. Weiskrantz 
and C. Darlington of the University of 
Oxford and J. Elliott of the University of 
Sheffield undertook to find out spccifi
cally what knowledge is necessary for 
the "cancellation" of the ticklish sensa
tion. They built a foot-sole tickler: a box 
with a slottcd top through which a plas
tic pOinter, counterweighted to maintain 
a constan t upward pressure, protruded. 
The subject placed his bare foot on the 
box. The pointer could be moved the 
length of the slot, and thus about four 
inches along the sole of the foot, by 
means of a handle. The handle was op
erated either by the experimenter, by 
the subject himself or by the experi
menter with the subject's hand on the 
handle so that his arm followed the 
movement passively. The 30 subjects 
(undergraduates) were divided into 
tlu'ee groups of 10; the members of each 
group were tickled under two of the 
three conditions (externally adminis
tered, self-administered and passive) and 
the subjects were asked to compare the 
ticklishness of the two situations. 

The investigators report in Nature 
that all subjects in the relevant groups 
found that being tickled by the experi
menter was more ticklish than tickling 
themselves; all but one found being tick
led by the experimenter more ticklish 
than the passive situation; most of the 
subjects found the passive condition 
more ticklish than tickling themselves. 
Two types of knowledge are involved in 
a self-administered tickle: the "com
mand" to tickle and the feedback infor
mation provided by arm movement dur
ing the operation. Clearly cancellation of 
ticklishness is not due solely to the com
mand information. The authors propose 
further experiments to determine how 
much ability to predict the fine timing of 
the tickle is imparted by the passive arm 
movement, and to ascertain the effect of 
such prediction. The whole question is 
not necessarily trivial, they point out. 
Perhaps pain is subjcct to similar forms 
of cancellation. 
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Some things are changing for the better. 
Updating the ancient art 

of surveying with 
a beam of infrared light. 

The surveyor's way of measuring 
distance-a method that had not really 
changed since the days of the Pharaohs 
-is finally changing for the better. 

The painstakingly slow and 
centuries-old method of using an 
engineer's chain or surveyor's tape as a 
ruler is no longer the only accurate way 
to do the job. A new HP instrument 
called the 3800A Distance Meter now 
makes it possible for the surveyor to be 
free of his ancient chain. 

As a result, a surveyor can precisely 
measure distances up to two miles in 
one-tenth the time, with a crew of two 

rather than three men. The advantages 
of electronic distance measuring are 
obvious: it takes fewer people to do 
more work, and they do it with first 
order accuracy. 

Basically, the HP Distance Meter 
works" by comparing the unknown 
distance being measured to the 
precisely known wavelength of a 
modulated beam of infrared light. The 
3800A measures the length of time it 
takes the light beam to travel to a 
reflector and back, converts this elapsed 
time into distance, and produces the 
measurement-in feet or meters-on 
a digital display. 

The 3800A's unique method of 
modulating the light beam with four 
different frequencies provides 

unambiguous measurements, internally 
corrected for air temperature and 
pressure, with an accuracy of 0.01 feet. 
Since the 3800A autOmatically 
calibrates distance 30 times a second, 
readings are not affected by momentary 
interruptions caused by traffic or 
pedestrians moving through the light 
beam. 

While designed primarily for 
surveying and photOgrammetric 
applications, the 3800A also can be 
used to detect the sway of buildings, 
the movements of glaciers and other 
tasks requiring accurate distance 
measurement. 

The new instrument weighs only 
34 pounds with its battery power pack, 
and COStS $4,110. 

© 1971 SCIENTIFIC AMERICAN, INC



Affordable radar-for the 
family car, and many other uses. 
A new technology within a technology 
has made radar feasible for the family 
car and a host of brand-new uses in 
such diverse fields as industry, safety, 
navigation and security. 

The HP 35200A Doppler Radar 
Module, about the size of a deck of 
cards and one-third the COSt of previous 
radar units, can be produced in 
volume for less than $100. This makes 
radar inexpensive enough to perform 
motion-detecting and velocity
measuring tasks that formerly were 
impractical because of size and cost 
limitations. 

AutO safety engineers, for example, 
can senously contemplate designing a 
radar system to detect approaching 
vehIcles and autOmatically avoid 
collisions. The six-ounce HP radar 
module has a range of some 2,000 feet 
and is capable of measuring speed 

within one-hundredth of a percent. 
That's the equivalent of clocking a car 
speeding 1,000 miles an hour with 
an accuracy of 1 mph. 

But autOmobile radar is just one of 
many possible applications of the HP 
device. Others include navigational 
radar for boats, automatic landing 
systems for small aircraft, intrusion 
alarms, speedometers for rapid transit 
railroad trains, and systems for 
controlling the flow of traffic. Industrial 
uses range from regulating the speed 
of assembly lines to controlling the 
flow of steel through rolling mills. 

These innovations are possible 
because of a successful marriage of twO 
electronic technologies. HP combined 
the low cost and high reliability of 
integrated circuits (IC's) with the 
performance advantages of microwave 
frequencies. The resulting products are 
called "thin film hybrid IC's." 

The microwave component 
capability which led to the radar 
module has been a reality at HP for 
more than two years. Details on either 
our thin film capability or the 35200A 
Doppler Radar Module are yours for 
the asking. 

Around-the-clock analysis 
through automation: instantly, 

or a step at a time. 
Gas chromatOgraphy, a process 
whereby a vaporized organic material 
is separated into its constituent 
compounds, is the fastest and most 
accurate way to reveal br)th the identity 
and exact quantity of the separated 
parts of a mixture. Therefore, a gas 
chromatOgra ph (GC) is the most 
important single analytical tOol at the 
chemist's command. But, since most 
laboratOries operate on an eight-hour 
day, the typical GC sits idle the 
majority of the time. 

That was yesterday. Now a modular 
series of HP instruments can enable a 
GC lab to operate 24 hours a day, 
without increasing its staff. And this 
can be done a step at a time, as the flow 
of work and budgetary limitations allow. 

The first step is the HP 7670A 
AutOmatic Sampler. By injecting up to 
36 consecutive samples, it can keep a 
GC going around the clock. So a lab 
can make well over 200 runs a week 
and significantly increase its 

' 

price/ performance ratio. 
Manual GC tests take 30 minutes 

and COSt about $5.00 for the operatO;'s 
time. Adding the next building block
a 3370A IntegratOr-autOmatically 
measures, computes, and prints out a 
chromatOgraph report in 20 minutes at 
an operatOr cost of some $3. 33. 

The third and most decisive step 
toward full automation is a 3360A GC 
Data Processing System. This uses an 
HP computer, fully programmed for 
GC, which can simultaneously process 
data from eight GC's and immediately 
produce a complete typewritten report 
of each analysis. A full GC test report 
can be written in one minute at the 
dramatically low cost of only '17 cents. 

The system boosts a GC lab's 
capability to 6,000 samples a month. 
Even if you use it for as few as 1,000 
samples per month, it saves more 
than 300 hours for your staff and pays 
for itself in JUSt over six months. 

The ability to make these analyses 
faster, and at less cost, is a significant 
contribution to the fields of pollution 
control, quality assurance, process 
control, and analyses in the fields of 
chemistry, agriculnIre, food, medicine, 
and drugs. If you'd like more 
information on the economics of HP's 
step-by-step automation of GC labs 
write for the Fall 1970 issue of ' 

Analytical Advances. 
For information on the technological 

advances or products mentioned in this 
ad, address your inquiry to 
Hewlett-Packard, 1505 Page Mill 
Road, Palo Alto, California 94304; 
Europe: 1217 Meyrin-Geneva, 
Switzerland. 00112 

HEWLETT � PACKARD 

Measurement, Analysis, Computation 
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PATHWAYS IN THE BRAIN 

New techniques combining various staining n1ethods with electron 

and light mIcroscopy make it possible to investigate In detail 

the connections among nerve cells and the circuitry of the brain 

The functioning of the bi'ain plainly 
depends on a system of physical 
organization of its billions of nerve 

cells-a wmng plan, so to speak. The 
cells and the brain's various functional 
centers are linked together by an elabo
rate circuitry of pathways and intercon
nections forming a network of communi
cation. In order to arrive at a detailed 
understanding of how the brain works 
we need a clear knowledge of this wiring 
diagram. Obviously the diagram itself 
could not explain the workings of the 
human mind, but a meaningful picture 
of the wiring system is a prerequisite for 
such understanding, and for more than 
a century investigators have been seek
ing to map the nervous pathways by 
studying sections of nerve tissue. Within 
the past few years a combination of new 
techniques, involving the combined use 
of the light microscope and the electron 
microscope, has made it possible to ex
plore the circuitry of the brain in detail. 

Communication in the nervous system 
consists in the transmission of electric 
signals that are relayed from ceIl to cell. 
Consider first the structural apparatus 
of the cell itself. It receives information 
through synapses (points of contact) on 
its cell body and on dendrites (twiglike 
branches) located close to the ceIl body. 
The nerve cell integrates this informa
tion and then fires impulses along its 
axon (a single nerve fiber), which rami
fies into branches ending in boutons 
(synaptic bulbs) that pass the signals on 
across synapses to other nerve cells [see 
top illustration on page 51]. Nerve cells 
are generally clustered or bundled to
gether in groups, and the arrangement 
that particularly interests us here is one 
in which the axons are aligned side by 
side in a bundle that forms a pathway. 
Some pathways are very short, connect
ing only the nerve cells clustered in a 
group known as a nucleus. Others are 
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somewhat longer, connecting cell groups 
several millimeters apart. The pathways 
extending from the brain to the lower 
spinal cord are some two feet long, and 
from the spinal cord other long path
ways go out to the body's sensory and 
motor organs. 

The existence of structural pathways 
in the brain was recognized many years 
ago. Some of them, massive bundles that 
show up as glistening white fibers be
cause of the myelin sheath coating the 
axons, are visible even without a micro
scope. The simple outward appearance 
of the pathways clothes a stupendous 
complexity. It is now known that the 
nerve cells and their in terconnections 
constitute a mass of structures so com
plicated that if it were pictured in full 
detail it would look like a dense jungle 
whose components would be impossible 
to disentangle. 

The Classic Stains 

The disentanglement of this jungle 
began when investigators found selec
tive stains that picked out individual 
features of the nerve cell for viewing 
under the microscope. In 1884 Franz 
Nissl of Germany discovered that the 
cytoplasm of the nerve-cell body has an 
affinity for methylene blue, so that this 
stain (and other alkaline dyes employed 
since) selectively shows the cell body. 
The Nissl method made it possible to 
outline and identify well-defined regions 
in the brain. At about the same time 
Camillo Golgi of Italy developed his 
method for the selective staining of cer
tain nerve cells by the use of silver salts. 

Golgi's staining method shows most of 
a nerve cell's details, including the den
drites and the axon. If the stain impreg
nated all the cells in a section of appreci
able thickness, the details would be lost 
in a dense tangle of fibers. Because the 

Golgi method stains only a small per
centage of the cells, however, it is pos
sible to resolve the details of these cells' 
structures and connections in a com
paratively thick section of brain tissue, 
as thick as a few tenths of a millimeter. 
(With other staining techniques one is 
limited to thinner slices-a few hun
dredths of a millimeter-for meaningful 
examination of the cell processes and 
connections.) Thanks to the thickness of 
the Golgi section, a nerve cell's processcs 
can be traced for a considerable dis
tance, often the entire length of a short 
pathway connecting two clusters of 
nerve cells. The unique advantages of 
the Golgi method were soon exploited 
by many investigators, most notably by 
Santiago Ramon y Cajal of Spain. His 
host of draWings of nerve cells and their 
interconnections in various regions of 
the brain still provide a structural base 
for many of our functional concepts. 
Ramon y Cajal shared the 1906 Nobel 
prize in physiology and medicine with 
Golgi. 

At best, a picture of a stained section 
in the optical microscope shows only 
bits and pieces of the nerve tissue. A 
great step forward in defining the struc
tures that make up the pathways of the 
brain came when the electron micro
scope was brought to bear on this prob
lem. That instrument can display, with 
a high degree of magnification and reso
lution, the details of the individual ele
ments that constitute the complex nerve 
cell and the interconnections among 
cells. The electron microscope, limited 
to a slice of tissue less than a tenth of a 
micron thick, gives only an extremely 
small field of view, so small that it would 
be futile to try to trace even the shortest 
pathway by putting together a series of 
electron micrographs. The instrument is 
very effective, however, in delineating 
the fine structure of objects within this 
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OLFACTORY CORTEX of the brain is seen in photomicrographs 

of sections stained by the Golgi method (left) and the reduced-sil

ver method (right) and counterstained with cresylechtviolet. The 

Golgi stain (black) allows one to trace a few cells and their proc

esses through a section of tissue. The Golgi section, prepared by 

Enrique Ramon.Moliner, shows that some of the dendrites (im

pulse-receiving processes) of large cortical cells (center) extend 

toward the lower surface of the brain (bottom)_ The reduced-silver 

method visualizes axons, or nerve fibers (clark brown), that have 

degenerated because their cell bodies were destroyed by an ex· 

perimental lesion in the olfactory bulb. Five days after the lesion 

was made the animal was sacrificed and the brain section prepared. 

Degenerating axons cross near tbe surface (bottom). Above them is 

a zone of terminal degeneration. Large cortical cells are near top. 
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NERVE CELLS AND PROCESSES are yellow in a photomino
graph of a silver·stained section of the substantia innominata, an 

SIMILAR SECTION from the substantia innominata was prepared 

(after a survival time of two days) following a lesion in the ol

factory tubercle, part of the olfactory cortex_ Large silver partieles 

area where axons from the o]fa,·tory tuben·le terminate_ The rec
tangle marks a sectioned dendrite (see illll,tratiolls 011 page 57). 

(blach) indicate degenerating boutons ((lXOll terminals) whose cell 

h"dies were destroyed by the lesion_ The electron micrograph on 

page 60 is ffOlll a region similar to the one in the white rectangle. 
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field of view. For example, it can be em
ployed to analyze the elements of the 
synaptic contact where information flows 
from one cell to the next. 

The synapse is a focal point for the 
investigation of the functioning of the 
brain. It is here that the interactions and 
modifications of nervous impulses that 
are responsible for determining an ani
mal's behavior take place. Analyses of 
the synaptic region with the electron 
microscope have already cast some light 
on the structure of this transmission ap
paratus. They have shown that in the 
nerve cells of the brain and the spinal 
cord the boutons from which signals are 
passed across the synapse usually con
tain a number of clear vesicles (f1uid
filled sacs) between 300 and 600 ang
stroms in diameter. The vesicles are be
lieved to contain a substance that serves 
as a chemical transmitter of the signal. 
Apparently when a nerve impulse arrives 
at the bouton it releases a small quantity 
of this substance, which then crosses a 
cleft 200 to 300 angstroms wide to the 
next cell and thereby delivers a signal 
that excites or inhibits that cell [see "The 
Synapse," by Sir John Eccles; SCIEN
TIFIC AMERICAN, January, 1965]. 

Tracing Pathways 

Together the electron microscope and 
the optical microscope, with the aid of 
special staining techniques, now provide 
powerful tools for plotting the nerve 
pathways. Serial pictures of silver
stained bundles of nerve fibers made 
with the optical microscope outline the 
routes of pathways, and the electron 
microscope reveals their details. Even 
with these tools, however, it is seldom 
possible to trace an entire pathway from 
its beginning to its end in normal tissue. 
Fortunately a discovery made more than 
a century ago provides a means of con
ducting such an exploration in experi
mental preparations. 

In 1850 Augustus Volney Waller of 
England noticed in experiments on 
nerve tissue that when a nerve cell was 
damaged, the fibrous structure ahead of 
the lesion degenerated, breaking down 
into fragments. Then in the 1880's Vit
torio Marchi and Giovanni Algeri of 
Italy found a way to selectively stain 
fibers that are undergoing "Wallerian 
degeneration." Their technique stains the 
myelin coat of such fibers; the myelin is 
first treated with a solution of potassium 
dichromate and then stained with os
mium tetroxide. This discovery made it 
possible to trace a pathway by following 
the route of fibers whose myelin is break-
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NISSL STAIN visualizes cell bodies, identifying cell "territories" 

in the brain. A low.power photomicrograph (le!t) of a transverse 

section of the rat brain, made by Walle J. H. Nauta and Harvey J. 

BIELSCHOWSKY ST AIN is taken up mainly by large nerve fibers 

and is therefore effective in tracing massive pathways across a low· 

power micrograph (le!t). It stains all such fibers, however, so that 
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Karten, shows the layered arrangement of cells in the cortex, near 

the brain's surface. The packed cells in the olfactory cortex (rec· 

tangle) are enlarged 100 diameters in a photomicrograph (right). 

- ' 

individual fibers cannot easily be followed. When a portion of the 
basal part of the brain (rectangle) is enlarged 40 diameters, for ex· 

ample, complex network of fibers cannot be disentangled (right). 
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ing down. The technique still left im
portant gaps in the picture because it 
failed to show those parts of the path
way that were not myelinated. This 
includes not only the terminal axon 
branches and their boutons but also 
many of the stem axons that are ex
tremely thin and have no myelin sheath. 

An important breakthrough came in 
the 1940's and 1950's, when refinements 
in the staining of nerve fibers with silver 
made it possible to mark and identify 
degenerating material in the interior of 
fibers. "Reduced silver" techniques for 
staining fibers had been developed at 
the turn of the century by Ramon y 
Cajal and by Max Bielschowsky in Ger
many, but for many years these methods 
were applied only to the study of nor
mal tissues. Application of reduced-silver 
stains to degenerating fibers opened the 
way to the mapping of thinly myelinated 
and unmyelinated axons and boutons. 
The most widely employed technique 
was developed by Walle J. H. Nauta 
in collaboration with Paul A. Gygax, 
working first in Switzerland and later 
at the 'Walter Reed Army Institute for 
Research in Washington. The section is 
pretreated first with potassium perman
ganate and then with uranyl nitrate be
fore being impregnated with a solution 
of silver nitrate. Thereafter it is trans
ferred to an ammoniacal silver solution, 
and finally it is reduced in a dilute for
malin-citric acid-alcohol solution. The 
technique not only highlights degen
erating fibers but also suppresses the 
affinity of normal fibers for silver; thus it 
becomes easy to identify and trace fibers 
that are breaking down. The develop
ment of this convenient method for trac
ing nerve pathways through animal ex
periments launched a veritable boom in 
the exploration of the anatomy of the 
nervous system within the past decade, 
and the technique itself has been refined 
by a number of investigators, including 
the author in collaboration with Robert 
Fink. 

Olfactory Pathways 

To illustrate the tactics and the nature 
of the findings in these explorations, I 
shall describe my own work on the 
brain's olfactory system. In all verte
brates, including man, the olfactory sys
tem seems to be built on essentially the 
same basic plan. Odorous substances in 
the air are detected by receptor cells 
situated in the upper part of the nasal 
cavity. These cells (of which there are 
several million) apparently are the only 
peripheral sensory receptors in velte
brates that are actually nerve cells. On 

ELECTRON MICROGRAPH enlarges an olfactory cortex sample 24,000 diameters. The 

map identifies some components in the portion of the micrograph outlined in white. Arrows 

show the direction of transmission at synapses. Glial cells provide support for nerve cells. 
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recelVlllg the stimulus, the cells' axons 
convey the resulting nerve impulses to 
the first way station, the brain's olfactory 
bulb. This is a complex structure from 
which, on the outgoing side, several 
thousand mitral cells (shaped like a 
bishop's miter) send messages on to 01-

factory centers in other parts of the 
brain. Additional cell types provide for 
intricate circuits within the bulb, and it 
is conceivable that the message senseu 
by the olfactory receptors is greatly 
modified in the bulb before being trans
mitted to other regions of the brain. 

Let us for the moment pass over the 
anatomical arrangements within the 
bulb and concentrate on the pathway 
stemming from the mitral cells. Our 
chief interest in studying the olfactory 
system lies in finding out where its path
ways tcrminate. vVe first undertook a de-

OLFACTORY BULB 

NASAL CAVITY 

OLFACTORY SYSTEM of the rat has receptor cells in the nasal 

cavity that are stimulated by odorous substances and transmit meso 

sages to mitral cells in the olfactory bulb. Mitral·cell axons go to 

the olfactory cortex, which includes the olfactory tubercle. The 

anthor has found that olfactory tubercle cells commnnicate with 

cells in the substantia innominata. These may be the same cells 

OLFACTORY 
TRACT 

OLFACTORY 
CORTEX 

OLFACTORY 
BULB 
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OLFACTORY PATHWAY is traced by the reduced·silver tech· 

nique, which preferentially stains degenerating axons of mitral 
cells destroyed by a lesion in the olfactory bulb (left). Tbe axons 

spread over the bottom surface of the cerebral hem isphere (broken 
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-- INCOMING 
AXONS 

I 

OLFACTORY TUBERCLE 

that have been found to send axons from the substantia innominata 

to the granular cells of the olfactory bulb; the broken circle in· 

dicates the uncertainty. The possibility of such a connection sug· 

gests the existence of a feedback loop (arrows) that modifIes 

sensory inputs to the olfactory system. Other incoming pathways 

converging on the substantia may also modify olfactory responses. 

/ 

lines) and appear to terminate just below the surface (right). The 

large rectangle shows the approximate site of the color photomi. 

crograph at the right on page 49; the small rectangles (A, B) 
show the sites of the two photomicrographs on the opposite page. 
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tailed studv of the terminus of the mitral 
pathway, which has been the subject of 
a certain amount of controversy. 

In rats we destroyed the mitral cells 
in the olfactory bulb by surgical inter
vention and, after a survival time of from 
three to five days, sacrificed the animal 
to conduct a microscopic examination of 
the fibers leading from these cells. Im
pregnated with silver by the Nauta
Cygax technique, the fibers showed a 
track of degeneration, marked by a line 
of droplike fragments connected by thin 
bridges, such as would be expectcd in a 
disintegrating fiber. Looking at a series 
of sections made consecutively through 
the brain, one can follow the degenerat
ing mitral-cell axons, forming a pathway 
(the "olfactory tract") that is visible to 
the unaided 'eye as it curves around the 
olfactory tubercle, The pathway branches 
out and spreads its fan of disintegrating 
fibers over most of the cortical man tIe of 
the basal part of the brain. 

In this region, where the pathway 
terminates, one finds black, silver-bear
ing particles scattered about apparently 
at random [see upper 11licrograph at 
right l, Do they represent degenerating 
boutons? The particles do not show 
iden tifying features under the optical 
microscope. In collaboration with Alan 
Peters of Boston University we there
fore examined silver-impregnated sec
tions of this tissue with the electron 
microscope. The micrographs disclosed 
that many of the comparatively large, 
more or less spherical particles were in
deed degenerating boutons. They could 
be identified as degenerating boutons 
by the density of their material, their 
shrunken and deformed shape and their 
content of vesicles or their association 
with a specialized membrane across a 
synapse. In the optical microscope the 
degenerating bouton shows up only as 
a black particle because of the micro
scope's lesser resolution, but in the elec
tron microscope, where the thickness 
of the section is only a fifteenth of a 
micron, we are looking at just a small 
slice of the bouton-about a fifteenth to a 
thirtieth of its total diameter. There we 
can see that the degenerating bouton is 
only partly filled with silver, and we can 
make out details of its identifying struc
ture [scc top illustration on ncxt pa.gel. 
The electron micrographs also indicate 
that smaller dark particles found in the 
region where the mitral-cell pathway 
ends are fragments of the terminal 
branches of degenerating axons. 

Let us now follow a pathway from the 
olfactory tubercle. Using the experimen
tal procedure of creating superficial le
sions in the tubercle with a silver plate 

, ,. 

EVIDENCE for the pathway traced in the illustration at the bottom of the opposite page 

is in these photomicrographs of sections from the brain of an animal sacrificed five days 

after an olfactory·bulb lesion. Silver·stained degenerating axons are revealed as droplike 
fragments arranged in linear fashion (A, bottom l. More spherical silver·stained particles 

in a deeper layer (8, top) were identified as degenerating axon branches and boutons. 

heated to 70 degrees Celsius, we have 
traced the pathway of degenerating fi
bers to restricted regions in the thalamus 
and the hypothalamus. In addition we 
found that it terminates in the region 
called the substantia innominata, which 
is near (and apparently related to) the 
hypothalamus. A recent discovery by 
Joseph L. Price and Thomas P. S. Powell 
of the University of Oxford lends par
ticular interest to this finding. They 
learned that the axons of certain large 
nerve cells in the substantia innominata 
are directed toward the olfactory bulb, 
where they communicate with what are 
called granular cells. Since the olfactory 
tubercle is known to be linked directly 
to the olfactory bulb by a pathway lead
ing from the bulb, it seems entirely pos
sible that return messages may be sent 
from the tubercle terminus to the bulb 
through a junction in the. substantia in
nominata. If so, we can suppose that 
there is a feedback loop in which inputs 
originating from the bulb itself and trav
eling around through the tubercle and 
substantia innominata modify the bulb's 

activity. In order to decide this question 
we must find out whether or not the 
tubercle fibers "talk to" (communicate 
with) the dendrites of the same substan
tia innominata cells that send messages 
to the bulb. ''''hatever the exact organi
zation of these connections may be, it 
seems certain that the brain can modu
late the transmission of olfactory infor
mation as early as the level of the first 
synapse of the olfactory pathway. 

The substantia innominata is rich in 
large dendrites, which traverse the re
gion in various directions. Analysis with 
the electron microscope shows that these 
dendrites are covered with boutons of 
several different types, varying in the 
size of their vesicles, in the character of 
their synaptic membranes and in other 
respects. Studies of cells in other regions 
of the brain have indicated that a given 
type of bouton represents a.specific path
way. This suggests that the presence of 
more than one type of bouton on a den
drite signifies the receipt of messages 
from more than one source or pathway. 
In short, the dendrites in the substantia 
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DEGENERATING BOUTON in the cortex is enlarged 25,000 di· 

ameters in an electron micrograph (left). Increased density and 

deformation are signs of degeneration. Similar boutons in a silver· 

stained section (three·day survival time) contain heavy accumula· 

tions of silver (right), proving that many spherical particles in 

photomicrographs are degenerating boutons of mitral·cell axons. 

innominata may receive information not 
only from the olfactory tubercle but also 
from several other regions of the brain. 

Our first step in investigating the 
question of the existence of a feedback 
loop was to try to identify the type of 
bouton representing the pathway from 

the olfactory tubercle. For this inquiry 
we needed a combination of information 
from the optical and the electron micro
scopes, and to avoid ambiguities the ex
aminations had to be perfolmed on one 
and the same specimen of tissue. This 
meant that we first had to cut a semithin 

OLFACTORY 
TRACT OLFACTORY 

TUBERCLE 

section and stain it for observation in the 
optical microscope and then use part of 
the same block to cut sections thin 
enough for the electron microscope. The 
usual method of preparing thin sections 
of brain tissue, which is extremely soft, 
is to harden the tissue with a fixative 

PATHWAY WAS TRACED FARTHER by making a lesion in the 

olfactory tubercle (left), causing degeneration of the axons of cells 

with which the mitral·cell axons synapse. The tubercle·cell fibers 

could be followed to the substantia innominata, where they termi. 

nate in a localized area (rectangle), as shown by boundary between 

region of degenerating fibers and terminal degeneration (right). 
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such as formalin and alcohol (which pre
serves the tissue's natural structure) and 
then freeze it or embed it in a solid ma
terial so that thin slices can be cut with 
a microtome. I had found that the silver
impregnation technique for identifying 
degenerating fibers and boutons could 
be applied to tissue embedded in plastic, 
which is essential for cutting ultrathin 
sections of the tissue. After examining a 
semi thin section about five microns thick 
in the optical microscope to obtain a 
well-defined picture of the degenerating
fiber structure we had under study, we 
trimmed down the block from which the 
section had been cut so that the block 
was limited to the area of interest. From 
this block we then cut sections about 
a fifteenth of a micron thick for close 
analysis in the electron microscope. 

This analysis identified the type of 
bouton involved in the olfactory tubercle 
pathway. It indicated that the bouton 
probably was of a type that makes a 
"symmetric" synaptic contact, its mem
brane matching in appearance the mem
brane of the receiving cell structure fac
ing it across the synaptic cleft. 

Identifying the Receiving Cells 

We are still left with the problem of 
identifying the substantia innominata 
cells that receive the messages coming 
from the olfactory tubercle. Are the re
ceiving cells the ones that send their 
axons to the olfactory bulb, thus com
pleting a feedback loop? It is very diffi
cult to identify the cell itself, because of 
the electron microscope's narrow field of 
view. In the electron micrograph we are 
looking at only part of a dendrite; the 
picture is not broad enough to show 
the cell body to which the dendrite is 
attached. Fortunately a technique that 
promises to solve the problem is now be
ing developed. It is based on use of the 
Golgi staining method, which shows the 
various processes of a nerve cell, den
drites as well as the cell body and the 
axon. William Stell of the National In
stitutes of Health and Theodor Black
stad of the University of Aarhus in Den
mark independently found that after an 
entire nerve cell has been impregnated 
by the Golgi method to delineate its 
processes in silver, the block containing 
the cell can be trimmed down to a frag
ment showing only a part of the cell, and 
the fragment can then be sectioned for 
viewing in the electron microscope. Thus 
the stained material seen there (say a 
portion of dendrite) is known to belong 
to the cell that was stained and iden tified 
to begin with. There are still some diffi. 

DENDRITE in substantia innominata (see top illustration on page 50), enlarged 25,000 di. 

ameters in an electron micrograph, is surrounded by a sheath of different types of boutons. 

TWO DIFFERENT TYPES oJ boutons in the substantia innominata are enlarged 45,000 

diameters in this electron micrograph. The large bouton in the upper part of the micro· 

graph contains small synaptic vesicles; the other two boutons have large vesicles. The 

question is: Does either one of the bouton types belong to olfactory.tubercle cells? 
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(an informative advertisement) 

An up-to-date report on Air Bags. 
The good news.1be bad news. 
We listen. In recent months, 

one aspect of the auto safety issue 
has caused a great deal of con
fusion. Namely, air bags. 

Air bags are large, balloon
like devices that inflate, on impact, 
between the passenger and the 
instrument panel . 

When they work correctly, they 
work beautifully. When they don't 
umk correctly, they can be dan
gerous. 

By August, 1973, an air bag 
system, or an equivalent, will be 
required by Federal law in the 
front compartment of every new 
car in this country. 

Therein lies the problem. 
Ford Motor Company is con

cerned that air bags will not have 
been sufficiently tested and proven 
for all car lines by then. 

We believe more time is nec
essary to ensure reliability and 
reduce costs. And right now, the 
cost is high; reliability is low. 

What the situation will be two 
years or two weeks from now, we 
can't predict. And frankly, the 
picture changes by the minute. 

All this report hopes to do is 
bring you up to date. It concerns 
important pros and cons, and 
estimated prices at this moment. 
At the end, it asks you to make 
several choices. Send them to us. 

The air bag may be a lifesaver-but it 
may be too much, too soon. 

READ ON: 

First of all, Ford Motor Company is 
not against auto safety. Fifteen years ago, 
the first auto safety package ever offered 

-including seat belts, padded dash and 
concavestcering wheel-came from Ford. 
And right now, we're urgently working to 
meet the Federal deadline. 

Nor does it mean Ford Motor Com
pany is against air bags-we'rc not. We're 
for any practical restraint system that will 
save lives. 

For that very reason, Ford engineers 
are working on a number of restraint 
systems that may prove to be a better value 
than air bags. 

But honestly, at this point, we don't 
know. 

A FEW BASICS: 

There are two kinds of auto restraint 
systems: active and passive. 

The Active System: 
Can be either voluntary or involuntary. An 
exam/)Ie of the voluntary active system is the 
belt-and-harness arrangement on all new 
cars today. An example of the involuntary 
concept is the belr-and-harness arrangement 
combined with either the Flasher or Buckle
Start systems (more about these later). In 
both the voluntary and involuntary systems, 
when the belt-and-harness arrangement is 
fastened, they are reliable and effective. 

The Passive System: 
Intended to o/Jemte independently of the will 
of the occupants. Required on all new cars 
by 1973 Air bags typify this system. 

THE GOOD NEWS: 

Unquestionably the appeal of any 
passive restraint concept is the idea of 
automatic protection. Potentially, it would 
be present at all times, no matter what 
the disposition of thc occupants. 

In theory, air bags arc better than 
today's safcty belts-not because they're 
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safer overall- but because as much as 60 
percent of the time the belts arc worthless 
for lack of use. And it's a fact only about 2 
people in 5 usc them. 

I n theory, air bags can save thousands 
of lives a year. Ford Motor Company 

agrees. And, as one engineer puts it, 
'They're a good alternative to being killed:' 

But so much for theory. In the last 
two years, Ford has devoted intensive 
study to air bags. Several unanswered 
questions have arisen. 

THE BAD NEWS 

l. Wharabour reliability? - Tests show that 
in order to envelop a

-
passenger in the 

event of a crash, an air bag must inflate 
to three times the size of a bedroom pil
low, at a speed of 100 mph, in 40 thou
sandths of a second. To accomplish this 
requires a sudden blast of air or gas, 
triggered by a delicate sensor mechanism. 
Such a mechanism must be extremely 
reliable. In a recent test of 40 early pro
duction sensors, only three performed 
according to Ford Motor Company's 
reliability requirements. 

2. What about accidenral discharg�- The 
danger of an air bag being triggered ac
cidentally is of serious concern. Imagine 
driving along at 60 mph and suddenly 
having an enormous pillow thrust in your 
face. The possibility also necessitates a 
high degree of reliability. 

The air bag is inflated by this complex mechanism. 
Its reliability is questionable, thus far. 

3. What abour multi{:>le im{:>actl- The air 
bag begins deflating immediately after 
deployment. In the event the car hits 
other objects, following initial impact, the 
bag would offer no protection. Ford engi
neers are working on a reinflation device, 
but right now it's com pletely experimental. 

4. Will it injure peo{:>le?- When triggered, 
the air bag inflates with a sound like the 
blast of a shotgun. This may constitute a 
danger to people with heart conditions. 
Another major concern is that children 
who might be standing ncar the bag at 
the moment of deployment could also 
be severely injured. We're working on 
the problem, but we haven't solved it yet. 

5. Is the resting adequate?- Thus far most 
air bag testing has been done with 
dummies or animals. Only a limited 
number of people have been used. How 
people in general will react is unknown. 

6. Who services ir/- What maintenance 
checks will be necessary to make certain 
of the air bag's effectiveness) Who does 
the checking) (The dealer) State inspec
tors? The corner gas station?) At this 
point, no one knows. 

WHAT PRICE' 

Present estimates show that the sug
gested retail price or' a car equipped with 
air bag systems to meet the 1973 deadline 
may increase in the range of 100 dollars 
per car. By 1975, a passive restraint system 
will be required for back seat passengers. 
If that system is an air bag, it could add 
another $100 per car. Stay with us; the 
reading gets better. 

OTHER POSSIBILITIES: 

Is the air bag the only realistic ap
proach to occupant protection) 

Not necessarily. 
The truth of the matter is that no 

one has the answer to the problem. 
However, Ford is working on a num

ber of promising possibilities for improv
ing occupant protection. Here are some 
of them: 

Buckle-Start System: 
With it, your car won't SraTt unless the seat 
belts are fastened by the driver and right
hand front seat passenger. A nnoying per
haps, but a real lifesaver if it makes people 
wear belts. The Buckle-Stan would cost 
roughly II3 of the price of an air bag system 
and would be simple to insrall. 

Flasher System: 
A red light goes on outside the car if your 
seat beit is not fastened. With the coopera
tionof Federal and Srate aurhoritiesin requir
ing people to wear their safety belts, the 
threat of getting a ticket could be a real 
incenrit'e to conform. This system would be 
reiatit,eiy simple and inexpensive. However, 
enforcement COLdd be a problem, and the 
system does invite "rampering:' 

Static System: 
A nather a/Jproach under consideration in
I'olt'es a large, srationary IJadded "roll" 
running across the front of the car to "catch" 
and ClLshion an occupant upon impact. A 
system like this would be reliable and un
complicated. However, it is too soon for Ford 
to determine whether the idea is feasible 
or not. 

WHERE WE COME OUT 

At the outset certain conclusions 
are inevitable: 

Indeed, air bag restraint systems are 
potentially beneficial. But more develop
mental time is �eeJcJ: (a) to ensure re
liability through exhaustive testing and 
(b) to prevent costs from becoming an 
excessive burden to the consumer. 

We believe in cars that are engineered, 
not legislated. And as surely as we offer 
you a choice of options, accessories and 
colors in the car you buy, we tend to 
think you should be able to choose the 
kind of safety equipment you want. 

Send us your thoughts. We listen. 
And we listen better. 

eD 
... has a better idea 
(we listen better) 

r-----------------WHERE DO YOU COME OUT?------------------, 

Clip this out and mail it to: 

Ford Motor Company Listens 
Department SA·AB 
The American Road 
Dearborn, Michigan 48121 

Please answer the following: 

1. Do you 

D Always 

buckle your seat belts in your 
personal car? 

D Most of the time 

D On long trips D Never 

2. Do you fasten your shoulder strap? 

D Regularly D Seldom D Never 

3. Do you favor the Federal Government's 
requirement of a passive restraint system 

in 1974 model cars? 

D Ves D No D Not sure 

4. Which restraint system idea do you favor? 

o Air bags 0 Buckle-Start system 

D Flasher system 0 Static system 

5. How much would you be willin� to pay for 
such a restraint system. 

D $25 D $75 D $100 

6. Would you pay an additional $100 for a 
rear seat system? 

D Ves D Na 

Please give us any other comments you have on restraint systems. We would like to hear from you. 

L _____________________________________________________ � 
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POSTLESION SECTION like the one in the photomicrograph at the bottom of page 50 

was made 36 hours after a lesion in the tubercle. The electron micrograph shows a dendrite 

surrounded by a dark, degenerating bouton and several normal boutons. The degenerating 

bouton must belong to an axon coming from the damaged olfactory tubercle. Preliminary 

studies of this kind indicate that the olfactory·tubercle pathway is represented by large. 

vesicle boutons that make "symmetric" contact with dendrites of the substantia innominata 

cells, that is, the presynaptic and the postsynaptic membranes are of about e qual density. 

culties in applying this technique, but it 
will eventually help to answer the qucs
tion of which cells in the substantia in
nominata are linked to the pathway from 
the olfactory tubercle. 

It is a commonplace in science that, 
as Ram6n y Cajal liked to remark, "dis
coveries are a function of the methods 
used." Certainly this truism is being 
demonstrated dramatically in the current 
closing in on the pathways of the brain. 
In addition to the Colgi technique, re
fined silver methods and the use of the 
electron microscope, which continue to 
be the mainstay of this work, other new 
methods for tracing pathways are avail
able. There are ways of making the 
nerve cells in certain systems fluoresce. 
Autoradiography also shows great prom
ise as a tract-tracing method. And there 
are other chemical techniques that will 
have increasingly important roles in the 
elucidation of neuronal systems. 

No one expects that it will ever be 

possible to map in complete detail the 
entire nerve aJexus of the brain, with its 
uncountable multitude of fibers and syn
aptic contacts. The prospects are now 
good, however, for obtaining the ground 
plan of many of the functionally signifi
cant circuits and finding out which of 
these pathways converge to modify be
havior. To take one specific example, it 
will be very interesting to identify the 
network of pathways, originating in vari
ous regions of the brain and converging 
on centrifugal systems, that feed infor
mation into the olfactory bulb. The pat
tern of inputs from these various sources 
no doubt influences the output of im
pulses from the bulb, with consequent 
effects on those behaviors that are in
fluenced by odor-a diversity of kinds of 
behavior that range from eating to mat
ing. The behavioral effect of the odor of 
a spicy dish of meatballs, for instance, 
obviously depends a great deal on wheth
er or not one is hungry. 
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Now, the oil with EDP 
O v e r t e n  y e a r s  a g o ,  T e x a c o  i n t r o 
d u ced ' S t o p  Loss'-an o rg a n i ze d  l u 
b r i cat i o n  c o n t r o l  syst e m  w i t h  l i m i t l ess 
a p p l i cat i o n .  

Ta k i n g  a l u b r i cat i o n  syst e m  a n d  
ad d i n g E D P  s h o u l d  be s i m p l e .  B u t  
Texaco h a d  to d o  m o re .  Y o u  see,  eve ry 
c o m p a n y ' s  system is u n i q u e .  C o m 
p u t e r i z e  a p a p e r  m i l l ' s l u b r i c at i o n  
syste m a n d  y o u 've d o n e  one.  N ow 
y o u  h ave t r u c k i n g  f i r m s ,  p h a r m a c e u 
t i c a l  h o uses a n d  c otton m i l l s .  A n d  
each system i s  d i ffe rent .  

What Tex a c o  d i d  w a s  t o  p u t  o u r  

l u b r i c at i o n  e n g i n e e rs a n d  c o m p u t e r  
e x p e rts toget h e r  to c o m e  u p  w i t h  a 
system w h i c h  w o u l d  eas i l y  a d a pt t o  
a n y  c o m pany,  a n y  p l a n t ,  a n y  p rocess.  
And work except i o n a l l y  we l l .  

A n d  t h e y d i d .  W e  c a l l i t  Tex a c o  
C O M P U T E X .  I t  t o o k  t w o  y e a r s  t o  
c o m p l ete.  

Tex a c o  C O M P U T E X  is a c o m p u te r
i z e d  l u b r i c at i o n  c o n t r o l  p rog ram t h at 
e as i l y  a d a pts to eve ry i n d ust ry. 

W r i tt e n  i n  C O B O L  for the I B M  Sys
tem 360, the p rog ram m at r i x  can be 
u s e d  w i t h  a n y  C O B O L  c o m p i l e r .  

S c h e d u l i n g u n d e r  t h e  p r o g r a m  c a n  
be d o n e  f o r  a l l  m a c h i n e ry by e i t h e r  
d a t e ,  m i l e a g e ,  t i m e  u s a g e  o r  th r o u g h -
p u t .  

. 

Tex a c o ' s  u n i q u e k n ow l e d g e  a b o u t  
i n d u st r i es i t  se rves now c reates a n  
i nterface of l u b r i cat i o n  a n d  c o m p ute r 
te c h n o l ogy.  O n e  

...
....... .. 

m o re ste p t o  
bett e r  s e rv i c e .  

A t  Tex a c o  i t  
h a p pe n s  every 
day. 

We're working to keep your trust. 
© 1971 SCIENTIFIC AMERICAN, INC



How Polaroid went to unusual lengths to give 
A simple, inexpensive way 

to make studio-quality 
portraits of people. 

As long as there have been cameras, there has been 
photographic portraiture. Because nothing interests 
people more than people. 

But until now, there has never been a portrait camera 
that gives the amateur what he needs : portabil ity, sim
plicity of op�ration, h igh picture quality, and low cost. 

Polaroid Corporation has directed its efforts for some 
time toward fill ing this  gap. And has succeeded. 

Our approach was to resist the tendency toward com
plexity ; we strove to maintain singleness of purpose. 
And to achieve that purpose, we were as will ing to use 

or modify existing principles as to design new features. 
The result is  that the new Polaroid Portrait Land Cam

era is
. 

the ,;"orld's first and only portable, simple-to-use, 
low-cost camera that produces studio-quality portraits . 

At the core of the problem was the di lemma of focal 
length vs. perspective distortion. 

Pictures from conventional cameras, taken at close 
range, show pronounced distortion. Increasing the dis
tance to the subj ect lessens distortion, but makes the im
age too small for a desirable portrait. 

Techniques have been developed to try to overcome 
this problem. The telephoto lens is one ; but it is expen
sive, and loses picture qual i ty and corner il lumination. 

The most satisfactory solution has been the "studio" 
portrait camera. By using relatively simple lenses with 
a long focal length, and keeping them at full distance 
from the film, quality is maintained. But it is usually a 
heavy, expensive camera requiring careful adjustment. 

With this background, Polaroid chose a 220mm, single
element lens, placed at full d istance from the film plane. 
And to maintain l ightness in the resulting elongated 
body, we molded it of a rigid though lightweight plastic. 
So the entire camera weighs under two pounds. 

We added a shutter with a constant speed of 1 /60 sec. ,  
and an aperture with a normal setting of f29. 

We thus not only minimized perspective distortion, 
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people what they wanted but could never get 
but added enough depth of field so that precise subject 
distance is not required. And the shutter speed is op
timal for conventional posed portraits. 

Long focal 
length gives 

the same 
beauty as in 

the eye of 
the beholder. 

Since the subj ect d istance is fairly constant at 39  
inches, we were able to design a unique combi nation 
viewfinder and split-image rangefinder with no moving 
parts . The user s imply walks toward the subject unti l 
the two images coincide, and snaps the picture. 

The entire mechanism was built into the camera han
dle, allowing a 5- inch base length. This compares with 
a maximum base of 2 V2 inches in most other cameras. 
And the greater the base length, the greater the accuracy. 

S ince one image must travel a greater d istance than 
the other to reach the eyepiece, a compensating lens sys
tem, similar to a Galilean telescope, was bui l t  in. 

And to maintain thi s  high level of accuracy, adjusting 
set·screws allow each rangefinder to be individually cal
ibrated at the factory for framing and ranging, and for 
avoiding other coincident image errors. 

The rangefinder 
needs only 2 

moving parts. 

Duplicating the features of a studio camera was not 
enough. We needed studio l ighting. 

So we added a receptacle for a Magicube. It  requires 
no battery. It  yields four uniform flash shots without 
reloading. It  wil l  not advance when the fourth shot is 
finished, and the shutter locks to prevent taking another 
shot until the cube is replaced . 

To ut i l i ze th i s  burst of l ight to fullest advantage, 
we found a new way to apply an old principle. 

In the 1 9th century, the Fresnel lens was developed to 
magnify the beam of a l ighthouse without the great 
bulk of a conventionally-shaped lens. The theoretical 
surface of the lens was simply d ivided i nto small seg
ments, all mounted in a single, flat plane. 

Our modification of the Fresnel lens concentrates the 
l ight on the subj ect and transforms a small source of 
l ight (a t iny flashbulb) i nto a large area source. 

And despite the concentration of the l ight, the effect 
is  of controlled softness. 

The old Fresnel 
lens throws 

some new light 
on the subject. 

The camera has other i nteresting features. Such as a 

built-in timer to tell you when the picture is developed. 
A unique shutter mechanism, des igned with a minimal 
number of moving parts, for higher rel iabil i ty. And 
there are no exposure settings. 

And, of course, i t  g ives you a finished color portrait  
in  a minute. 

It  uses only Polaroid Polacolor Land f i lm (Type 1 08) 
in the big 3 % "  x 4% " format that gives a big close· 
up portrait .  Which is why we· re marketing the camera 
under the ttade name of Big Shot. 

But what we're most proud of is  the concept. The total
i ty. Being first to fill a common need, and to fulfill the 
goals we set for ourselves. 

Which puts what we do in proper perspective. 

The Polaroid Portrait Land Camera. 
Under $20. 

"Polaroid" and " Polaco ior'J® 
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Experim ental fusion device, Princeton University. 

SCIENTIFIC 
AMERICAN 

Wi l l  devote the enti re September 1971 issue to 

IIGY and 

Photographed by P H I L L I P  T R A G E R  
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The Sacred Source of the Seine 

The spring that gives Tlse to the rwer was once the sanctucuy 

of Sequana, a Celtic goddess of healing. A unique accumulation 

of 2,OOO-year-old wood sculpture has been uncovered at the site 

F
or many cultures of ancient times 
springs were sacred places, perhaps 
because the phenomenon of water 

issuing from the earth without any ap
parent source seems magical. The Greeks 
and the Romans worshiped at springs 
and also prescribed bathing in them for 

by Simone-Antoinette Deyts 

the sick who were seeking divine help. 
France at the beginning of the Christian 
Era was the scene of similar practices. 
One spring in particular, located near 
the modern City of Dijon, was deemed 
sacred to the Celtic goddess Sequana, 
and pilgrims by the hundreds went there 

in search of restored health. The same 
spring is the source of the river Seine, 
which flows through Paris to the sea. 

A century of archaeological investiga
tion at the source of the Seine has re
vealed the remains of a temple complex, 
an abundance of offerings and a <:harm-

SCULPTURES IN WOOD portray a young man (lelt) and a young 

woman (right) who lived in Gaul around the time of Christ. The 

works are among 400 wood sculptures found in recent years at the 

sancluary of Sequana. They were preserved by bllrial in wet soil. 
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ing hronze sculpture of Sequana herself. 
Within the past decade excavation of a 
marshy area near the temple complex 
has uncovered the largest single accu
mulation of Celtic sculpture in wood 
ever found: no fewer than 400 well-pre
served effigy figures, large and small. 
Most are votive offerings: objects dedi
cated to Sequana. Among the offerings 
are larger-than-life representations of in
dividual pilgrims hewn out of the trunks 
of oak trees. The discovery of these 
wood sculptures adds much to knowl
edge of the arts in ancient Gaul and to 
an understanding of Gaulish religious 
practices; it is the most important event 
of recent decades in the realm of Celtic 
archaeology. 

A 
visitor leaving Paris in search of the 
sacred source of the Seine is well 

advised to avoid the main route to Dijon 
and to go by way of Troyes. This route 
will allow him to stop a little beyond 
Troyes at Chatillon-sur-Seine, where he 
will have an opportunitv to rid himself 
of a few widespread misconceptions of 
ancient Gaul. Here he can see the Trea
sure of Vix, which includes a skillfully 
chiseled gold diadem and a five-foot 
bronze vase decorated with a handsome 
frieze of warriors. 

The two objects are among several 
discovered in 1952 in the nearby grave 
of a Gaulish princess. Of Greek rather 
than native workmanship, they were 
made during the sixth century B.C. Their 
presence in the royal grave is evidence 
of two little-realized facts about Gaul 
before the Roman conquest. First, im
ports from Greece show that the Gauls 
maintained tradc contacts with the Med
iterranean world for centuries before the 
Romans came. Second, the high quality 
of the pieces attests to the sophistication 
of Gaulish taste in works of art. 

Evidence of this kind discredits a 

common view of the pre-Roman Gauls 
as barbarians clad in skins and armed 
with frightful bludgeons. This school
room image of the Gaulish warrior is a 
legacy from the Romans, who had much 
trouble breaking Gaulish resistance at 
the end of the first century B.C. and 
thoroughly resented it. The falsity of the 
Roman cliche will become even more 
apparent as the visitor continues a few 
miles south on the road to Dijon and 
reaches the turnoff to the source of the 
Seine. Here he will find that the Gauls' 
supposedly barbaric heritage includes 
not on ly a taste for art but also a ritual
ized Ii fe of the spirit. 

Do not expect an imposing spectacle. 

FRANCE 

SOURCE OF THE SEINE lies north of Dijon on the Plateau de Langres, a highland area 

of Burgundy. The name of the river is derived from Sequana, who is its presiding deity. 
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What meets the eye is a vale enclosing 
a small, well-kept park surrounded by 
firs and cypresses. Off to the right is 
a pool and a man-made grotto. Here 
stands a monument raised in 1867 by 
the citizens of Paris in honor of the 
stream that has contributed so much to 
the city's life. This pool is not, however, 
the sacred spring of Gaulish times. To 
find the spring one must cross the bot
tom of the park on the left until one 
meets a low, rocky cliff that forms one 
side of the vale. A few yards farther 
along flagstones mark the spot. The wa
ter rises between the flags, runs along 
a stone-lined channel to fill an ancient 
catchment basin-a carefully hollowed 
stone slab-and overflows to join the 
streamlet descending from the present
day pool. 

"Clear water," writes the French phi
losopher Gaston Bachelard, "provides a 
temptingly simple symbol for purity. 
Man needs neither instruction nor tradi
tion in order to find this a natural image." 
The symbol appears to hold true for all 
times and all places and it is a short step 
from the image of purity to the concept 
of a presiding deity. By a happy chance 
of preservation we are able to see ex
actly how the Gauls who worshiped here 
visualized Sequana, the divine personifi
cation of the Seine. Shortly before A.D. 

300, probably when some invader was 
ravaging the countryside, the custodians 
of Sequana's temple removed the bronze 
image of the goddess, together with 
another sculpture, and buried them for 
safekeeping in a narrow pit at the foot 
of the cliff. The ancient hiding place 
was uncovered during a routine archae
ological investigation in 1933; the find 
was promptly named the Treasure of the 
Seine. 

The Gauls portrayed Sequana stand
ing upright in a boat, her arms out
stretched. The goddess's features are 
soft and yet filled with majesty; her 
openhanded gesture seems to offer wel
come and help to all who approach her. 
The boat that carries her is a charming 
conceit: its prow is a duck's head, the 
bill holding a fruit, and its stem is an up
swept duck's tail [see bottom illustration 
on page 73]. It is a bark eminently suit
ed to carrying a river goddess. The 
sculpture appears to have been made 
during the second century. 

Thanks to the work of generations of 
archaeologists since the middle of the 
19th century, it is now possible to re
create the appearance of Sequana's 
shrine in its heyday and to trace the 
development of the temple complex 
from its beginning. Sometime around 
A.D. 50 the masonry channel leading 
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from the spring was built and a small 
temple was erected some 30 feet farther 
north. The temple architecture was typi
cally Gaulish; it owed nothing to Roman 
influences. It was a square chamber, 
presumably housing a figure of the god
dess, surrounded by an open porch 
where worshipers could assemble. Ar
chaeological evidence suggests that somc 
of the healing ritual was conducted on 
lower ground to the west of the temple 
in a marshy area near the bank of the 
present stream. It is even possible that 
the marsh was a ritual site many years 
before the temple was raised. 

Next a series of buildings was added, 
probably under Roman influence, on the 
higher ground between the catchment 
basin and the foot of the cliff. The most 
southerly of these buildings consisted 
of seven chambers: a row of four square 
rooms, each roughly 15 by 15 feet, and 
three larger oblong rooms. The four 
smaller chambers may have housed the 
priests who attended the sanctuary, and 
the three larger ones may have served 
for their dealings with the pilgrims-per
haps consultation or perhaps actual med
ical attention. 

Farther to the north a monumental 
entryway of four pillars led the pilgrims 
into a long courtyard. The eastern side 
of the courtyard was occupied by a cov
ered colonnade that sheltered a porch. 
The floor of the porch was plain masonry 
but the paving of the courtyard was 
a mosaic with a geometric design. At 
the northern end of the courtyard three 
steps led down to the spring, the chan
nel from the spring and the catchment 
basin. 

This grand plan, executed in a space 
some 300 feet long, came to light only 
gradually over a period of decades. At 
first almost nothing could be seen of 
it; most of the masonry, even the indi
vidual drums of stone that once made 
up the pillars of the colonnade, had been 
carted away over the centuries for local 
construction. It was not until 19.32 that 
work in the marshy area west of the tem-

SHRINE OF SEQUANA, built around the 

source of the Seine (0), borders on a mod· 

ern monument to the river (bottom) raised 

by the people of Paris. The shrine at first 

consisted of a catchment basin (b) below 

the spring and a simple temple nearby (c). 
Later, probably under Roman influence, a 

courtyard (d) was added, with a suite of 

priests' rooms at one end (e) and a covered 

porch along one side. The "Treasure of the 

Seine," which includes a sculpture of Se

quana, was hidden beside a cliff just east of 

the site (n. Wood objects had been dumped 

in a marshy area (g) that was latcr filled in. 

10 

METERS 
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pIe complex revealed three walls outlin
ing a rectangular area dubbed "the 
pool" by the investigators. Later ex
ploration revealed that although the area 
is a marsh now and was evidently a 
marsh in the earliest days of the sanc
tuary, it had been filled with earth some
time after A.D. 100 to form a second 
courtyard. It was from the bottom of the 
earth-filled "pool" that digging in 1963 
and in 1966-1967 retrieved the unique 
assemblage of wood votive figures. 

These remarkable sculptures are not 
the only votive offerings to be found at 
the sacred source of the Seine. In one 
of the priests' rooms, for example, early 
excavations uncovered a large earthen
ware pot bearing the Latin inscription 
"Deae Sequana(e) Rufus donavit" ("Ru
fus gives this to the goddess Sequana"). 
Inside the pot was a smaller one contain
ing more than 800 bronze coins of the 
third and fourth century. Around the 

TREE LIMB was made into the figure of a 

woman hy confining the carving to the two 

extremities and leaving the rest untouched. 

The entire figure appears at left; the head, 

enlarged and seen in near·profile, is at right. 

smaller pot was a pile of 120 diminutive 
bronze votive plaques. It is unlikely that 
the Rufus of the inscription had any
thIng to do with what the pot contained 
at the time of its discovery; he would 
have had to make 120 offerings. More
over, many of the plaques portray fe
male ailments. The two pots and their 
contents must surely have been a stolen 
hoard of temple treasure, buried for 
temporary safekeeping by looters dur
ing a time of trouble. 

The formal Latin inscription on votive 
offerings is VSLM, an abbreviation 

of "V otum solvit libens mel'ito" ("Will
ingly offers deserved homage" or, more 
idiomatically, "So-and-so fulfills his 
vow"). This inscription is missing from 
Rufus' pot, but it appears on several oth
er objects found at the sanctuary of Se
quana. "De Sequal1a," we read on one 
offering. "Siel1l111a Vectii filia VSLM" 
("Sienulla, daughter of Vectius, fulfills 
her vow to Sequana"). 

The Gauls evidently felt that it hon
ored the goddess more to address her in 
the language of their conquerors. Elev
en Latin inscriptions have been found at 
the source of the Seine, although some 
of the Latin is erratic. In other inscrip
tions Latin characters were used but 
only to transliterate the native lan
guage. One five-line inscription appears 
on the front of a votive offering in Latin 
characters and on the back in Greek 
characters; the words on both sides are 
the same pure Gaulish. 

So far some 1,000 stone or bronze 
votive offerings have been recovered at 
the sanctuary of Sequana. The stone of
ferings, carved from a locally available 
soft limestone, are the most numerous. 
They usually represent the afflicted part 
of the offerer's body, so that among 
them are effigies of arms, legs, hands, 
feet, heads, breasts and sexual organs, 
and even a few attempts to portray in
ternal anatomy. Usually no effort was 
made to indicate the nature of the afflic
tion, although some medical scholars as
sert that certain effigies portray goiter, 
hernia or even mental retardation. 

In addition to these effigies of a part 
of the body there are stone busts and 
full figures, some as much as three feet 
tall. The individual represented, who 
was either seeking health or simply wor
shiping Sequana, is generally portrayed 
holding an offering of some kind: a dog, 
a rabbit, a piece of fruit or a purse heavy 
with money [see illustration on page 72]. 

The bronze plaques are quite a differ
ent story. They are thin pieces of metal, 
most of them less than two inches wide. 
They were evidently mass-produced by 
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being cut out of a larger sheet as they 
were needed; an image of a part of the 
body was then punched into the plaque. 
If a pilgrim's eyes were to be represent
ed, round or oval outlines were punched; 
in some cases pupils and eyelashes were 
added. The eyes on a few plaques are 
simply holes, perhaps indicating that the 

donor was blind [see top illustration on 
page 73]. 

Sexual organs and breasts are the oth
er parts that appear most frequently on 
the plaques. They too are stylized. The 
pelvis is a triangle; the male pelvis was 
marked with a phallus and the female 
pelvis was left unmarked. All represent a-

tions of breasts were the same, although 
the donors sometimes added details. 

\tVhen excavation of the "pool" re
vealed wood objects preserved in the 
waterlogged soil, we were fortunate in 
being able to draw on the experience of 
archaeologists who had developed vari
ous means of preserving such finds. If 

VOTIVE OFFERINGS of three types are, from left to right, an 

arm, a portrayal of the body interior that emphasizes the stomach, 

and a series of heads. The maker of votive heads probably sold one 

at a time to pilgrims whose disability called for such an offering. 
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MAN IN A COWLED CAPE is one of sev

eral wood sculptures that portray full fig

ures. The pigeon-toed stance may represent 

a physical handicap suffered by the donor. 
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water-soaked ancient wood is not pro
tected, it crumbles to powder as it dries. 
The two principal methods of preserva
tion are freeze-drying and water replace
ment; we chose water replacement for its 
convenience in dealing with a large num
ber of specimens in a variety of sizes. As 
the objects were uncovered they were 
immersed in a water solution of a soluble 
wax (polyethylene glycol). When the so
lution has the proper concentration, it 
gradually replaces the original water in 
every cell cavity of the specimen. There
after the wood can be safely exposed to 
the air. vVe received invaluable aid and 
advice in this preservative technique 
from the Institut Royal du Patrimoine 
Artistique in Brussels. 

Some of the largest wood sculptures, 
like the large stone ones, were portraits 
of pilgrims. There is, however, a sharp 
distinction between the two. The stone 
sculpture is fluid and curvilinear; the 
wood figures, although in no way aes
thetically inferior, are stifl and angular. 
Many of them are carved with a cow led 
cape. The drape of the garment conceals 
arms held close to the body; the viewer 
receives an impression of power and 
quiet persistence. One figure of a man 
with his cowl over his head moves the 
viewer with its awkwardness and its 
faithful portrayal of pigeon-toed feet. 

The cow led cape is a native garment, 
the ban[ocucullus at which the Latin 
poet Martial poked fun. When the cowl 
was not over the head, it was pushed 
back; the cape itself hung straight down 
with scarcely a fold. It has been suggest
ed that this was a ceremonial garment, 
first made popular by the bards of Gaul, 
that eventually came to have religious 
connotations. 

Other kinds of garment also adorn the 
wood sculptures. One is a simple straight 
coat, lacking detail at the collar, that falls 
to the ankles and is held in at the waist 
with a broad, heavy belt. This kind of 
coat appears several times. Tunics of 
various shapes and lengths are also in 
evidence; one is remarkably reminiscent 
of a modern short jacket. 

Not enough wood sculptures of female 
pilgrims have been found to allow much 
generalization about the garb of Gaulish 
women. Nonetheless, to judge from one 
quite detailed example, a common fem
inine costume may have been a full
length tunic with a square neck. The 
tunic was worn under a cloak, open at 
the breast, that fell from the shoulder to 
the knee in front and continued in a 
sloping line to the back. 

The most impressive sculpture of a 
woman reveals little or nothing about 
costume. The sculptor's material was a 

tree limb; he confined his chiseling to its 
two extremities, adding only a few de
tails to the rough length of wood. A short 
curve suggests shoulders; another curve, 
almost imperceptible, at the bottom of 
the figure hints at a garment. Below it 
appear the feet, impossibly tiny. 

It is the woman's face that places this 
work among the most beautiful in wood. 
The hair, parted in the middle, falls 
sleekly along the neck. The forehead is 
high, the line of the eyebrows clean-cut, 
the nose bold, the upper lip short and 
the lower one pouting. The oval face and 
its parts harmonize to present a forceful 
image that is both intense and self-con
tained [see illustration on page 68]. 

A
mong the wood votive oflerings are 

odd sculptures consisting of two, 
three or even four heads carved one 
above another on a single log. One is im
mediately reminded of the Indian totem 
poles of the American Northwest. The 
execution is rough and geometrical. A 
straight line suggests the brow and the 
eyes, a small slit the mouth and a pyra
mid the nose. 

What was intended by the repetition 
of the images? Examination reveals that 
there are two kinds of repetition. In some 
of these sculptures the wood separating 
one head from another is deeply scored, 
suggesting that the sculptor had intend
ed to cut the heads apart. In others, how
ever, the heads have virtually no neck, 
leaving no room for their being cut apart. 
Heads of the first kind thus seem to be 
analogous to the mass-produced bronze 
plaques. They were probably individual 
oflerings prepared in series with a mini
mum of eflort and waste; each head 
could be cut off on demand. Heads of 
the second kind appear to have had a 
diflerent purpose. Perhaps they are anal
ogous to repetitive prayers. If Sequana 
was properly invoked, she would give so
licitous attention to the pilgrim whose 
head was represented by a votive gift. If 
the head was repeated, would not her 
ministrations be multiplied accordingly? 

Such a practice, which is common in 
primitive religions today, is suggested by 
other evidence at the site. Among the 
stone votive offerings are some portray
ing as many as three heads or six legs. 
Curiously, in the stone sculptures the 
repetition runs horizontally rather than 
vertically. Presumably the horizontal sys
tem was as economical of stone as the 
vertical system was of wood. Material 
affairs, no less than spiritual ones, obey 
certain laws, and the Gauls were a nota
bly practical people. 

Two wood portrait heads that are any
thing but mass-produced tell us some-
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thing about Roman artistic influence in 
Caul at this period. One represents a 
young man and the other a young woman 
[see illustration on page 65]. The male 
head is large; its circumference is evi
dently as great as the dimensions of the 
log permitted. A continuous curve runs 
from the crown to the hairline at the 
nape of the neck; the hair falls across the 
forehead in a fringe. A jutting brow shel
ters eyes with well-defined heavy lids. 
The nose is large; deep lines beside the 
nostrils run down to the corners of a 
small, thick-lipped mouth above a round
ed chin. The detail of the modeling is 
amazing. The lively chiseling of the 
mouth and chin contrasts with the 
smoothness of other facial areas to en
hance the forcefulness of the features. 

T
he face of the young woman is long 
and thin. The forehead is low, the 

eyes are heavy-lidded, the nose is 
straight and strong, the mouth thin and 
tight-lipped. Under the lower lip a 
round chin loses its definition farther 
down, where the neck shows a certain 
fleshiness. The hair, in heavy plaits, falls 
from the crown of the head and reaches 
just to the neck, forming a frame for 
the face; the plaiting is modeled in low 
relief. The sculptor was restricted in 
his handling of the subject by the nar
row dimensions of the log, but this has 
not made his portrait, with its sense of 
balance and serenity, any the less in
teres tin g. 

The two works rank with the finest of 
caulish-more properly caulish-Roman 
-sculptures. What is their position his
torically? The pottery and coins un
earthed along with the wood votary of
ferings suggest that the offerings were 
buried sometime around A.D. 50 or 60. I 
should emphasize that this dating is pre
liminary; the excavation of the marsh is 
not yet finished and future findings could 
change the estimate. Nonetheless, if one 
may assume that a date around the mid
dle of the first century after Christ is cor
rcct, it follows that the sculptures were 
executed earlier, possibly even before 
the Romans reached this part of Caul 
late in the first century B.C. The unso
phisticated "native" character of many of 
the objects from the marsh tends to sup
port this conclusion. 

At the same time the two portrait 
heads are proof that Roman influence, if 
llot the Roman presence, was felt at an 
early date in Caul. Roman portrait heads 
very much like these but cast in bronze 
have been found in both France and 
Switzerland. The resemblance indicates 
that the sculptors at the shrine of Se- LIVELY DISTORTION resulted from the artist's need to portray the figure of a sturdy bull 

quana must have seen examples of such within the narrow dimensions of the raw material: a section of trunk from an oak trec. 
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STONE FIGURE of a pilgrim is representative of another material much used by the mak· 

ers of votive offerings. Objects carved in stone outnumber all other kinds of offerings to 

Sequana. Pilgrims portrayed in stone bear gifts; in this instance it is a purseful of money. 
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workmanship. It seems to have taken al
most no time for the Gaulish sculptors to 
have absorbed the lesson from abroad. 
They went on to apply their own genius 
to the execution of lifelike portraits not 
in bronze but in wood, a material they 
had wholly mastered. 

One may speculate about the appear
ance of the shrine of Sequana in the days 
when it was a center of Gaulish pilgrim
age. It is worth recalling in this connec
tion a famous center of healing in Greece 
that was visited by the Greek geogra
pher Pausanias in the second century of 
the Christian Era: the Temple of Aescu
lapius at Epidaurus, across the Saronic 
Gulf from Athens. Pausanias' account of 
the Greek shrine suggests some interest
ing parallels with the Gaulish one. Pil
grims who sought the aid of Aesculapius 
were expected to spend a night within 
the temple precincts. Prior purification 
was required, and the presence of water 
conduits adjacent to the porch of the 
temple at Epidaurus suggests that the 
ritual involved ablution. In any case the 
pilgrims spent the night under the tem
ple porch; to some of them Aesculapius 
would appear in a dream, and the fortu
nate dreamers could count themselves 
cured. It was then customary to pay for 
the carving of a temple inscription, stat
ing the pilgrim's name, the illness that 
had inspired his visit and the nature of 
his cure. Pausanias saw six monumental 
pillars covered with inscriptions of this 
kind during his visit to Epidaurus. 

In terms of parallels between Epidau
rus and the shrine of Sequana, there was 
clearly no lack of water for ceremonial 
ablutions at the source of the Seine. The 
catchment basin below the spring had al
most certainly been a part of the shrine 
even before the colonnade and porch 
were built. It seems likely that once this 
part of the shrine was constructed, puri
fication at the basin was followed by an 
overnight vigil on the porch. The priests 
in the rooms nearby would have been 
ready to serve as interpreters if Sequana 
should reveal herself in the pilgrims' 
dreams. 

That the Gaulish pilgrims had their 
own characteristic way of memorializing 
a successful visit to Sequana's shrine is 
abundantly indicated by the number of 
their votive offerings. The custom sur
vived elsewhere in France as late as the 
sixth century, as is made plain by an 
outraged description of a local temple 
that we owe to a church notable, Greg
ory of Tours. "The neighboring barbari
ans," Gregory wrote, "came to make sac
rifices and to gorge themselves with meat 
and wine to the point of vomiting; there 
they adored idols as divinities and de-
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posited wood sculptures representing 
such-and-such part of their body that 
had been attacked by some illness." The 
old ways seem to have died hard. Early 
church councils also fulminated against 
these pagan practices. "Destroy the 
springs and the groves they dare call sa
cred," orders a directive of the sixth 
century. "Prohibit the images they hang 
at crossroads and, should you discover 
any, burn them. Be certain that you will 
be cured by no other means than by in
voking the cross of Christ." 

vVhere were the pilgrims' votive offer
ings obtained? The presence of mass
produced items at the shrine of Sequana 
suggests that a bustling street of shops 
dealing in these objects stood somewhere 
nearby. Commercialism of this kind 
would help to account for an odd phe
nomenon: the uneven artistic quality of 
the votive offerings. For every exquisite 
sculpture one finds a dozen shamefully 
inept ones. This was doubtless how the 
shopkeepers were able to cater to pil
grims of very different means. 

I
n the mind's eye we can readily popu-

late Sequana's vale. There will be a 
crowd of people; not just the sick but 
also their friends and relatives. Perhaps 
the sick will make a show of their piety 
by wearing the plain cowled cape of 
ceremony. The dress of their compan
ions, however, can be as colorful as the 
imagination desires. There will be 
throngs at the shops bargaining for vot
ive offerings. In the mosaic-paved court
yard there will be offertory tables dis
playing the pilgrims' purchases. Within 
the small temple building there will be 
crowded shelves where the testimony of 
past cures is exhibited. Here, we may ex
pect, the richer votive offerings will oc
cupy a prominent position and the hum
bler ones will be relegated to an obscure 
corner. 

As the day wears on the number of 
people will diminish. Pilgrims not yet 
interviewed in the priests' quarters will 
drift off to one of the neighboring inns to 
await the morning. So will the compan
ions of the day's chosen pilgrims, as the 
pilgrims wash themselves before going 
for the night to Sequana's porch. The 
blind are led, the lame assisted, perhaps 
a part of the porch is set aside for the 
women in the group. Finally, night falls 
and the hours arrive when Sequana will 
make good the promise of her out
stretched hands. If we now let reality 
take the place of imagination, we see 
that it is the simple remains of the sanc
tuary before us, and the glimpse they of
fer of the mind of ancient Gaul, that are 
the true Treasure of the Seine. 

BRONZE PLAQUES are the third kind of votive offering found at the sanctuary of Se· 

quana. Presumably the plaques shown here were offered by pilgrims with eye trouble. The 

one showing only empty sockets (top left) may have been meant to convey blindness. 

BRONZE SCULPTURE OF SEQUANA shows the goddess standing in a boat with a duck's· 

head prow and a duck's·t"il stern. The figure is rendered in the traditional Roman style. 
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SUPERNOVA REMNANTS 

Radiation etnitted by the debris left over 

frolTI catastrophic stellar explosions may 

yield clues to n1any astronomical puzzles 

by Paul Gorenstein and Wallace Tucker 

"

T
he stars, like measles, fade at 
last." These words by the poet 
Samuel Hoffenstein provide a 

graphic, if flippant, description of the 
way in which most stars come to the end 
of their evolutionary trail. A few stars, 
however, refuse to make such a quiet 
exit when their nuclear fires grow cold. 
About one star in 100 explodes cata
strophically. For almost two weeks the 
exploding star-a supernova-radiates 
more energy than a billion suns and 
ejects matter at close to the velocity of 
light. Cosmic rays (the nuclei of hydro
gen and other light elements) are prob
ably produced in abundance, and ele
ments heavier than iron are thought to 
be synthesized during the first few sec
onds of the explosion itself. These heavy 
elements, along with those manufac
tured earlier by the star during its life
time, are ejected into interstellar space 
to become part of a cosmic reservoir 
that supplies the raw material for new 
stars and planets. Quite likely most of 
the matter of which we are made was 
originally part of the debris of super
novas. 

The expanding shell of debris creates 
a nebula that for hundreds or even thou
sands of years radiates vigorously in 
both the X-ray and radio regions of the 
spectrum. In addition the cataclysm may 
leave behind a small, extremely dense 
core. The recent discovery of pulsars 
suggests that this core, rotating at high 
speed, can be a pulsating source of ra
diation. Thus the "death" of a star is 
sometimes followed by a "transfigura
tion" in which the star begins a new life 
of physical conditions entirely different 
from those encountered in normal stars: 
superdense matter, enormously strong 
magnetic fields and rapid rotation. For 
the first 1,000 years or so of this second 
life the total power emitted by the star 
is equal to the power of 1,000 suns. 
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In our galaxy of some 100 billion stars 
a supernova explosion occurs about 
once every 100 years. Since the nebula 
and the transfigured star survive for a 
long time after the outburst, a sizable 
number of supernova remnants should 
always be present in our galaxy and 
should therefore be accessible to de
tailed observation. At least two dozen 
such remnants have now been identified. 

Four of the supernova remnants have 
also been identified with novas whose 
sudden appearance in the sky can be 
found in historical records. The four are 
the objects seen in A.D. 1006, in 1054 
(the Crab Nebula), in 1572 (Tycho's 
nova) and in 1604 (Kepler's nova)-all 
before the invention of the telescope. 
Although the earlier two outbursts were 
probably brighter than the later two, 
there is no evidence that they made the 
slightest impression on Europeans, who 
were convinced of the immutability of 
the heavens. The supernova of 1572, 
however, was immediately sighted by 
Tycho Brahe, who observed it regularly 
until it disappeared from view. Tycho 
published his observations in 1573 in 
De Stella Nova. "Initially," he wrote, 
"the nova was brighter than any other 
fixed star, including Sirius and Vega. It 
was even brighter than Jupiter. . . .  It 
maintained approximately its luminosity 
for ahnost the whole of November. On a 
clear day it could be seen . . . even at 
noon ... .  It slowly faded and finally dis
appeared completely in March of 1574." 

The search for the remnant of this 
event was unsuccessful until 1952, when 
R. Hanbury Brown and Cyril Hazard of 
the University of Cambridge discovered 
a strong radio source near but not quite 
at the position given by Tycho. With the 
help of this information the optical rem
nant was found by Rudolph Minkowski 
with the 200-inch Hale telescope. Re
cently X-ray observations with rocket-

EXPANSION OF CRAB NEBULA is vivo 

idly demonstrated in this composite photo· 

graph, obtained by superimposing a positive 

image and a negative image made 14 years 

apart. Both original plates were made with 

the 200·inch Hale telescope on Palomar 

Mountain; the positive, in which the radiat· 

ing gaseous filaments of the nebula appear 
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light, was printed from a plate made by Walter Baade in 1950; the 

negative, in which the same structures appear dark, was printed 

from a plate made by Guido Miinch in 1964. Miinch also made the 

composite. The slight relative displacements of the light and dark 

ilnages resulting from the nebula's expansion during the interval 

between the two exposures is responsible for the almost tactile, bas· 

relief quality of the composite. The Crah Nebula is a remnant of a 

supernova explosion observed in A.D. 1054 by Chinese astrono· 

mers. It is some 5,000 light·years away and at present its visible 

portion measures about six light·years across. In addition to its 

visible luminosity, the Crab is also a powerful source of radio 

waves and X rays. This prodigious energy output has been attrib· 

nted to the conversion of the kinetic energy of a central rotating 

star (arrow) to electroll1agnetic energy. The star, another relnnant 
of the original supernova explosion, was recent]y identified as a pul. 

sar: an extrClllcly dense neutron star that enlits radiation in pul�es. 
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borne instruments have shown that the 
remnant of Tycho's nova is also a strong 
source of X rays with energies between 
1,000 and 10,000 electron volts. 

The supernova of 1604 was studied 
by Johannes Kepler; it attained a bright
ness equal to or somewhat greater than 
that of Jupiter. It was visible by day for 
about a month and at night for about 
a year. In 1941 Walter Baade of the 
Mount Wilson Observatory, who had 
analyzed the old records, d

"
iscovered an 

optical nebula near the point where the 
supernova had appeared in 1604. The 
nebula consists of bright filaments that 
cover an area sub tending about a min
ute of arc. Some 10 years later Hanbury 
Brown and Hazard discovered that it 
too was a radio source. 

The supernovas of 1006 and 1054 oc
CUlTed during a time when astronomy 
was flourishing in the Orient. In those 
days the appearance of a new bright ob
ject in the sky was a portentous event 
for individuals and nations alike; me
ticulous astronomical records were kept 
for interpretation by court astrologers. 
The use of these chronicles to identify 
the supernovas of 1006 and 1054 and 
to obtain information about them is an 
outstanding example of interdisciplinary 
research involving cooperation between 
Orientalists and astronomers. 

In one of the chronicles of the Sun 
Dynasty, translated by J. J. L. Duyven
dak of the University of Leiden, the su
pernova of 1054 is mentioned several 
times. Shortly after the appearance of 
this object the head astronomer of the 
emperor's court filed a report of his ob
servations and an interpretation of the 
significance of the event: "Prostrating 
myself, I have observed the appearance 
of a guest star; on the star lhere was a 
slightly iridescent yellow color. Respect
fully, according to the dispositions for 
Emperors, I have prognosticated, and 
the result said: The guest star does not 
infringe upon Aldebaran; this shows 
that a Plentiful One is Lord, and that 
the country has a Great 'North. I request 
that this be given to the Bureau of His
toriography to be preserved." In the late 
1920's Edwin P. Hubble of Mount Wil
son suggested that the Crab Nebula 
might be the remnant of the nova of 
1054. He noted that the nebula's size 

PART OF OLD REMNANT known as the 

Cygnus loop or the Veil Nebula appears in 

the color photograph on the opposite page. 

The photograph was made with the 48-inch 

Schmidt telescope of the Hale Observato. 

ries. Entire nebula is 8ho\\ n on next page. 

and rate of expansion indicated that it 
had originated about 900 years earlier. 
Detailed studies by K. Lundmark, Jan 
H. Oort, Nicholas U. Mayall and Duy
vendak subsequently confilmed Hub
ble's conjecture. 

The supernova of 1006 was conclu
sively identified primarily as a result of 
a study by Bernard Goldstein of Old 
Arabic, Syriac, Latin, Japanese and 
Chinese chronicles. From them it was 
learned that at the end of April in 1006 
a supernova occurred in the constella
tion Lupus. Initially the star was as 
bright as Venus, and it remained visible 
at night for much longer than a year. 
Today it is difficult to detect the rem
nant of this event in the visible part of 
the spectrum. Radio emission from the 
remnant was discovered, however, in 
1965. 

Not all the "guest stars" reported in 
the Chinese chronicles or new stars re
ported by European astronomers qualify 
as supernovas. Some were comets and 
some were ordinary novas: explosions 
involving the outer layers of a star that 
occur much more frequently than su
pernovas and are less spectacular. Com
ets, of course, move across the sky and 
thus can be easily distinguished from 
novas and supernovas, which remain 
fixed. It is not so easy to discriminate 
between novas and supernovas, even 
though supernovas are intrinsically 
much brighter. A nova, if it is nearby, 
can look as bright as or brighter than a 
supernova that is much farther away. 
Moreover, the light from a distant ob
ject is often absorbed or scattered by 
dust particles in the interstellar medium. 
For this reason supernovas were not rec
ognized as a distinct class of exploding 
stars, intrinsically more luminous than 
novas, until the 1920's. 

The distinction was made after it was 
recognized that many objects called neb
ulas and thought to be nearby were 
actually distant galaxies. In the period 
from 1885 to 1920 about 10 novas were 
discovered in such "nebulas." In some 
cases the brightness of the nova at its 
maximum was equal to or greater than 
the brightness of the associated nebula. 
When Hubble demonstrated that most 
nebulas are independent star systems, 
comparable to our own galaxy and more 
than a million light-years away, it be
came apparent that a nova observed in 
such a system must be more than 10,-
000 times more luminous than the ordi
nary novas that flare up in our galaxy 
about 20 times a year. Fritz Zwicky of 
Mount Wilson and Baade suggested 
that the more catastrophic outbursts be 
called "supernovas." 

Since a supernova exploSion is a rare 
event within any one galaxy, the only 
way its initial phases can be studied is 
by monitoring many galaxies, thereby 
increasing the odds that a supernova 
will be sighted. In 1933 Zwicky began 
a systematic search for supernova ex
plosions in other galaxies. Today his 
pioneering work is being carried on by 
astronomers all over the world; they dis
cover 10 to 20 supernova outbursts per 
year. Taking into account the number of 
galaxies observed, one can arrive at the 
estimate that a supernova explosion 
occurs once per 100 years per galaxy. 

1'he characteristic signature of a su-
pernova remnant is the emission of 

radio waves whose distribution of en
ergy with wavelength is nonthelmal, 
meaning a distribution of a type not as
sociated with an ordinary hot object. If 
this radiation also appears to originate 
with a shell-like structure or to emanate 
from a region showing optically visible 
filaments, its source is almost certainly 
the remnant of a supernova. Probably 
all the remnants identified on this basis 
are less than 100,000 years old. The 
younger members of the group, with 
1,000 times the energy output of the 
sun, are among the most luminous ob
jects in our galaxy. Not all the energy is 
emitted in the form of visible light or 
radio waves. In some remnants much if 
not most of the emitted energy is in the 
form of energetic photons: X rays with 
energies ranging from a few hundred 
electron volts to as much as a million. 
Since supernova remnants emit energy 
over such a broad frequency range, 
from X rays to radio waves, they have a 

unique role in astronomy and are of 
special importance for the understand
ing of astrophysical processes. 

At the time Hubble proposed that the 
Crab Nebula might be the remnant of 
the supernova of 1054, astronomers had 
few tools for studying anything but the 
visible spectrum. The earth's atmo
sphere blocks out radiation with wave
lengths shorter than about 3,100 ang
stroms, which lies in the near-ultraviolet 
part of the spectrum. Although some 
radio wavelengths penetrate the atmo
sphere freely, radio astronomy was 
limited by inadequate technology be
fore World War II and had few prac
titioners. \Vartime advances in radio 
technology dramatically widened astron
omy's horizons. They introduced sensi
tive techniques for detecting radio 
waves to a new generation of astrono
mers who were keen to apply them to 
observing the cosmos. At the other end 
of the spectrum postwar advances in 
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ENTIRE CYGNUS LOOP was photographed in red light with the 
48·inch Schmidt telescope. The expansion of this sheIl.like struc. 
ture has been going on for perhaps as long as 60,000 years; it cur. 
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rently has a diameter of about 100 light·years. This supernova 

remnant is also a strong source of both radio waves and X rays. 

No pulsating component has yet been discovered in it, however. 
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rocketry made it feasible for the first 
time to lift instruments above the 
opaque blanket of the earth's atmo
sphere. 

The Crab Nebula turned out to be 
one of the strongest sources of radio 
waves in the sky and was the first radio 
source to be identified with a visible ob
ject. It was hoped, therefore, that radio 
observations might explain some of the 
nebula's enigmatic aspects. For exam
ple, precise optical observations had 
shown that the observed rate of expan
sion could not lead to the observed size 
unless there had been some kind of 
acceleration after the 1054 explosion. 
Furthermore, variable light features, or 
"ripples," had been discovered near the 
center of the nebula. The ripples ap
peared at irregular intervals, moved rap
idly outward at a velocity of up to a 
tenth the velocity of light and vanished 
after about a month. 

The discovery of powerful radio emis
sions from the Crab Nebula at first only 
deepened the mystery. Astronomers 
could not understand how such large 
fluxes of radio emission could be pro
duced by an astronomical object. Then 
Hannes Alfven and A. Herlofson of Swe
den, K. O. Kiepenheuer of Germany and 
V. L. Ginzburg of the U.S.S.R. showed 
that non thermal radio emission could be 
expected if the object comprised two in
gredients: electrons of very high energy 
and a magnetic field with which they 
could interact. If the electrons were 
trapped by the field, they would travel 
in orbits around lines of magnetic force 
and emit radiation in a narrow beam 
tangen t to their orbits in the direction of 
motion. Commonly called synchrotron 
radiation because it was studied in con
nection with the synchrotron electron 
accelerators developed in the 1940's, the 
radiation is polarized with its electric 
vector perpendicular both to the mag
netic field and to the direction of radia
tion [see illllstmtion on next page]. The 
intensity of this radiation and the peak 
frequency increase rapidly with energy. 

In 1953 I. S. Shklovsky of the U.S.S.R. 
explained how the synchrotron mech

anism could also account for the con
tinuous optical spectrum of the Crab 
Nebula. The subsequent observation 
that the optical and radio emission are 
polarized led to the general acceptance 
of the synchrotron hypotheSis [see i11lls
tmtion on page 81]. Thus it became 
clear that the Crab Nebula is a cosmic 
synchrotron, permeated by electrons 
with energies of 1,000 billion electron 
volts or even higher, and by magnetic 
fields more than 10 times stronger than 

the field in interstellar space. The prob
lem of understanding the conditions in 
the Crab Nebula and other supernova 
remnants then became one of under
standing the origin of the magnetic field 
and the vast fluxes of high-energy elec
trons. 
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A new element was added to the story 
in 1964, when instruments flown aboard 
sounding rockets detected X-ray emis
sion from the Crab Nebula. Although 
X rays can also be produced by the 
synchrotron process, this interpretation 
presented difficulties because synchro-
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( DIRECTION OF SCAN 

OTHER VIEWS of the Cygnus loop are represented in this illustration. At top is a contour 

map of the radio emission from the region of the nebula made by S. Kenderdine of the 

University of Cambridge; numbers on contours indicate radio intensity in multiples of 900 
degrees Kelvin. The black rectangular area corresponds to the field of the photograph on 

the opposite page; hatching indicates main visible features of the nebula. The long white 

afrow represents the direction scanned by an X.ray detector during a rocket /light in 

which X-ray emission from the region of the nehula was observed. The graph at bottom 

sho\\ s tIle recorded X-ray intensity integrated over intervals along the direction of the scan. 
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tron electrons cnergetic enough to pro
duce X rays would quickly lose thcir cn
ergy by radiation. Hence the qucstion 
arose of how electrons of sufficient en
ergy were continuously supplicd some 
900 years after the initial explosion. 

Then late in 1967 pulsars wcre dis
cevered. These rcmarkable objects emit 
short pulses of radio waves at extremely 
regular intervals, ranging frol11 about a 
quarter of a second to somewhat more 
than a second. Their identity was clari
ficd the following year, when pulsars 
with much shorter periods were found 
in the Crab Nebula and in another su
pernova remnant: Vela X. Thus an inti
mate connection bctween pulsars and 
supernova remnants was established. 
Furthermore, pulsations from the Crab 
Nebula were observed in both the vis
ible and the X-ray regions of the spec
trum. The source of these pulsations is 
a faint object that in astronomical photo
graphs looks like an ordinary star. Re
cently it has been found that at X-ray 
energies above a few million electron 
volts the energy output of the pulsating 
component is comparable to the energy 
contained in the steady-state radiation 
from the entire nebula. 

The most recent supernova explosion 
in our galaxy took place in about 1700 
in the constellation Cassiopeia not far 
from Tycho's supernova. It may seem 
surprising that this event was not ob
served even though a rather widespread 
interest in astronomy had developed by 
then. The explanation appears to be that 
the light from that region of the sky is 
obscured by a large amount of. dust; 
moreover, the supernova itself may have 

been less brilliant than the supernovas of 
1572 and 1604. The first hint that thcre 
was a supernova remnant in the region 
was provided in 1948 by Martin Ryle 
and F. C. Smith, who with the aid of 
one of the first radio tclescopes at lhe 
University of Cambridge discovercd in 
Cassiopeia an intense radio source that 
they named Cassiopeia A. With the 200-
inch Hale telescope Baade and Minkow
ski then succeedcd in obtaining a pholo
graph of a faint fragmentary ncbula that 
could be identified with the radio source. 
From studies of the nebula thc timc of 
the event was determined. 

vVithin the past few years rockct
borne instruments have detected intense 
X-ray emission from Cassiopeia A. The 
structure of the remnant, best revealed 
in a map of its radio emission, consists 
of an expanding shell whose diameter is 
about four minutes of arc [see illustra
tions on pages 82 and 83]. The shell 
structure is suggestive of matter ejected 
at high velocities. So far the search for 
a central object or pulsating source of 
radiation has been unsuccessful. 

An example of a much older super
nova remnant is the Cygnus loop [see 
illustration on page 78]. Compared with 
the Crab Nebula and Cassiopeia A it is 
a huge object stretching across three de
grees of arc in the sky, six times the ap
parent diameter of the moon. Like Cas
siopeia A it is an expanding shell, but 
the expansion has been going on for a 
much longer time, possibly 60,000 
years. The Cygnus loop is also a strong 
source of nonthermal radio waves, and 
last year it was discovered to be an in
tense source of X rays. The X rays from 

thc Cygnus loop have a lowcr average 
cnergy, howevcr, than those cmittcd by 
the Crab Nebula. The search for a cen
tral star or pulsar in the Cygnus loop has 
not bccn successful. 

The cause of a supernova outburst is 
strll the subject of intensive inves

tigation and considerable controversy, 
but it is generally agreed that the onset 
of the explosion is ultimately related to 
instabilities in the structure of the star 
that arise when the supply of nuclear 
fuel in the central parts of the star is 
exhausted. These instabilities occur only 
in stars whose mass is greater than about 
one and a half times that of the sun. Less 
massive stars, including the sun, begin 
to contract when their nuclear fuel is 
consumed. Ultimately the pull of gravity 
is balanced by the pressure of "degen
erate" electrons: an incompressible elec
tron fluid that finally emerges because 
no two electrons can occupy the same 
energy state. When this stable configu
ration is reached, the star has become a 
white dwarf and slowly dies "not with 
a bang but a whimper." In the case of 
stars whose mass exceeds about 1.5 so
lar masses, the density and temperature 
in the central core exceed the critical 
values beyond which stability is pos
sible. Then the star collapses under the 
influence of gravity and an explosion 
ensues. 

In a supernova explosion the outer 
shells of the collapsing star are ejected 
at high velocity; in some, if not all, cases 
a dense relict is left behind. The idea 
that superdense bodies could be formed 
as end products of supernova explosions 

SYNCHROTRON RADIATION is emitted by electrons spiraling 

at relativistic speeds (that is, speeds near the speed of light) along 

a line of force in a magnetic field. The radiation is emitted in a 

narrow beam along the direction of the electron's motion; the 

predominant wavelength depends on the velocity of the electron 

and the strength of the magnetic field. Radiation prodnced by this 

mechanism is highly polarized, with its electric vector perpendicu. 

lar to both the line of force and the direction of the radiation. 
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is not new. Hypothetical superdense 
stars composed almost entirely of neu
trons were conceived some 40 veal'S ago 
by the Russian physicist L. D. Landau 
and independently by J. Robert Oppen
heimer. In 1938 Zwicky suggested that 
such stars could be formed in supernova 
explosions. The gravitational collapse 
that takes place before the supernova 
explosion compresses the matter in the 
core of the star to a radius of about 10 
kilometers. Since the residual core still 
has a mass comparable to that of the 
sun, its density approximately equals 
the density of matter in the nucleus of 
an atom: on the order of 100,000 tons 
per cubic millimeter. 

Since the discovery of pulsars the ex
istence of neutron stars has been widely 
accepted. In addition theorists have 
speculated that if a very massive star 
were to explode as a supernova, the core 
might collapse gravitationally without 
limit to form what has been called a 
"black hole." The gravitational field of 
a black hole would be so strong that 
nothing-not even light-could escape 
its grip. If black holes exist, they can 
be detected only through gravitational 
effects. For example, a black hole might 
perturb the motion of a nearby visible 
companion or interact with its radiation 
in a way that might be observable. 

The gravitational collapse that creates 
a neutron star necessarily leads to an in
crease in the strength of the star's mag
netic field and in the rate of its rotation. 
The lines of magnetic flux that pass 
through highly conducting material, 
such as the matter inside a star, can be 
regarded as "frozen into" the material; 
when the conductor moves, the mag
netic field moves with it. Hence when 
the core of a star collapses, the mag
netic field is compressed along with the 
matter. As a result the magnetic field 
on the surface of a neutron star can be 
more than 1,000 billion times stronger 
than the average magnetic field on the 
sun. 

The rapid rotation of a neutron star 
also follows naturally from the way it 
is formed. Almost all stars rotate; the 
period of rotation ranges from a few 
hours to about a month. Conservation of 
angular momentum implies that as a ro
tating star collapses it must rotate faster, 
unless angular momentum is carried 
away by radiation fields and expand
ing debris. Since the radius of the core 
shrinks by a factor of 10,000 or more 
when a star collapses to the configura
tion of a neutron star, a rotation period 
as short as a millisecond could result. 
Given the neutron star's dimensions and 
rotation period and assuming it to be a 

rigid body, it is a straightforward matter 
to estimate the energy stored in rotation. 
For a 10-millisecond period the rotation
al energy of a neutron star is of the order 
of 1050 ergs, a quantity comparable to 
the total energy radiated by a star dur
ing its entire lifetime. 

Thus we see that a supernova explo
sion releases gravitational energy in sev
eral forms. First there is the radiant en
ergy emitted directly in the early phases 
of the explosion. The matter simulta
neously ejected at high velocity carries 
away translational kinetic energy. Final
ly the neutron star that survives is en
dowed with an enormous amount of 
rotational kinetic energy. Although our 
understanding is by no means complete, 
it appears that the observed character
istics of supernova remnants can be ac
counted for by the transformation of ro
tational and translational kinetic energy 
into electromagnetic radiation over a 

relatively long period of time. 

�t us see how these ideas can be ap-
plied to the remnant of the guest 

star of 1054, the Crab Nebula. The dis
covery of a pulsar in the Crab Nebula 
with a period of only 30 milliseconds led 
to the general acceptance of the idea 
that pulsars are rotating neutron stars. 
It became apparent that there is an 
energetic coupling between the pulsar 
and the nebula when a group of radio 
astronomers at the Arecibo Ionospheric 
Observatory in Puerto Rico found that 
the pulsar's rate of rotation is decreas
ing at the rate of one part in 2,400 per 
year. This slowing down, although seem
ingly slight, implies that the Crab pulsar 
is losing rotational energy at a rate ade
quate to sustain all the radiation from 
the entire nebula. Thus the long-sought 
source of energy for maintaining the 
Crab Nebula has finally been dis
covered. The problem now becomes one 
of understanding how rotational energy 
can be converted into high-energy par
ticles. There is general agreement that 
the conversion is effected by processes 
that take place in a rapidly rotating in
tense magnetic field. 

Rapid rotation and intense magnetic 

POLARIZATION OF LIGHT emitted by 

the Crab Nebula is evident in this series of 

photographs made through a polarized filter 

in four different orientations. The arrow in 

the lower right.hand corner of each photo· 

graph indicates the direction of the electric 

vector of the light tbat passes the filter. Such 

photographs are taken as evidence that the 

light from the Crab Nebula is synchrotron 

radiation emitted by high.energy electrons. 
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fields combine to create large-scale elec
tric fields that accelerate charged par
ticles to high energy. The particles pro
duce the observed pulses of radio and 
optical radiation and X rays. As the par
ticles stream out into the nebula they 
also give rise to the continuous and ex
tended source of radio, optical and 
X-ray emission. Together with the large
scale electromagnetic waves generated 
by the rotating magnet, the accelerated 
particles carry angular momentum and 
energy away from the neutron star, 
slowing it down. 

This general picture probably applies 
to the activity observed in the other 
young supernova remnants. vVe cannot 
be so certain as with the Crab Nebula, 
since a pulsar has been observed to date 
in only one other remnant: Vela X. It is 
possible that pulsars exist in other super-
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nova remnants but that they are not 
favorably oriented for us to detect them. 
According to one explanation, high
energy particles stream out along a nar
row cone (or cones) from one or more 
spots on the rotating neutron star, so 
that the pulsar resembles a lighthouse 
in operation. If this view is correct, one 
would expect to observe the pulsar di
rE;ctly only if the beam happened to 
include the solar system in its sweep. 
Otherwise one would observe only the 
indirect effects of the high-energy par
ticles interacting in the nebula. If the 
width of the pulsar beam emat.dting 
from the Crab Nebula is typical (it is 
less than 12 degrees), one can readily 
figure that on the average only one pul
sar in 30 should be detectable. This ex
pectation is consistent with observing 
pulsars in only two of the known super-
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neva remnants. Another indirect argu
ment for the existence of pulsars in all 
supernova remnants is a need for con
tinuous injection of high-energy particles 
into the nebulas for at least a few years 
after the initial explosion to account for 
radio emission of the strength observed. 

With the passage of time the rotation
al velocity of the neutron star slows to 
such an extent that X-ray emission from 
the source substantially ceases. Radio 
emission can continue for much longer, 
however, because it can be sustained 
with less electron energy and a lower 
magnetic field. When the central source 
no longer supplies high-energy electrons 
in abundance, the nebula also loses its 
ability to generate X rays by the syn
chrotron process. The radio emission 
lasts considerably longer since it is pro
duced by electrons of lower energy that 
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CASSIOPEIA A, first identified as an intense radio source by Mar

tin Ryle and F. G. Smith of the University of Cambridge in 1948, 

was subsequently shown to correspond to a faint, fragmentary neb

ula by Baade and Rudolph Minkowski, who used the 200-inch Hale 

telescope to obtain photographs such as this negative made in red 

light by Minkowski. The supernova explosion that gave rise to the 

Cassiopeia A nebula is estimated to bave taken place about 1700, 

making this nebula the newest supernova remnant in our galaxy. 
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have a much longer radiative lifetime 
than the electrons that produce X rays. 

It seems probable that all the 50-odd 
known pulsars are the spinning cores 
left behind by supernova explosions, but 
we have been able to detect the nebular 
remnants of only two of them. This 
raises a related question: Does every 
supernova explosion leave behind a pul
sar? There is no general agreement on 
the answer. The total number of pulsars 
that have been found agrees at least in 
order of magnitude with an estimate 
based on the rate of occurrence of super
nova explosions, the lifetime of a pulsar 
and the idea that we should detect only 
the fraction that radiates in our direc
tion. Considering the uncertainties in 
these quantities, however, one cannot 
exclude the possibility that only some of 
the explosions produce a pulsar; others 

i7i lJ.J f::::J Z 
� 
vi lJ.J lJ.J a: <.9 

58"35 

e 58°33' 
z 
o 

� 
z 
::::; 
U lJ.J 
o 

58"31" 

, 
\ 

, 
, 

, 
\ 

\ 
\ 
\ 
I 
I 
, 

I / 
I 

I 
I 
I 
I 
I 
I 
I 

1,.-...... , 
I I 

./ I 
,--/ , 
\ / 

\ / 
\ / 
\ / 
\ I 
I I 
\ I 

,_/ 

may leave a black hole or no compact 
object at all. 

Let us now try to trace what happens 
to the matter ejected into the inter
stellar medium at supersonic velocities 
by the explosion. The general picture is 
as follows. The expanding debris from 
the explosion acts like a piston driving 
into the interstellar medium, producing 
a shock wave that travels slightly faster 
than the ejecta. Thus the kinetic energy 
of the ejected matter is gradually trans
formed into the energy of a shock wave 
in the interstellar medium. For the first 
few thousand years or even tens of thou
sands of years the temperature of the 
matter behind the shock jront is ex
tremely hot, on the order of one million 
to 100 million degrees Kelvin. A gas at 
this temperature emits most of its energy 
in the form of X rays, with the intensity 

23h 21m1Os 

of the emission depending on the amount 
of mass in the hot shell. If the supernova 
remnant is, say, 2,000 light-years away, 
a detectable flux of X rays will result 
when about 25 solar masses of interstel
lar matter have been swept up; this 
takes about 10,000 years. As the shock 
wave expands it slows down and the 
postshock temperature decreases. As a 
consequence the radiation is emitted at 
longer and longer wavelengths. The to
tal power of the radiation increases with 
time, however, because of the steady 
increase in the mass of interstellar mat
ter swept up by the shock wave. The 
process continues until most of the ki
netic energy carried by the original 
ejecta and transformed into a shock 
wave has been radiated away, after 
which the emission fades rapidly. This 
may take anywhere from 30,000 to a few 

RIGHT ASCENSION (HOURS. MINUTES. SECONDS) 

RADIO MAP OF CASSIOPEIA A was made by Ryle and his col

leagues at Cambridge in 1965. The contour interval is 3,000 de

grees Kelvin; progressively darker gray areas show higher-inten

sity peaks. Hatching again indicates main visible features_ The field 

of view is the same as in the photograph on the opposite page; 

the positions of hright stars in the field are indicated by crosses_ 

The map shows that the Cassiopeia A radio source has a circular 

structure that is presumably the projection of a spherical shell. 
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hundred thousand years, depending on 
the energy of the explosion and the den
sity of the interstellar medium. During 
the final phase, prior to exhaustion, the 
shock wave will be radiating at a rate of 
about 100,000 suns, chiefly in the ex
treme ultraviolet part of the spectrum. 
Over a large volume of space the radi
ation will raise the temperature of the 
interstellar gas to the ionization point: 
the point where outer electrons are 
stripped from atoms and molecules. 

A possible example of a blast wave 
produced by a supernova is the Cygnus 
loop. The loop is an extended source of 
X-ray, optical and radio emission. If the 
shock-wave model is applicable here, the 
X-ray emission is presumably from the 
hot plasma immediately behind the shock 

1 

� 

P R E ·  

S U P E R �OVA 
STAR 

C O L L A PS I N G  CO R E  

front and the optical emiSSIOn comes 
from cooler, denser filaments. The radio 
emission is due to synchrotron radiation 
from high-velocity electrons as they en
counter the regions of strong magnetic 
field produced by the shock wave. These 
electrons are most likely left over from 
an earlier period when the rotational 
energy of the neutron star, or pulsar, 
was transformed into particles moving 
at a large fraction of the velocity of light. 

We can summarize by saying that if a 
pulsar is formed, during the first 

1,000 years or so following the explosion 
the emission is dominated by the inter
action of the pulsar's high-energy elec
trons with tIle magnetic field of the neb
ula, resulting in the emission of X rays, 

3 

R E L AT I V I ST I C  
E L E C T R O N S  

SY N C H R O T R O N  R A D I AT I O N  

visible light and radio waves. When the 
remnant has attained an age of about 
10,000 years, the expanding shock wave 
generated by the explosion will have 
swept up a large amount of interstellar 
matter and heated it to a very high tem
perature. During this phase there will be 
thermal emission of X rays and ultravio
let radiation. Thus for a few tens of thou
sands or perhaps hundreds of thousands 
of vears the radio emission and the glow 
behind the shock wave will mark the 
position in space where a supernova ex
plOSion once occurred. After that, for ob
servers situated in the right plane, the 
ever slower radio pulses from the neu
tron star may continue for millions of 
years, a reminder of one of the most cat
aclysmic events in all nature. 

(X R AY S .  V I S I B L E  L I G H T. R A D I O  WAV ES) 

EVOLUTION OF A SUPERNOVA REMNANT is depicted in this 

sequence of drawings, beginning with the star in its presupernova 

state ( 1 ) .  When the star explodes ( 2 ) ,  the outer shell is ejected into 

interstellar space, the core collapses to form a neutron star with a 

radius of about 10 kilometers, and enormous fluxes of radiation are 

emitted. In the active supernova stage ( 3 )  the highly magnetized, 

rapidly rotating neutron star at the center produces relativistic 

electrons, which spiral out into the nebula, emitting X rays, visible 

light and radio waves by the synchrotron mechanism. In addition, 

if the observer is in the right plane, pulsed radiation with a period 

equal to that of the rotating neutron star may also be observed. The 

Crab Nebula is an example of a supernova remnant in this stage. 
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Supernovas and their remnants are 
clearly very important on a stellar scale. 
One is prompted to ask if processes sim
ilar to those we have described can take 
place on the scale of galaxies and per
haps account for the tremendous power 
output observed in quasars, the starlike 
objects that seem to radiate as much en
ergy as 50 to 100 galaxies. Supernova 
remnants and quasars are remarkably 
similar in a number of respects. Both, 
for example, are non thermal sources of 
radio waves in which large fluxes of 
high-energy particles are being continu
ously generated, and in both the ulti
mate energy source is concentrated in a 
small volume. One proposal is that the 
activity of a quasar is nothing less than a 
chain of supernova explosions that pro-

4 

E X PA N D I N G  S H O C K  WAV E 

R A D I O - E M I T T I N G  E L E C T R O N S  
L E F T  O V E R  F R O M  ACT I V E  P H A S E  

duce a more or  less steady source of 
radiation. 

Another class of models is based on 
the idea that a rapidly rotating, highly 
magnetized object can be an efficient 
machine for producing high-energy elec
trons. If a neutron star can supply the 
energy for the Crab Nebula and possibly 
for other supernova remnants, then per
haps a much more massive rotating ob
ject in the core of a galaxy could account 
for the existence of quasars. In these 
models the rotator must have a mass of 
about a billion solar masses, a diameter 
similar to that of the solar system, a 
magnetic field between 1 ,000 and a mil
lion gauss and a rotation period ranging 
from a year down to a day, depending 
essentially on the radius of the rotator. 

The energy source is the kinetic energy 
of rotation; the rotation itself would re
sult from gravitational collapse, as in the 
case of a neutron star. The rotational en
ergy would be transformed into high-en
ergy electrons and eventually into elec
tromagnetic radiation by the large-scale, 
strong electric fields produced by the ro
tating magnetic field, in analogy with 
the pulsar in the Crab Nebula. Thus the 
solution to the riddle of the quasars may 
well lie in an understanding of super
nova remnants. vVhether or not this is 
so remains to be seen, but in any case 
supernova remnants will continue to 
serve as extraordinary laboratories where 
one can study fundamental processes 
of nature under extreme physical condi
tions. 

5 
R A D I O  
WAV E S  

R A D I O  
P U LSAR 

) 

In the next evolutionary stage ( 4 )  the energy of the expanding shell 

has gone into the production of a blast wave in the interstellar me· 

dium. The hot plasma hehind the blast wave is a source of extreme

ultraviolet and X radiation. Relativistic electrons left over from 

the active stage produce radio synchrotron radiation when they en

counter the high magnetic field in the region behind the shock 

wave. The central neutron star is no longer an important source of 

power for the nebula, although pulsed radio emission may still oc

cur. The Cygnus loop is probably an example of a supernova rem

nant in this stage. In the final stage ( 5 )  the energy of the blast wave 

has been radiated away and all that remains is a radio pulsar, which 

may continue to emit ever slower radio pulses for millions of years. 
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A Grazing Ecosystem in the Serengeti 

Large herds of zebras, wildebeests and ThOlnson 's ga:::,elles migrate 

in succession across the plains of Tanzania. These Inigrations are 

synchronized with the a()ailability of specific tissues of grasses 

T
he seasonal migrations of grazing 
animals over the African savanna 
are a remarkable natural spectacle. 

It is clear that these migrations, which 
often involve several thousand animals, 
are correlated with the transition from a 
wet season to a dry season and vice ver
sa. Another influence that is not so clear 
has emerged from work over the past 
decade in the vast grasslands of the 
Serengeti region of northern Tanzania. 
It is that the grasses and the animals 
interact in such a way as to give rise 
to a succession wherein the grazing spe
cies follow one another in characteristic 
sequence during their seasonal move
ments. Studying the phenomenon in the 
Serengeti National Park, my colleagues 
and I have found that the principal mi
gratory species (wildebeest, zebra and 
Thomson's gazelle) have physiological 
reasons for seeking different tissues of 
the grasses and herbs (the principal tis
sues being the leaves, the sheaths and 
the stems) and so tend to move on when 
the preferred tissue becomes scarce or 
hard to get at. Changes in the availabili
ty of the plant tissues determine the or
der of movement of the animals. In the 
Serengeti the zebras move first, followed 
successively by the wildebeests and the 
Thomson's gazelles. The semimigratory 
topi, which is also numerous in the re
gion, tends to associate with the zebra. 

The Serengeti National Park is an 
area of 5,600 square miles of grassland 
and open woodland. It forms the central 
part of the Serengeti Ecological Unit, 
an area of about 9,000 square miles. The 
National Park and the controlled hunt
ing areas that comprise the Ecological 
Unit are agencies of the Tanzanian gov
ernment. Ecological research in the area 
has been conducted for almost 14 years, 
beginning with a survey in 1957 by W. 
H. Pearsall of University College Lon
don and including pioneering aerial 
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by Richard II. V. Bell 

studies by the German zoologist Bern
hard Grzimek and his son Michael. 
These studies were followed by the 
Serengeti Research Project and the 
establishment of its successor the Seren
geti Research Institute, which have been 
operated by the Tanzanian National 
Parks with aid from several international 
organizations. From these studies the 

elements of the system underlying the 
complex mosaic of life in the Serengeti 
region have begun to emerge. 

] \10re than half a million wild animals 
live in the Serengeti Ecological 

Unit. Most of them are migratory; in
deed, the ecological unit has been de
fined by R. M. Watson of the Serengeti 

HERD OF WILDEBEESTS grazes on the Serengeti Plains in the Serengeti National Park. 

In its seasonal migration across the region the wildebeest follows the larger zebra and is 
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Research Project as the area regularly 
occupied by the migratory populations 
in the course of their seasonal move
ments. The most important relationship 
in the Serengeti ecosystem is the use of 
the herb layer-the grasses and herbs
by the grazing ungulates, which consti
tute more than 90 percent of the mam
malian biomass. In order of body size 
the most numerous ungulate species are 
the buffalo (Syncenls caffer), the zebra 
(Equus burchelli), the wildebeest (Con
nochaetes taurinus), the to pi (Damalis
cus korrigum) and Thomson's gazelle 
(Gazella thomsoni). One can under
stand the pattern in the way these ani
mals make use of the herb layer only by 
starting at the level of the plant cell. 

Every plant cell is surrounded by a 
relatively inflexible wall, which is large
ly composed of the carbohydrate cellu
lose. The wall forms a structural box 
that contains the cytoplasm, which has 
proteins and soluble carbohydrates as its 
most important constituents. At all levels 
above the cell (that is, the levels of the 
tissue and the entire plant) the structure 
of the plant material depends on the cell 

wall. In young growing tissues, which 
have to expand and are not required to 
support weight, the cell wall is thin and 
fairly flexible. This condition is charac
teristic of the leaves and fruits of grasses 
and other flowering plants. In older tis
sues, particularly those that bear weight, 
the cell wall becomes thickened and 
hardened by other compounds, notably 
lignin, and the cytoplasm is reduced. 
This is the situation in the stem of a tall 
grass plant or a shrub. Finally the ligni
fied cell wall comes to occupy most of 
the cell. The result is wood. 

For the herbivores the division of their 
plant food into cell wall and cyto

plasm is important because it has a pro
found influence on the availability of 
their two primary nutritional require
ments: protein and energy. Mammalian 
herbivores do not have digestive en
zymes of their own that can break down 
the cellulose cell walls of their plant 
food. The animals succeed in attacking 
the cell walls by harboring in their stom
achs or intestines microorganisms (bac
teria and protozoa) that do possess cellu-

lolytic enzymes. Even with the help of 
these microorganisms, however, the 
breakdown of cellulose is slow. More
over, it is greatly retarded by the pres
ence of lignin. The cell wall therefore 
constitutes a physical obstacle to the ex
traction of the cell's contents, particular
ly in structural tissues where the wall is 
thick and lignified. 

Once the cell wall has been broken 
down it is available to the herbivore as a 
source of energy. Additional energy can 
be obtained from the cytoplasm. The 
total amount of energy that the ani
mal can get from the plant exceeds 
the amount of protein, which comes 
from only part of the cell and is in even 
shorter supply in structural plant tissues 
where the cell wall is thick. 

For these reasons the herbivores must 
confront the problem of extracting 
enough protein from a food supply con
taining superabundant and obstructive 
carbohydrates. The animals cope with 
the problem at both the intake stage 
and the digestive stage of feeding. At 
both of these stages there is a basic dif
ference in strategy between the rumi-

followed by the smaller Tbomson's gazelle. The zebra tends to feed 

on the upper parts of grasses and herbs, the wildebeest on the mid-

die parts and the Thomson's gazelle on the lower parts. Earlier ani

mals open up food supply of later ones by grazing and trampling. 

87 

© 1971 SCIENTIFIC AMERICAN, INC



nant animals (cattle, sheep, antelope, 
deer) and the nonruminant ones (horse, 
zebra, elephant). The ruminant ap
proach can be characterized as being 
selective and the nonruminant approach 
as being tolerant. 

The strategy of the ruminant digestive 
system can be summarized as maxi

mizing the efficiency of the use of pro
tein at the expense of (indeed, in spite 
of) the superabundant supply of energy. 
The special characteristics that achieve 
this result are the system of pregastric 
fermentation (which entails having the 
site where cellulose is fermented ahead 
of the site where protein is absorbed) 
and the cycle of regurgitation and mas
tication. The mechanism operates as 
follows. Food ingested at the mouth is 
masticated and exposed to the salivary 
enzymes. When it is swallowed for the 
first time, its components are still fairly 
large and many plant cells are still in
tact. The rumen acts as a fil ter that op
erates on the basis of specific gravity: 
particles that are of large size and there
fore of low specific gravity Roat on the 

surface of the rumen liquor, so that they 
are passed into the diverticulum and are 
then regurgitated. They repeat the cycle 
until the mechanical and chemical 
breakdown of the plant cells is far 
enough advanced for them to sink in the 
rumen liquor and be passed on to the 
intestine. This process ensures relatively 
complete extraction of the cell contents 
and accounts for the high digestibility 
of protein found in feeding trials with 
ruminants. 

Clearly, however, the rate of passage 
of food through the gut is limited by the 
rate of breakdown of material in the 
rumen. The breakdown rate is largely 
dependent on the quantity and quality 
of cell wall in the food. Feeding trials 
show that when the diet contains much 
cell wall, particularly lignified wall, the 
rate of passage of food in ruminants is 
quite low. As a result, even though the 
degree of extraction of protein is high, 
the overall rate of assimilation of pro
tein in these conditions is low. 

When cell-wall constituents reach a 
certain concentration in the food, the 
ruminant fails to assimilate enough pro-

SERENGETI REGION lies along the border between Tanzania and Kenya in East Africa. 

It includes the Serengeti National Park, which consists of 5,600 square miles of grass· 
lands and is within the larger Serengeti Ecological Unit, which covers 9,000 square miles. 
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tein to meet its maintenance require
ment. In this situation the animal is 
forced to select components of the vege
tation that have thin cell walls and a 
high concentration of protein, namely 
the leaves, fruits and shoots of grasses 
and other plants in the herb layer. At the 
same time, however, the ruminant's sys
tem of pregash'ic fermentation recycles 
and reconstitutes food constituents in 
such a way as to ensure that once the 
protein has been extracted it will be 
used to best advantage. The strategy of 
the ruminant, then, is based on high 
effiCiency of extraction and utilization of 
protein at the expense of a high rate of 
intake and processing of food, with the 
consequent emphasis on selecting for 
high-protein plant components. 

Much less information is available on 
the nutrition of nonruminants. What is 
known comes mainly from tests with the 
domestic horse, of which the zebra is a 
close relative. The horse differs from the 
ruminants in that the sites of fermenta
tion of cellulose are - the enlarged colon 
and the large intestine, whereas the 
principal site for extracting and assimi
lating protein is the relatively small and 
simple stomach. Therefore the animal 
is extracting protein without either the 
mechanical maceration or the cellulo
lytic attack that in the ruminant breaks 
down the cell walls. In the nonruminant 
the extraction of protein is depressed 
even more by an increase in the quantity 
of cell wall than it is in the ruminant. 
Moreover, once the protein has been 
extracted in the horse's stomach it is 
immediately assimilated as amino acids 
and is not subjected to the recycling and 
recOllstitution that increase the efficiency 
of protein utilization in the ruminant. 

For these reasons the horse is less effi
cient than the ruminant in utilizing the 
protein in its food. When food is limited, 
the ruminants will survive longer than 
the horse. How, then, do the horses 
maintain a place? The answer lies in the 
different digestive system of the horse. 
The system has no mechanism that im
poses a limit on the rate of passage of 
material through the gut. Comparing the 
nonruminant horse with the ruminant 
cow, one finds that material passes 
roughly twice as fast through the gut of 
the horse as it does through the gut of 
the cow (30 to 45 hours in the horse, 70 
to 100 hours in the cow). 

The importance of this difference 
emerges in a simple calculation: If the 
horse is two-thirds as efficient as the 
ruminant in extracting protein from a 
food but processes twice as much food 
in a given period of time, its rate of as
similation of protein per unit of time 
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LAK£ 
VI.CTORIA 

SERENGETI NATIONAL PARK (colo,) lies east of Speke Gulf 

of Lake Victoria. Seronera is headquarters of the park; Banagi was 

SERENGETI 

ECOLOGICAL DIVISIONS are characterized by high rainfall and 

long grass (north), low rainfall and short grass (plains region) and 

intermediate rainfall and intermediate grass (western Serengeti). 

headquarters of the Serengeti Research Institute until 1967. The 

broad gray lines represent the principal roads of the region. 

SEASONAL RANGES of migratory populations are outlined. The 

animals spend wet season (March through May) on the Serengeti 

Plains, early dry season in the west and Jate dry season in the north. 
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ZEBRA 

WILDEBEEST 

THOMSON'S 
GAZELLE 

447 KILOGRAMS 

219 

163 

42,000 ANIMALS 

••••• 

220,000 

•• 
••••• 
••••• 
••••• 
••••• 

330,000 

• •• 
••••• 
•••• • 
••••• 
••••• 
••••• 

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

108 

20,000 

•• 

150,000 

••••• 
16 ••••• 

III ••••• 
MAIN GRAZING SPECIES of the Serengeti region are depicted in order of their body 

weight, which is given in kilograms for an average adult female (vertical bars). Population 

of each species in Serengeti is shown at right, with each square representing 10,000 animals. 

90 

is four-thirds of the ruminant's rate. 
Therefore the horse (or the zebra) can 
support itself on a diet that is too low 
in protein to support a ruminant. In 
other words, the nonruminant is much 
more tolerant than the ruminant of cell 
wall in the diet but must maintain a 
high rate of intake to survive on food of 
this type, so that the selectivity of its 
feeding is much less intense than that 
of the ruminant. 

Notwithstanding the broad division in 
feeding type between ruminants 

and some nonruminants, there is in fact 
a certain amount of overlap of the two 
groups arising from the effect of body 
size on the metabolic rate and therefore 
on the maintenance requirement for pro
tein and energy. In general the smaller 
the animal, the higher the metabolic 
rate. In conSidering the matter as it af
fects the ecology of wild animals, one 
must take into account both the rela
tive maintenance requirement (per unit 
weight per unit time) and the absolute 
maintenance requirement (per animal 
per unit time). 

With regard to the relative mainte
nance requirement, the effect of the 
higher metabolic rates of small animals 
is that they need more protein and en
ergy per unit weight per day than larger 
animals. For example, the daily require
ment of protein of a Thomson's gazelle 
per unit weight is from two to four times 
higher than the requirement of the larg
er wildebeest. The result of this differ
ence is that smaller animals lose weight 
more rapidly than larger animals on 
equal but submaintenance diets. Hence 
if two species of different size have the 
same food supply, the larger species wiII 
displace the smaller one. 

Although the relative maintenance re
quirement is higher for a small animal 
than it is for a large one, th€ reverse sit
uation holds for the absolute mainte
nance requirement. Again comparing a 
Thomson's gazelle and a wildebeest, the 
gazelle needs to consume only about 20 
percent of the amount of food in a day 
that a wildebeest would require. (The 
calculation assumes equal quality of in
take; the gazelle's requirement would be 
still lower if it were more selective than 
the wildebeest in feeding.) In other 
words, the gazelle has five times as much 
time as the wildebeest does to find and 
eat enough food to maintain itself. The 
smaller species can thus afford to be 
more selective than the larger one and 
can maintain itself on a food supply so 
sparse that the rate of intake would not 
satisfy the larger animal. 

The survival of a small animal in place 
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CHARACTERISTIC TOPOGRAPHY of the Serengeti and much 

of the African savanna is a series of undulations. The term used to 

descrihe this topography is "catena." The distribution of long and 

short grass is affected by the drainage from the elevations. Water 

runs off the elevations and into the depressions, so that the grass 

in the depressions tends to be longer than the grass on the eleva· 

tions. In longer grass some of the grazing animals have difficnlty 

reaching the parts of the grass that are most nourishing for them. 

of a large one requires two conditions: 
a high rate of assimilation of protein and 
energy per unit of body weight and a 
low absolute intake of protein and en
ergy per animal. These conditions are 
supplied by components of the vegeta
tion that have low concentrations of ceIl
wall constituents. Such components are 
often sparsely distributed and relatively 
inaccessible. 

The larger the animal, the greater its 
success in conditions that depart from 
these, that is, the greater its tolerance 
for plant tissues containing higher pro
portions of cell wall. The more common 
and accessible these tissues are, the larg
er the animal is that can survive on 
them. This latter condition applies par
ticularly to the nonruminants such as 
the zebra, because of their necessarily 
high rate of intake and their high toler
ance for cell-wall material. As a result 
these animals have many of the charac
teristics of ruminants disproportionately 
larger than themselves. 

It should be emphaSized that the opti
mum diet for all these animals is an 
abundant supply of plant tissues con
taining a high proportion of protein and 
a low proportion of cell wall. The differ
ences that I have been discussing are 
differences of tolerance for foods that 
depart from the optimum. Small animals 
can tolerate diets that depart from the 
optimum in quantity; large animals, par
ticularly nonruminants, can tolerate de
pat·tures in quality. 

In order to see how the nutritional char-
acteristics of the principal members 

of the Serengeti grazing fauna impose a 
pattern on their use of the food supply 
and their seasonal movements, it is nec
essary to examine the structure and dis
tribution of the food supply in more 

detail. These considerations depend 
largely on the growth form of the indi
vidual grass plant. At the start of the wet 
season the growing shoot appears above 
the ground. In this early stage growth 
is just below the apex of the shoot, form
ing a series of leaves that grow up 
around the apex, enclosing it in their 
sheaths. The apex and the growing 
point stay near the ground. At this stage 
the entire plant consists of growing 
tissues with thin cell walls, and the 
leaves are easily accessible to grazers. 
Moreover, animals can eat the leaves 
without destroying the protected shoot 
apex and the growing point. 

The next phase of growth comes later 
in the wet season. The stem extends 
below the growing point, raising the 
leaves away from the ground in response 
to the competition with other plants for 
light. This stage entails a great reduction 
in the protein content of the plant as a 
whole because of the structural nature 
of the stem. 

How far the extension of stems is car
ried depends on two conditions. The 
first is the length of the growing season: 
taller grasses develop in wetter areas 
when the growing season is longer. The 
second is the frequency of defoliation by 
grazing or burning: the more the upper 
parts of the plant are grazed or burned, 
the greater the advantage is to the plant 
in remaining prostrate. 

In the final stage the stem above the 
growing point extends to form the flow
ering culms of the grass. This part of the 
plant resembles the stem in containing 
a high proportion of cell wall to cell con
tent. (The seeds borne by the culm are 
an exception, but grazing animals do not 
make much use of them.) 

Thus at the end of the wet season the 
herb layer presents a series of levels of 

different food value and accessibility to 
the herbivores. The upper level consists 
of the low-protein culms of the grasses. 
Below this level are the stems and leaves 
of the taller grasses, and lower still are 
the leaves of the smaller grasses and 
young shoots. Also at the lowest level 
are the herbs proper, such as clover in a 
hayfield. The significance of the series 
of levels from a grazing point of view is 
that the highest concentration of protein 
is in the lowest level, which is relatively 
inaccessible to grazers because of the 
dense grass stems and culms above it. 

Here, then, is a type of heterogeneity 
of exactly the kind that is important 
to grazing animals. It entails differences 
in the chemical composition and the ac
cessibility of the food supply. For this 
reason we examined the stomach con
tents of four of the five main grazing 
species of the Serengeti (buffalo were 
not included in the study) to test the 
possibility that the grazers select from 
different levels of the herb layer. 

Our procedure was to separate the 
stomach contents according to whether 
the plant was a monocotyledon (grass) 
or a dicotyledon (most other plants in 
the herb layer) and also according to 
parts of the plant: fruit, stem, leaf, 
sheath. Of the fom grazing species only 
one, the Thomson's gazelle, contained a 
large amount of dicotyledon material: 
40 percent, chiefly fruit. This is preCise
ly the high-protein and high-energy 
package expected for that small animal. 
The stomachs of the three remaining 
species contained almost entirely grass 
and showed a clear separation in the 
proportions of leaf to stem (and culm). 
The wildebeest contained the most leaf, 
the zebra the least, and the topi was 
intermediate. 

It therefore seems probable that these 
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four species take components selectively 
from different levels of the herb layer. 
Zebras take the diet highest in cell-wall 
constituents, from the top of the herb 
layer; topi and wildebeests take a high
er-protein diet from the leafy levels be
low, and gazelles select the high-protein 
fruits from the ground. Except for the 
topi, this series corresponds with the 
order of decreasing body size. 

These differences of selectivity, im
posed by the size and physiology of the 
animals, have an important effect on the 
behavior of the ungulates in the field. 
The reason was shown experimentally 
by C. W. Arnold of the University of 
London in trials with sheep. The trials 
showed that the rate of intake by these 
animals is severely limited by the pres
ence of unwanted components of the 
vegetation-in this case grass stem. 
Clearly the degree of interference by 
stem is greater the lower down in the 
herb layer the desired component is sit
uated. Hence it is greater for Thomson's 
gazelles than for zebras. Similarly, for 
all species the interference is greatest in 
long-herb layers with high proportions 
of stem. 

The differentiation of the levels in the 
herb layer is most marked when the lay
er is tall. From the point of view of the 
grazing animals, therefore, the most im
portant characteristic of the herb layer 
is its length. Here one confronts again 
the implications of the plant cell: the 
structural constituents of the food sup
ply act as an obstacle to the intake of 
the high-protein, cytoplasmic constitu
ents of the plant. 

I n the Serengeti, and over much of the 
African savanna, one finds a pattern 

underlying the distribution of long and 
short grass. It is based on the drainage 
system. No area is perfectly flat; the 
ground always has undulations. which 
vary from a few inches to hundreds of 
feet in height and from several feet to 
several miles between peaks. The term 
used to describe this topography is "ca
tena." Rain falling on the undulations 
runs off the slopes into the depressions, 
so that the lower areas have access to 
more water for longer periods of time 
than the raised areas and peaks. The 
lower areas also develop heavier soils 
with a substantial clay content. For this 
reason the grass is longer in the depres
sions than it is on the slopes and peaks. 
The series of soil and grass types on the 
catena is called the catenary sequence 
[see illustration on preceding page]. 

This pattern in the quality of the food 
supply has a dominant effect on the sea
sonal movements of the grazing animals. 
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In the wet season, when the grasses are 
at their longest, all the grazers concen
trate in mixed groups on the raised areas 
where the grass is shortest. There, by 
feeding and the b'ampling associated 
with it, they keep the grass in a short, 
growing stage of development. Under 
these conditions the animals have no 
difficulty eating grass leaves and hence 
obtaining sufficient protein to maintain 
themselves. Indeed, at this time there 
is usually a food surplus. It is the time 
when most of the calving and lactation 
occur. The raised parts of the catena 
have the additional advantage of being 
well drained and easier underfoot than 
the often waterlogged depressions. 

In the dry season the grass stops 
growing, and the short grass of the 
raised areas is progressively removed. 
As the amount of food available in those 
areas declines, the various species of 
grazers progressively become unable to 
maintain themselves and are forced in 
turn to descend in to the longer grasses 
of the lower areas. The changes first af
fect the large animals (buffalo and 
zebra) and subsequently come to bear 
on the smaller animals (topi, wildebeest 
and Thomson's gazelle). The sequential 
descent of the species into the depres
sions of the catena is termed the grazing 
succession. The order of the succession 
corresponds to the order of selectivity in 
diet and, except for the topi, to the order 
of body weight. 

In the Ion gel' grasses of the depres
sions it is more difficult for the grazers 
to select sufficiently high-protein com
ponents from the vegetation because of 
the preponderance of stem. This is par
ticularly true for the smaller animals, 
which select from the lower levels of 
the herb layer. The activity of the earlier 
members of the succession in breaking 
down and opening up the dense stands 
of stems and culms by grazing and tram
pling is therefore of great assistance to 
the later members of the succession. The 
relation is expressed at this time, as in 
the wet season, by the association of 
the grazing species in mixed groups and 
can be documented quantitatively by a 
scheme of coefficients of association. The 
coefficien ts reach peaks in the wet sea
son and the late dry season. 

The conclusion is, then, that the ear
lier members of the succession prepare 
the structure of the vegetation for the 
following members. This carries the im
pOltant implication that a reduction in 
the numbers of one species by disease or 
hunting could lead to a reduction in the 
numbers of another species. A decline in 
the population of zebras, for example, 
could be expected to lead to a decline in 

the population of the smaller wilde
beests. 

UP to now I have confined my discus-
sion to the localized seasonal move

ments of the grazing animals in the 
northwestern half of the Serengeti Eco
logical Unit. Similar situations have 
been reported by workers in other re
gions of East Africa. I tum now to the 
Serengeti's most dramatic feature: the 
massive migration of zebras, wildebeests 
and Thomson's gazelles over an area 
about the size of Massachusetts. 

These migrations are in reality exactly 
equivalent to the localized movements, 
but on a much larger scale. By a series 
of geological and climatic accidents the 
Serengeti region as a whole consists of 
three zones, arranged in a broad tri
angle, that represent on a large scale the 
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topographic undulations of the catena. 
In the southeast the huge open expanse 
of short grass of the Serengeti Plains, 
formed by a combination of scant rain
fall and dusty volcanic soil, is equivalent 
to the raised areas of short grass where 
the animals concentrate in the wet sea
son. Indeed, this is the site of the great 
concentrations of mixed species of the 
grazing animals in the wet season. 

In the west the rainfall is higher and 
the grass is longer. This is where the 
migrators move at the beginning of the 
dry season. Finally, the north is the area 
of highest rainfall and longest grasses; 
into this area the migrators move at the 
end of the dry season. Just as in the lo
calized seasonal movements, the migra
tions show a grazing succession, with the 
zebras leading, the wildebeests follow
ing and the Thomson's gazelles last. The 

pattern is repeated (with variations) all 
over the African savanna. 

One element of the picture is lacking. 
Man has been part of this system from 
his earliest days as a predatory ground 
ape depending on the large game popu
lations to feed himself in spite of his 
inadequate weapons; through his peri
od as a hunter with bows and spears; 
through his period as a pastoralist, de
pending on domestic stock that shared 
the grasslands with the wild popula
tions; through his period as a cultivator, 
at last in direct competition with the 
wild animals, and to his period as a tour
ist, escaping from his cities to revisit his 
original savanna. 

The impact of pastoral man on the 
grassland, through burning and the 
grazing of domestic stock, is ancient. It 
has tended to induce and maintain areas 

of short grass.
· 

In other words, pastoral 
man has been a member of the grazing 
succession-not in conflict with the wild 
animals but in cooperation with them. 
Indeed, one finds evidence in the Seren
geti region today that the largest con
centrations of wild animals are in areas 
of present and past pastoral activity. In 
contrast, the impact of cultivation and 
fencing directly conflicts with the pat
tern of movement of the wild animals. 
This phase of human activity is causing 
a reduction in numbers and in range of 
the savanna fauna. It is up to man the 
scientist, who represents the latest llU
man phase, to understand the working 
of the system as a whole and to suggest 
integrated patterns of land use, taking 
into account the interests of man the 
pastoralist, man the cultivator and man 
the tourist. 

---� 

A S O N D F tv] A tv] A S O N  D J F tv] A tv] A o N D 
1965 1966 

of grass for nearly three years. The fi gures were obtained in the 

western Serengeti by a series of daily transects in a strip 3,000 yards 

1967 

long and half a mile wide. Successive peaks during each year mark 

the passage of the main migratory species in the early dry season. 
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PHOTONS AS HADRONS 

Photons with a billion times more energy than photons of visible 

light exhibit properties once thought to belong solely to hadrons: 

the class of particles that includes the proton and the neutron 

by Frederick V. Murphy and David E. Yount 

Unraveling the behavior and char
acter of light has kept scholars 
busy and disputatious for cen

turies. In exhibiting properties associat
ed with both waves and particles, light 
introduced investigators to the para
doxes that nature presents when it is 
examined at its most fundamental level
paradoxes that ultimately provoked the 
development of quantum mechanics. In 
the three decades that followed this 
achievement, the behavior of light quan
ta, or photons, became so well under
stood and so accurately predictable that 
it hardly seemed possible that further 
surprises lay in wait. 

Surprises there have been. Over the 
past few years experiments carried out 
with high-energy accelerators have dis
closed that the photon can exhibit prop
erties once thought to be possessed ex
clusively by such relatively massive par
ticles as the proton and the neutron: the 
heavy, durable constituents of the atom
ic nuclei . Such particles, which exhibit 
the "strong" force that binds the nucleus 
together, are called hadrons. It has been 
found that a photon with a billion times 
as much energy as a photon of visible 
light behaves as hadrons do when it is 
allowed to interact with hadrons. The 
discovery that the photon has this had
ronic character at very high energies, 
although it was unexpected, has now 
been incorporated into a new group of 
theories that make the hadronic photon 
respectable. 

Before the 17 th century it was gener-
ally believed that light consisted of 

a stream of particles emitted radially 
from light sources such as the sun and 
a candle. Certain materials were trans
parent to these particles; others were 
opaque or translucent and tended to re
Hect or absorb them in varying degrees. 
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In 1678 Christiaan Huygens showed 
that if light consisted of successive 
waves rather than independent corpus
cles, the laws of reHection and refraction 
could be explained in a simple way. 
Early in the 19th century Thomas Young 
and Augustin Jean Fresnel independent
ly carried out experiments on the inter
ference and diffraction of light that were 
consistent with wave motion and that 
even measured the wavelength of light. 

In the latter half of the 19th century 
James Clerk Maxwell succeeded in sum
marizing the phenomena of electricity 
and magnetism with four equations that 
are still the fundamental operating prin
ciples of all large-scale electromagnetic 
devices, from electromagnets, electric 
motors and electronic computers to par
ticle accelerators. Maxwell's equations 
predict that an oscillating electrical cir
cuit will radiate electromagnetic waves 
whose velocity can be calculated from 
purely electrical and magnetic measure
ments. When the calculated velOcity 
turned out to be precisely the velOcity 
determined experimentally for light, 
physicists were convinced that light con-

sists not only of waves but also of the 
particular kind of electromagnetic waves 
predicted by the electromagnetic equa
tions. Thus Maxwell's equations led to 
the concept of a broad electromagnetic 
spectrum extending to each side of the 
visible spectrum and including the radio 
waves discovered by Heinrich Hertz in 
1886. 

The corpuscular nature of light was 
reintroduced by Albert Einstein in 1905 
to explain how light shining on a metal 
ejects electrons from the metal's surface. 
The light energy, instead of being dis
tributed in an extended wave, is con
centrated in tiny packets called photons. 
'Vhen a single photon strikes a surface 
electron in the metal, the photon is com
pletely absorbed and imparts all its en
ergy to the electron. Curiously, Einstein 
predicted, and Robert A. Millikan ex
perimentally proved, that the energy of 
the photon, and hence of the ejected 
electron, depends only on the frequency 
of the light-as if each photon were si
multaneously a wave. Another example 
of the corpuscular behavior of light was 
discovered in 1921 by Arthur H. Comp-

PRODUCTION AND SCATTERING OF RHO MESONS are studied by bombarding targets 
of different nuclear mass with high.energy photons. The lifetime of the rho meson is so brief 
(about 10.23 second) that it usually decays into two pions before it can reach another nu· 
cleus that could scatter it. Here tbe rate of rho manufacture, inferred from the decay prod· 
ucts of rho particles, is plotted for eight different target materials, ranging from beryllium, 
which has only nine nucleons (protons or neutrons), to uranium, with 238. The rate of rho 
production per nucleon in the target is plotted on the vertical axis in arbitrary units. The 
rho mass appears spread out along the horizontal axis; the units are millions of electron 
volts (MeV). The third axis represents the square of the transverse momentum imparted to 
the target nucleus; tbe units are (GeV /ci2 X 10-3• (GeV is billion electron volts; c is the 

speed of light.) For a given value of transverse momentum the area under the bell.shaped 
curve representing the rho mass distribution increases at first with the number of nucleons 

in the target. In the vicinity of copper (64 nucleons) the rho production per nucleon begins 
to level off or even decrease with increasing number of nucleons. In the heavier nuclei more 
and more rhos are being produced but they are also being increasingly absorbed. The data 
were provided by Deutsches Elektronen·Synchrotron (DESY) in Hamburg. A group from 
the Massachusetts Institute of Technology collaborated with DESY on the experiment. 
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ALIGNMENT OF TWO-MILE ACCELERATOR at the Stanford Linear Accelerator Center 
(SLAC) is done with the aid of a laser beam and Fresnel targets_ The targets are located 
every 12_2 meters in a light pipe that is rigidly attached to and helow the one-inch tube that 
carries the beam of accelerating electrons. When the targets are struck hy a laser beam, they 
produce a characteristic diffraction pattern if the section of the tube is properly aligned. 
Three jacks for aligning the tube can be seen at far left, bottom left and bottom right. 

ton, who observed that photons are scat
tered when they collide with electrons: 
the photons behave as material bodies 
having energy and momentum that are 
conserved in such collisions . The wave
particle duality of light is reconciled in 
quantum electrodynamics, perhaps the 
most elegant and successful theory in 
physics. Quantum electrodynamics pre
dicts the electromagnetic interactions of 
photons with such great precision and 
over such a wide range of energies (more 
than 1018 to one) that many rigorous 
tests are possible. Since physics often 
advances by shattering theories, the con
tinuing success of quantum electrody
namics has been greeted almost with 
dismay. 

Until quite recently the interaction of 
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photons with matter was believed to 
be entirely electromagnetic, that is, it 
appeared to involve only the electric 
charges and magnetic fields of the target 
particles and did not seem to invoke 
their possible hadronic, or strong, inter
actions. Furthermore, photons serve as 
the sole mediator of all other electro
magnetic interactions: two electrons re
pel each other by firing photons back 
and forth. The exchanged photons exist 
for exceedingly short times and cannot 
be directly detected. For this reason 
they are called "virtual" [see "an in illus
tration on opposite page J. 

When an electron is scattered by an
other electron or by any other 

charged particle, it is sharply acceler-

ated and may radiate additional photons 
that are not reabsorbed. This radiation, 
called bremsstrahlung, is analogous to 
the emission of radio waves by an os
cillating electrical circuit. Like radio 
waves, bremsstrahlung photons can be 
detected and are therefore called "real" 
[see "b" in illustration on opposite 
page J. Physicists apply their knowledge 
of electromagnetic interactions to pro
duce large numbers of real or virtual 
photons of known energies under con
trolled conditions, that is, to produce 
photon beams.  The availability of such 
controlled high-energy photon beams 
was the key to discovering the hadronic 
behavior of photons . 

When an electron radiates a real high
energy photon during a collision with a 
massive atomic nucleus, the energy con
veyed to virtual photons is usually small 
and the nucleus remains almost at rest. 
The energy of the real photon is then 
equal simply to the difference in the 
electron energies before and after colli
sion. These energies can easily be mea
sured by bending the incident and scat
tered electrons in strong magnetic fields. 
In this way a beam of "tagged" real pho
tons is produced in which each photon 
in the beam has a known energy. 

Physicists are also interested in proc
esses involVing virtual photons and nu
clei. If  no real photons are radiated dur
ing an electron-nucleus collision, the 
energy of the virtual photon is like
wise equal to the difference in the elec
tron energies before and after collision. 
When some portion of the virtual-pho
ton energy is used to break up the nu
cleus or to create new particles, such as 
pions, the process is called inelastic. In
elastic electron scattering is thus analo
gous to tagging real photons and makes 
it  possible to carry out experiments with 
undetected virtual photons similar to 
experiments conducted with real pho
tons. 

A second method for producing a 
beam of real high-energy photons is to 
scatter visible light 180 degrees with a 
beam of high-energy electrons, just as 
a thrown baseball can be "scattered" 
180 degrees by a moving bat. This is 
Compton scattering again, except that 
the electrons are now moving at nearly 
the speed of light when the head-on col
lision occurs. As in Compton's original 
experiment, the scattered photons be
have as material bodies with a definite 
kinetic energy and momentum that can 
be calculated from the experimental 
conditions . And whereas the baseball 
struck by the bat may have its energy 
increased tenfold, the energy of the 
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scattered photon may be increased by a 
factor of 10 billion. A beam of this type, 
with a high-power pulsed laser as the 
primary light source, demonstrates the 
direct correspondence between photons 
in widely dilIerent regions of the elec
tromagnetic spectrum. Let there be no 
doubt that radio waves, visible light, X 
rays and gamma rays are all manifesta-

tions of the same basic electromagnetic 
phenomenon. 

two packets of electromagnetic energy 
with no mass [see "c" in illustration be
low J . Two photons, rather than just one, 
are required to balance energy and mo
mentum. (This is the reverse of "pair 
production," in which a single real pho
ton materializes literally by creating an 
electron-positron pair. A second photon 
is also required in pair production-a 

a 

c 

e 

Another method for producing real or 
virtual photons is particle-antiparticle 
annihilation, such as occurs when an 
electron mee�s its antiparticle, the posi
tron. \\Then a beam of positrons strikes 
a target, a positron and an electron can 
interact to produce two real photons: 
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PARTICLE INTERACTIONS are commonly represented by Feyn. 
man diagrams. Undetectable "virtual" particles are invoked to ex· 
plain how energy and momentum are transferred during a reac· 
tion. According to the uncertainty principle, virtual photons can 
have a nonzero mass, unlike real photons, which are massless. In 
electron·electron scattering (a) a virtual photon i s  exchanged. 
When an electron is scattered by a proton ( b ) ,  a real photon can 
be emitted and used in experiments requiring photon beams. Such 

beams can also be created from the photons produced by the an· 
nihilation (c) of an electron ( e - ) and a positron ( e + ) .  The in· 
verse of annihilation (d) produces an electron·positron pair. Elec· 
tron·positron annihilation can also yield a single virtual photon 
(e) ,  which can then produce a pair of pions (7T+ , 7T-) . Materializa· 
tion of a virtual photon into two pions is greatly enhanced in a 
two·step process (f),  in which the virtual photon first materializes 
into a rho vector meson. The rho decays rapidly into two pions. 
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virtual photon that balances energy and 
momentum by transferring these quan
tities to a nearby nucleus.) Positron-elec
tron annihilation can also yield a single 
virtual photon that, if it has sufficient 
energy, can then materialize directly 
into another particle-antiparticle pair 
such as a proton-antiproton pair or a 
pair of positive and negative pions [see 
"e" in illustration on pTecedillg page J. 

There is an apparent contradiction 
here. In electron-positron annihilation 
one real photon is insufficient to balance 
energy and momentum. How, then, can 
annihilation into only one virtual photon 
be allowed? It is possible because the 
virtual photon, unlike a real photon, is 
not a final product and cannot be de
tected; thus it need not be massless. 
Since the virtual photon exists for an ex
ceedingly short time, there is, accord
ing to Werner Heisenberg's uncertainty 
principle, a correspondingly large uncer
tainty in its energy. Within this uncer-

tainty, momentum and energy need not 
balance during the short interaction pe
riod, although they are conserved for the 
initial and final particles that endure 
long enough to be detected. Saying that 
momentum and energy do not balance 
is equivalent to saying that the virtual 
photon has nonzero mass: the shorter 
the lifetime, the wider the range of 
masses a virtual particle can assume. 
Illegally parked cars seem to obey a sim
ilar principle: the owner may risk a $2 
fine for several hours but will park in a 
tow-away zone for only a few minutes. 
A real photon can also have a nonzero 
mass during the brief time in which it 
interacts, but again this momentary dis
crepancy cannot be directly measured. 
Hence real photons are always created 
in pairs in the annihilation of an electron 
and a positron because real photons can 
be detected. If, on the other hand, the 
product of annihilation is a virtual pho
ton, one photon suffices because it be-
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MASS OF THE RHO MESON is measured by finding the energy of the virtual photon that 
gives the highest yield of 7T + 7T - pairs, the particles that are produced when the rho meson 
decays. The energy of the virtual photon in turn is the sum of the energies of the electron 
and positron that Iyere annihilated to produce it. The data were obtained at Orsay in France 
by having a beam of electrons collide with a beam of positrons. The curve shows that the 
mass of the rho meson is 770 ± 4 Me V and that it has a "resonance" width of III ± 6 MeV. 

The greater the resonance width shown by such particles (also known as resonances), the 
shorter their lifetime. Most rhos decay before traveling more than a few nuclear radii. Simi· 
lar but much smaller peaks are found at the masses of the omega meson and the phi meson. 
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comes something else before its mass 
discrepancy can be observed. 

The uncertainty principle plays an 
even more important role in the reason
ing that links photons to hadrons. The 
ability of photons to assume a broad 
range of masses during high-energy in
teractions makes it possible for them to 
take on the masses and other attributes 
of certain hadrons called vector mesons. 
The elementary particles can be classi
fied by assigning to each of them a set 
of labels called quantum numbers. (Ex
amples are numbers for electric charge 
and spin angular momentum.) Once the 
quantum numbers of particles are 
known, the possible interactions be
tween the particles can be predicted. 
This simplifies an otherwise confusing 
web of interactions. 

The uncharged vector mesons with 
zero "strangeness" (a particular intrinsic 
property) have the same quantum num
bers as the photon. Even in their free, 
real state, however, vector mesons are 
not massless. And since they interact 
strongly with other mesons and with nu
cleons, they must be classified as had
rons. Quantum mechanics teaches that 
if two particles differ only in mass, then 
whenever they have the same apparent 
mass, they must be capable of the same 
interactions. This greatly facilitates the 
photon-hadron interaction, which can be 
thought of as occurring in two steps: 
firs t the photon materializes in to a vec
tor meson in the vicinity of the interact
ing hadron and then the vector meson 
interacts strongly with that hadron [see 
"1" in illustration on preceding page J. 
At high energies this two-step process is 
more likely than a single direct interac
tion because the materializa tion of pho
tons into vector mesons occurs more 
readily when the energy and the virtual
mass uncertainty are large and because 
the subsequent meson-hadron interac
tion is inherently about 200 times more 
likely to occur than a direct photon
hadron interaction. 

A particularly useful model of photon-
hadron interactions, called the vec

tor-dominance model, was introduced 
by J. J. Sakurai in 1960 and was subse
quently developed by a number of other 
workers. The model is based essentially 
on three relations. The first is that during 
a photon-hadron interaction the incident 
photon is equivalent to a combination of 
vector mesons. The second relation is 
that any photon surviving such an inter
action is a combination of vector mesons. 
The third relation is a venerable prin· 
ciple, first discovered in ordinary optics, 
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END STATION "A" AT SLAC is one of several experimental areas 
grouped at the terminus of the two·mile accelerator. A beam of elec· 
trons, positrons or photons strikes a target located at the center of 
rotation of three independent magnetic spectrometers. The largest 

(right) is 170 feet long and weighs 2,000 tons. It has been used to 
study the absorption of virtual photons in inelastic electron·proton 
scattering experiments. All three spectrometers have been used 
to investigate the photo production of rho, omega and phi mesons. 
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that relates the absorption of light to the 
diffractive scattering of the same light. 
This relation between absorption and 
diffraction is known as the "optical theo
rem"; the adjective "eikonal" is applied 
to models in which the theorem is im
pOl·tant. The term eikonal, meaning per
taining to a picture or an image, seems 
particularly appropriate in that the dif
fracted photons form an image of the 
target-whether it is a piece of sculpture 
or an atomic nucleus-and the absorbed 
photons account for its shadow. Essen
tially, then, the optical theorem connects 
image and shadow. 

The application of the optical theorem 
to high-energy photons is nicely illus
trated by recent experiments on the elas
tic scattering (diffraction) of high-energy 
photons by protons. Here "elastic" means 
that no additional particles are produced 
and that both the photon and the proton 
survive. As the angle of scattering de
creases, the probability of scattering ap
proaches the probability predicted by 
the optical theorem. That prediction in 
turn is based on the separately measured 
probability of absorption of photons by 
protons-events in which neither the 
photon nor the proton survives. Thus the 
scattering is related to the absorption; 
the image is related to the shadow. 

Although the vector-dominance model 
describes a number of processes involv
ing real or virtual photons and vector 
mesons, it specifically relates the fol
lowing quantities: first, the constants 
indicating how strongly the photon is 
coupled to each vector meson; second, 

the probability that a photon striking a 
nucleon (either a proton or a neutron) 
will yield each of the vector mesons; 
third, the probability that a vector meson 
striking a nucleon will interact with it, 
and fourth, the total probability that a 
hadron will absorb a photon, in other 
words, the total probability that a pho
ton striking a nucleon will interact 
strongly. The model is tested by measur
ing these probabilities and coupling con
stants in various experiments. 

Three vector mesons with zero 
strangeness are currently known: the 
rho, the omega and the phi. The charge 
of the rho can be positive, negative or 
zero; the omega and the phi exist only 
with zero charge. Because photons have 
a zero charge they couple strongly only 
with the neutral vector mesons. The ob
served regularities and gaps in classifica
tions of the elementary particles inspire 
attempts to explain and predict them. 
One such attempt is the quark model, 
devised independently by Murray Gell
Mann and George Zweig of the Califor
nia Institute of Technology. They sug
gested that the elementary particles may 
be combinations of subunits, perhaps 
purely mathematical, called quarks. The 
quark model predicts that the photon 
should behave as if it were 75 percent 
rho, 8 percent omega and 17 percent 
phi. This really means that in a large 
sample of interactions the photon will 
behave as a rho in 75 percent of the in
teractions, as an omega in 8 percent and 
as a phi in 17 percent. Thus the rho is 
the most important of the vector mesons 

in mediating photon-hadron interac
tions; consequently one sometimes 
speaks of rho dominance instead of vec
tor-meson dominance. Vector mesons 
can be readily produced by hadrons as 
well as by photons, so that various pro
duction mechanisms can be compared. 
The vector-meson lifetimes, although 
much longer than the lifetime of a vir
tual photon, are quite short. No vector 
meson persists long enough to form a 
track in a bubble chamber or a spark 
chamber, and each must be observed in
directly through the long-lived particles 
into which it decays. Typically the rho 
yields two pions, the omega yields three 
pions and the phi yields two kaons. 

The mass of a particular vector meson 
can be calculated from the measured 
masses, energies and momenta of its 
decay products. Experimentally, even 
when the errors of measurement are neg
ligible, the masses calculated from a 
sample of decays of the same vector mes
on do not coincide but instead form a 
"resonance" distribution, a bell-shaped 
curve with a certain width around some 
central mass value [ see illtlstmtion on 
page 98]. This follows from the uncer
tainty principle, which requires only 
that the product of the average lifetime 
and of the width of the resonant mass 
distribution for a particle be constant. 
The broader the mass distribution, the 
shorter the lifetime; the narrower the 
distribution, the longer the lifetime. 

The first predictions that vector mes
ons might exist were made by Yoichi
ro Nambu in 1957 and by William R. 
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"TAGGING" POSITRONS 
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PHOTON ABSORPTION STUDIES were conducted with the ex· 
perimental arrangement shown here, designed by a team from the 
University of California at Santa Barbara in collaboration with 
SLAC. Secondary positrons of 19.5 billion electron volts enter from 
the left and strike a tungsten target that is the photon radiator. 
Depending on how much energy the positrons lose in radiating the 
photons, they are deflected by various amounts by the "tagging" 
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magnet. A stronger magnet, next in line, deflects any positrons that 
have surrendered no energy. The tagged photons (that is, photons 
whose energy is known from the energy lost by the positrons that 
produced them) travel in a straight line until they strike their in· 
tended target. If a photon is absorbed, it gives rise to pions that are 
recorded in the hadron counters; photons that are not absorbed 
enter the photon·beam shower counter. Pions and similar particles 
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Frazer and Jose R. Fulco two years later 
to explain the diffuse structure observed 
for protons and neutrons, particularly in 
the electron-nucleon scattering experi
ments carried out by Robert Hofstadter 
and his colleagues at Stanford Universi
ty. The name "vector meson" is derived 
from the intrinsic angular momentum, or 
spin, of these particles, which is unity 
and which transforms from one spatial 
coordinate system to another as a vector 
quantity. Another quantum number, the 
intrinsic parity, is negative. The spin and 
parity, like all other internal quantum 
numbers, are the same for photons and 
vector mesons. 

The cleanest method for studying the 
vector-meson composition of the pho

ton is to arrange for a beam of electrons 
to collide with a beam of positrons, 
which isolates the production of vector 
mesons from other interactions. Such ex
periments have now been performed at 
Orsay in France and at Novosibirsk in 
the U.S.S.R. The annihilation of a posi
tron and an electron frequently yields 
a single virtual photon, which can ma
terialize immediately into any one of its 
vector-meson components. As usual, the 
creation of a particular vector meson is 
signaled by its mass, as calculated from 
the energies and momenta of its decay 
products. These decay products are in 
practice detected by spark chambers and 
counters surrounding the region of inter
action. 

The annihilation of a positron and an 
electron into a single virtual photon is 

HADRONSFROM HADRON 
PHOTON A BSORPTIj10 COUNTERS 
BY TARGET NUCLEI 

_ _ \ /1 PHOTON BEAM :o�! � SHOWER �ER 

TO POSITRON 
BEAM MONITOR 

participating in strong interactions are clas· 
sified as hadrons. This experiment demon· 
strates that photons sometimes exhibit had· 
ronic behavior. Photons that produce posi· 
tron·electron pairs or are scattered hy elec· 
trons are not detected as "hadronic events"; 
they pass through holes in hadron counters. 

purely electromagnetic and can be cal
culated with much confidence and pre
cision. Furthermore, all vector mesons 
produced by virtual photons decay im
mediately, so that it is necessary only to 
measure what fraction of these decays 
are detected and to calculate the effi
ciency of the detection apparatus in or
der to determine the probability that a 
virtual photon will materialize. The pho
ton composition found in colliding-beam 
experiments at Orsay is 75 :!: 2 percent 
rho, 10 :!: 2 percent omega and 15 :!: 2 
percent phi, in good agreement with the 
prediction of the quark model. These ex
periments also directly measure the cen
tral masses and the widths of the reso
nant mass distributions, which seem to 
be affected by the presence of target 
hadrons in other experiments. The col
liding-beam experiments performed at 
Orsay and at Novosipirsk not only are 
brilliant technical achievements but also 
have the distinct advantage that no tar
get hadrons are involved. 

Vector-meson production by real pho
tons has been studied in a wide variety 
of experiments. All the methods de
scribed above for generating beams of 
high-energy photons have been used 
successfully: bremsstrahlung radiation, 
positron-electron annihilation and back
ward Compton scattering of laser pho
tons by high-energy electrons. The de
tectors have ranged from visual devices 
(bubble chambers, spark chambers and 
streamer chambers) to 2,000-ton mag
netic spectrometers that detect single 
recoil particles, such as target protons, 
from which resonance production can be 
inferred. 

In general the visual devices make 
possible a detailed analysis of both 
the production process and the decay 
process, even for events in which many 
final particles are involved. Electronic 
devices, such as magnetic spectrometers 
with various types of counter, yield less 
detailed information on particular events 
and cannot readily handle complex 
events that produce many particles. 
They do, however, have an important 
advantage in that they can be used with 
highly intense beams to accumulate 
large numbers of events or to study 
processes that occur only rarely after 
many photons have passed through the 
target. Besides providing data on vector
meson properties and production mech
anisms, these experiments are designed 
to reveal new vector mesons, but none 
has yet been found. 

It is not too difficult to determine 
which of the three vector mesons has 
been produced by analyzing their decay 
products. One would also like to study, 

however, what happens when a rho or 
other vector meson subsequently collides 
with a nucleon. But how can one hope to 
study rho-nucleon scattering when the 
path traced by a rho during its brief life 
is too short to be seen, so short in fact 
that the rho normally decays into two 
pions within a few nuclear radii of its 
point of production? The answer, sug
gested by Marc H. Ross and Leo Sto
dolsky, and independently by Sidney D. 
Drell and James Trefil, is that one studies 
rho-nucle�n scattering inside the same 
nucleus in which the rho was produced. 
Rho production without subsequent rho
nucleon scattering can be studied with 
the simplest nucleus: the nucleus of or
dinary hydrogen, which consists of a 
Single nucleon. The hydrogen results can 
then be compared with results from nu
clei of increasing diameter, such as those 
of beryllium, carbon, aluminum, copper, 
silver and lead, which increasingly show 
the effects of rho-nucleon scattering and 
absorption. 

In the rho-photoproduction experi
ments done at Deutsches Elektronen
Synchrotron (DESY) in Hamburg, at 
Cornell University and at the Stanford 
Linear Accelerator Center (SLAC) data 
were taken with more than a dozen dif
ferent target nuclei over a wide range of 
photon energies and rho-production an
gles. Counters and wire spark chambers, 
used with magnetic spectrometers, made 
possible high rates of data collection, and 
hundreds of thousands of rhos were re
corded. In qualitative terms, at small 
angles rho photoproduc.tion per target 
nucleon increases with the number of 
nucleons in the target nucleus up to 
about 64 nucleons (copper) and remains 
constant or even decreases thereafter. 
The increase per nucleon indicates that 
the target nucleons work together co
herently to produce rhos more efficiently 
than the same number of independent 
nucleons would. This is analogous to the 
constructive interference observed with 
light from a coherent source such as a 
laser. In heavier nuclei more and more 
rhos are absorbed through rho-nucleon 
scattering before they escape. This ab
sorption overcomes the advantage of co
herent rho production, and thus the rate 
per target nucleon does not increase for 
elements with more than 64 nucleons 
[see illustration on page 95]. 

The experimental results indicate that 
the characteristic distance for a rho-nu
cleon interaction to occur in nuclear mat
ter, called the mean free path, is about 
three fermis, roughly the radius of a car
bon nucleus and about four times the 
radius of a proton. (One fermi is 10-13 
centimeter.) vVhen target nuclei are 
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bombarded with beams of conventional 
hadrons, such as protons and pions, in
stead of with the "rho beams" generated 
within individual nuclei, the results are 
similar. When the rho meson interacts 
with hadrons, therefore, it acts like a 
typical hadron. 

A major prediction made by the vec
tor-dominance model concerns the 

probability that a high-energy photon 
will interact strongly with a nucleon. In 
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PHOTON ENERGY (BILLIONS OF ELECTRON VOL TS) 

HADRONIC BEHAVIOR OF PHOTONS is depicted by this compilation of data showing 
the total absorption of photons by protons in hadronic events. The results for virtual pho· 
tons obtained in the inelastic electron scattering experiments at SLAC (colored dots) are in 
good agreement with a variety of other experiments in which real photons were used. The 
sharp peaks below two billion electron volts and the smooth continuum above that value 
closely duplicate the curve obtained when pions (authentic hadrons) are absorbed. Thus 
data for both real and virtual photons show that photons can exhibit hadronic behavior. 

such a process all the photon's electro
magnetic energy materializes into had
roIlS. Again each of the techniques we 
have described for producing high-ener
gy photons of known energy has actually 
been used in total-absorption experi
ments. Specifically, photons produced 
by electron-positron annihilation have 
been used to bombard nucleons in the 
one-meter hydrogen bubble chamber at 
SLAC; similar reactions have been stud
ied in the two-meter bubble chamber 

using laser photons that had been Comp
ton-scattered by electrons. Tagged-pho
ton beams have been used in both bub
ble-chamber and counter experiments at 
DESY, as well as in a counter experiment 
at SLAC. Finally, inelastic electron scat
tering has been studied in a spectrome
ter experiment at SLAC to determine 
the rates at which virtual photons are 
absorbed by protons. 

These experiments, extending to an 
energy of 18 billion electron volts, are in 
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SIMILARITY OF PROTONS AND NEUTRONS is demonstrated 
by Santa Barbara-SLAC experiments that measured the capacity 
of the two nucleons to absorb photons. Theory predicts that if pho
tons act like hadrons, the two particles should absorb very.high· 
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energy photons at the same rate. The prediction is borne out if one 

extrapolates the two curves to infinity. The small divergence of the 
curves that appears at low photon energies may indicate that mes
ons other than known vector mesons contribute to the absorption. 

© 1971 SCIENTIFIC AMERICAN, INC



excellent agreement [ see top illustration 
on opposite page J .  They lead to two 
general conclusions: that protons absorb 
real photons and virtual photons at the 
same rate, and that although protons ab
sorb hadrons some 200 times more read
ily than they absorb photons, the varia
tion in absorption with energy is the 
same in both cases. In short, whether the 
photons are real or virtual, their rate of 
absorption by protons is consistent with 
their having a hadronic character. This 
tends to confirm the importance of the 
two-step process: a photon materializes 
to a vector meson, which then in teracts 
with a hadron. 

A related prediction of the vector
dominance model is that at very high 
energies the absorption of photons by 
neutrons and by protons should be the 
same. This comparison has been made 
up to 18 billion electron volts at SLAC 
by members of groups from the Univer
sity of California at Santa Barbara and 
SLAC. In this collaborative experiment 
photons were directed against deuteri
um, hydrogen and other targets. Where 
the nucleus of ordinary hydrogen is a 
single proton, the deuterium nucleus 
consists of one neutron and one proton. 
It turns out that the absorption of pho
tons by neutrons is nearly equal to the 
difference between the absorption by 
deuterium and the absorption by hydro
gen. (A correction of about 5 percent 
must be made to account for "shadow
ing" of one nucleon by the other in deu
terium.) When the Santa Barbara-SLAC 
results are extrapolated to infinite pho
ton energy, the absorptions by neutrons 
and by protons are found to be identical, 
as expected. At lower energies the ab
sorption by protons is about 10 percent 
larger than the absorption by neutrons, 
suggesting that other, nonvector mesons 
may participate. 

It is in the total absorption of high
energy photons by large nuclei, however, 
that the hadronic character of light has 
its most startling consequences. Here, 
more than anywhere else, the nature of 
light itself depends on whether or not its 
electromagnetic or its hadronic interac
tion is being observed. As we have ex
plained, the absolute rate for the absorp
tion of photons by protons or neutrons is 
roughly 200 times lower than the rates 
for the absorption of rhos or pions by 
protons. This is no surprise, since the 
first step-a photon materialiZing to a 
vector meson-of the two-step interac
tion process is rather improbable. On the 
other hand, the mean free path for pho
tons, corresponding to this observed ab
sorption rate, is about 700 fermis, more 
than 200 times longer than the three 
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SHADOWING OF NUCLEONS BY OTHER NUCLEONS occurs when atomi c n u clei o f  

various s i z e s  a r e  bombarded by photons. I f  photons behaved purely electromagnetically, the 

shadowing would be zero. The colored band i n d i cates the percent o f  shadowing per average 

nucleon predicted by the "vector dominance" model of  photon behavior. Santa B arbara ex· 

periments at SLAC yield somewhat lower values ( dots ) for deuterium, carbon, copper and 

lead. Values are an avera ge for photons of  between seven billion and 18 billion electron volts. 

fermis found for rhos. It is as if 700 lay
ers of nuclear matter were required to 
absorb light in its original electromag
netic form whereas only three layers of 
the same material sufficed to stop had
rons. Thus photons pass easily through 
large nuclei but hadrons barely pene
trate the surface, seldom interacting 
with the nucleons inside. 

Since photons pass undiminished 
through so much nuclear space, one 
might na'ively expect that they would il
luminate all the nucleons in a particu
lar nucleus. The absorption of photons 
would then be proportional to the total 
number of nucleons in each nucleus and 
hence to the volume of the nucleus. In 
contrast, the absorption of hadrons is 
known to be proportional to the number 
of nucleons exposed at the surface and is 
therefore proportional to the area of the 
nuclear surface, as if each nucleus were 
a black disk.  Paradoxically the vector
dominance model and the optical theo
rem lead to the prediction that the ratio 
of nuclear absorption of photons to ab
sorption of hadrons should depend only 
on the probability of a photon's material
izing as a hadron and should be the same 
for any nucleus, with both processes 
varying together in proportion to the 
surface area and not in proportion to 

the nuclear volume. Thus we are asked 
to believe that whereas nuclei are nearly 
transparent to high-energy photons, sur
face nucleons can completely obscure in
terior nucleons. 

This is the kind of paradox that nature 
is continually thrusting at those who 
have too much confidence in their com
mon sense. For example, in 18 19 the 
French mathematician Simeon Denis 
Poisson demolished the wave theory of 
light by reductio ad absurdum.  He 
showed with impeccable mathematics 
that Fresnel's wave theory predicted that 
the shadow of a disk illuminated by a 
point source would have a bright spot at 
its center, which seemed clearly absurd. 
Alas for M. Poisson: the shadow cast by 
such a disk, for example by a penny il
luminated with a pinhole light source, 
does have a bright central spot. 

To understand the surface paradox 
observed with strongly interacting pho
tons, we must once again invoke the un
certainty prinCiple. Specifically, the po
sition on the flight path of the photon 
where the photon is converted into a 
vector meson is uncertain by an amount 
proportional to the energy of the photon. 
'Nhen the uncertainty is large compared 
with the mean free path for hadrons in
side nuclei (as it is for high-energy pho-
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tons) ,  tben the photon must h ave been 
converted into a hadron well before 
reaching the nuclear surface, in which 
case absorption and shadowing result .  
The argument can be turned around. 
Suppose there were no shadowing. Then 
the photon-rho conversion must have oc-

PREDICTED 
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cUlTed immediately in front of the ab
sorption point. That, however, destroys 
the required un certainty in the con
version point. Therefore there must be 
shadowing!  

Does this mean that a large nucleus 
absorbs most of the photons striking i t?  

. 5  1 5  2 2 . 5  3 3 . 5  
PHOTON SeA T T E R I  N G  A ,N G L E  ( O E G R E ES )  

ELASTIC SCATTERING OF PHOTONS ON PROTONS varies w i t h  t h e  scattering angle. 

The curve connects data points obtained at SLAC for photons of  16 billion and 17 billion 

electron volts. As the scattering angle becomes smaller the probability o f  scattering ap. 

proaches that predicted by the "optical theorem." A s  the scattering angle approaches zero 

more and more o f  the incident photons are scattered, until finally the scattering that a pho. 

ton survives i s  related by the opt!cal theorem to the probability of  its being absorbed. 
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Not at all ; nearly all the photons pass 
through un affected . The probability that 
a photon will show hadronic behavior 
and interact strongly, however, is effec
tively limited to the nucleons on the sur
face and does not extend to the nucleon s 
inside. The photon, after penetrating the 
nuclear surface, is very brieRy a "bare" 
photon s tripped of its hadronic char
acter. Suppose a photon passes through 
two widely separated nuclei in succes
sion. Does the Rrst shadow the second? 
No; at currently attainable energies the 
distance, set by the uncertainty prin
ciple, over which the photon remains 
bare is much shorter than the distance 
between nuclei.  Hence shadowing of one 
atomic nucleus by another rarely occurs . 

The prediction of photon shadowing 
by surface nucleons follows directly 
from the uncertainty-principle aJ'gumen t 
and the hadronic character of light, in
dependently of any details of the vector
dominance model. A sufficient test for 
hadronic character is therefore provided 
by photon total-absorption studies on 
nuclei of increasing size . Photons can be 
considered purely electromagnetic only 
if the nucleus remains transparent, only 
if all the n ucleons are illuminated and 
only if the absorption is proportional to 
the total number of nucleons.  

The results obtained in the Santa Bar
bara-SLAC experiment with targets of 
ordinary hydrogen, deuterium, carbon, 
copper and lead show that photon ab
sorption is proportional neither to the 
total number of nucleons nor to the num
ber of exposed surface nucleons;  the data 
fall somewhere in between [see illustm
tion on preceding page J. Some degree of 
shadowing is certainly present, so that 
the basic hadronic character of light is 
conRrmed. Qualitatively, therefore, the 
results are consistent with vector domi
nance. Quantitatively, however, the 
amount of shadOWing is less than vector 
dominance, together with the results of 
other experiments, would predict.  Does 
this mean that there are other vector 
mesons that couple to the photon be
sides the rho, the omega and the phi? 
Perh aps photons become vector mesons 
less readily than has been thought, or 
perhaps vector mesons are absorbed less 
strongly in nuclear matter than current 
experiments suggest. The answers to 
these questions, as well as the ultimate 
fate of the vector-dominance model, may 
depend on experiments already planned 
for the 70-billion-electron-volt accelera
tor now operating at Serpukhov, near 
Moscow, and for the 500-billion-elec
tron-volt accelerator nearing completion 
at the National Accelerator Laboratory 
in Batavia, Ill. 
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Johnny 
can't hide. 

And 
doesn't want to 

See Johnny hide.  But not anymore. 
Now Johnny works at 3 M .  
Once h e  thought all b i g  organizations g o t  t h a t  way 

by encouraging anonymity.  Not because anyone ever told 
him that . But because he once had worked for one . Which 
will, of course , be nameless . 

No one in that first organization actually told him 
the way to do well was to do as little as possible . Sort of 
stay out of the way. 

But then, they never told him otherwise,  either. 
So he looked around . Made his own appraisal . And 

concluded there was a theory in operation . 

ore. 
To wit : Never state a n  opinion or take a risk and 

you'll  never make a mistake . 
Now, Johnny' s  no dope . He took what he thought 

was the hint.  
He got lost in the crowd . Blended in with the back

ground . And never, never attracted attention . 
But 3M doesn ' t  believe in crowds . 
We believe in people . One at a time . And we ' d  l ike 

to think Johnny knew that the day he started here . 
Our whole atmosphere says i t .  You don ' t  stand 

out here unless you stand up. And speak up. 
We believe in our peopl e .  Really believe . And 

Johnny must have seen it.  
We encourage individual ideas and intelligent ris k .  

The more 3M people i nnovate a n d  accomplish,  t h e  more 
we reward them and the faster they advance . 

We will not even hire rel atives of our officers and 
directors . Here at 3M a better job is earned.  Not awarded . 

And our long and growing customer list  is witness 
to the way 3M has always come up with products in 
advance of their time . 

Like " Scotchgard " Fabric Protector. And " Di
Noc " Decorative Trim on the m o s t  popular  s t a t i o n  
wagons . A n d  " Scotch " Brand Hair-Set Tape . 

Every new employee comes with a mind of his 
own . Could it  be the way we treat our people has a lot to 
do with the way they produce ideas? 

Johnny thought so . He looked around and l iked 
what he saw and adopted a whole new approach. 

Johnny came out of hiding. 
And finally came into his own . 

People still count here. 3m 
3 M  Co. , 3M Center, St. Paul, Minnesota 5 5 1 0 1  
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MATHEMATICAL GAMES 
Quickie problems: not hard, 
but look out for the cur()es 

by Martin Gardner 

T
he following problems are all of 
the "quickie" type. That is, they 
are easily stated and are not hard 

to crack if properly approached, but they 
sometimes have concealed booby traps 

I 

to catch the unwary. Some of them are 
joke questions. The answers will be giv
en next month. 

1. You want to construct a rigid wire 

skeleton of a one-inch cube by using 12 
one-inch wire segments for the cube's 
12 edges. These you intend to solder to
gether at the cube's eight corners. 

"Why not cut down the number of sol
dering points," a friend suggests, "by 
using one or more longer wires that you 
can bend at sharp right angles at various 
corners?" 

Adopting your friend's suggestion, 
what is the smallest number of corners 
where soldering will be necessary to 
make the cube's skeleton rigid? (Philip 
G. Smith, Jr.) 

A magic square with nine hearts 
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2. An intelligent horse learns arith
metic, algebra, geometry and trigonom
etry but is unable to understand the Car
tesian coordinates of analytic geometry. 
What proverb does this suggest? (How
ard W. Eves.) 

3. Your king is on a corner cell of a 
chessboard and your opponent's knight 
is on the corner cell diagonally opposite. 
No other pieces are on the board. The 
knight moves first. For how many moves 
can you avoid being checked? (From 
David L. Silverman's marvelous new 
McGraw-Hill collection of game prob
lems, YOUT Move.) 

4. Nine heart cards from an ordinary 
deck are arranged [see illu5tm!ion on 
this page J to form a magic square so that 
each row, column and main diagonal has 
the largest possible constant sum, 27. 
(Jacks count 11, queens 12, kings 13.) 
Drop the requirement that each value 
must be different. Allowing duplicate 
values, what is the largest constant sum 
for an order-3 magic square that can be 
formed with nine cards taken from a 
deck? 

5. Make a statement about n that is 
true for, and only true for, all values of 
n less than one million. (Leo Moser.) 

6. vVhy would a barber in Geneva 
rather cut the hair of two Frenchmen 
than of one German? 

7. With a black pencil draw a closed, 
self-intersecting curve of any shape you 
please. With a red pencil draw a second 
curve of the same kind on top of the first 
one, never passing through a previous
ly created intersection. Circle all points 
where one curve crosses the other [see 
top illustmtion on opposite page J. Prove 
that the number of such points is even. 

8. Place a familiar mathematical sym
bol between 2 and 3 to express a number 
greater than 2 and less than 3. 

9. A six-story house (not counting the 
basement) has stairs of the same length 
from floor to floor. How many times as 
high is a climb from the first to the sixth 
floor as a climb from the first to the third 
floor? 

10. Each of the two equal sides of an 
isosceles triangle is one unit long. With
out using calculus, fiad the length of the 
third side that maximizes the triangle's 
area. (Angela Dunn.) 

11. What three positive integers have 
a sum equal to their product? 

12. A string, lying on the floor in the 
pattern shown in the bottom illustration 
on the opposite page, is too far away for 
you to see how it crosses itself at points 
A, Band C. What is the probability that 
the string is knotted? (L. H. Longley
Cook.) 
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13. If AB, BC, CD and DE are com
mon English words, what familiar word 
is DCABE? (David L. Silverman.) 

14. Time, March 7, 1938, reported 
that one Samuel Isaac Krieger claimed 
to have found a counterexample to Fer
mat's unproved last theorem. Krieger an
nounced that it was 1,324n + 731n = 

1,961 n, where n is a positive integer 
greater than 2. A reporter on The New 
York Times, said Time, easily proved 
that Krieger was mistaken. How? 

15. What familiar English word be
gins and ends with und? (Sid Lorraine.) 

16. A man arrives at a random spot 
several miles from the Pentagon. He 
looks at the building through binoculars. 
What is the probability that he will see 
three of its sides? (F. T. Leahy, Jr., trans
mitted by Reed Dawson.) 

17. Change 11030 to a person by add
ing two straight line segments. 

18. A boy and a girl are sitting on the 
front, steps of their commune. 

''I'm a boy," said the one with black 
hair. 

'Tm a girl," said the one with red hair. 
If at least one of them is lying, who is 

which? (Adapted from a problem by 
Martin Hollis.) 

19. A "superqueen" is a chess queen 
that also moves like a knight. Place four 
superqueens on a five-by-five board so 
that no piece attacks another. If you 
solve this, try arranging 10 superqueens 
on a 10-by-l0 board so that no piece at
tacks another. Both solutions are unique 
if rotations and reHections are ignored. 
(Hilario Fernandez Long.) 

20. 
ABCD 
DCBA 

12300 

ABCD are four consecutive digits in 
increasing order. DCBA are the same 
four in decreasing order. The four dots 
represent the same four digits in an un
known order. If the suf!! is 12,300, what 
number is represented by the four dots? 
(W. T. Williams and C. H. Savage.) 

21. A "primeval snake" is formed by 
writing the positive integers consecutive
ly along a snaky path [see top illustra
tion on next page]. If continued up
ward to infinity, every prime number 
(color) will fall on the same diagonal line. 
Explain. 

22. Find two positive integers, x and 
y, such that the product of their greatest 
common divisor and their lowest com
mon multiple is xy. 

23. "Feemster owns more than a thou
sand books," said Albert. 

A topological theorem 

Is the string probably knotted? 
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The prillte'val snake 

"He does not," said George. "He owns 
fewer than that." 

"Surely he owns at least one book," 
said Henrietta. 

If only one statement is true, how 
many books does Feemster own? 

24. In this country a date such as 
July 4, 1971, is often written 7/4/71, but 

Hexagon problem 
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in other countries the month is given 
second and the same date is written 
4/7/71. If you do not know which sys
tem is being used, how many dates in a 
year are ambiguous in this two-slash no
tation? (David L. Silverman.) 

25. Why are manhole covers circular 
instead of square? 

26. How many different 10-digit 
numbers, such as 7,829,034,651, can be 
written by using all 10 digits? 

27. Many years ago, on a sultry July 
night in Omaha, it was raining heavily 
at midnight. Is it possible that 72 hours 
later the weather in Omaha was sunny? 

28. What well-known quotation is ex
pressed by this statement in symbolic 
logic? 

2B V � 2B =? 

29. Regular hexagons are inscribed in 
and circumscribed outside a circle [see 
illustration at left at bottom of this page J. 
If the smaller hexagon has an area of 
three square units, what is the area of 
the larger hexagon? (Charles W. Trigg.) 

30. "I was n years old in the year n�,
" 

said Smith in 1971. When was he born? 
(S. J. Farlon.) 

31. If you think of any base for a 

number system, I can immediately write 
down the base without asking you a 
question. How can I do this? 

32. What was the name of the Secre
tary General of the United Nations 35 
years ago? 

33. You have one red cube and a sup
ply of white cubes all the same size as 
the red one. 'What is the largest number 
of white cubes that can be placed so that 
they all abut the red cube, that is, a 
positive-area portion of a face of each 
white cube is pressed flat against a posi
tive-area portion of a face of the red 
cube. Touching at corner points or along 
edges does not count. 

34. What four consecutive letters of 
the alphabet can be arranged to spell a 

familiar four-letter word? (Murray R. 
Pearce.) 

o • 

Lake, island and trees 
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35. The illustration at right at the bot
tom of the opposite page is a diagram of 
a deep circular lake, 300 yards in diam
eter, with a small island at the center. 
The two black spots are trees. A man 
who cannot swim has a rope a few yards 
longer than 300 yards. How does he use 
it as a means of getting to the island? 

36. A boy, a girl and a dog are at the 
same spot on a straight road. The boy 
and the girl walk forward-the boy at 
four miles per hour, the girl at three 
miles per hour. As they proceed the dog 
trots back and forth between them at 10 
miles per hour. Assume that each rever
sal of its direction is instantaneous. An 
hour later, where is the dog and which 
way is it facing? (A. K. Austin.) 

T
he only problem last month was to 
guess why Arthur C. Clarke chose 

HAL as the name of his talking computer 
in 2001: A Space Odyssey. If each letter 
in HAL is shifted forward one letter in the 
alphabet, the result is IDM. This was 
called to my attention by Robert T. 
Wainright. I had assumed that it was in
tentional but Clarke has since told me it 
was quite coincidental; indeed, he was 
surprised when it was pointed out! 

S
everal readers have called my atten-
tion to a recent article, "Multi-dimen

sional Map-folding," by W. F. Lunnon, 
in The Computer Journal (published by 
the British Computer Society in Lon
don), Vol. 14, No. 1, February, 1971, 
pages 75-80. Using an ingenious dia
gram based on two perpendicular slices 
through the center of the final packet, 
Lunnon was able to write a simple back
track program for x-by-y maps, extend 
the problem to higher dimensions and 
discover several remarkable theorems. 
For example, the edges of one cross sec
tion always diagram x linear maps of y 
cells each, and the edges of the other 
cross section diagram y linear maps of x 
cells each. His program found 1,368 
folds for the three-by-three map (152 
folds for each cell on top). 

The two-by-three, two-by-four, two
by-five, two-by-six and three-by-four 
maps have respectively 60, 320, 1,980, 
10,512 and 15,552 folds. The order-4 
square has 300,608, the order-5 has 186,-
086,600. In all cases the number of folds 
is the same for each cell on top and the 
cyclic law mentioned last month neces
sarily holds for all rectangular maps. The 
order-2 cube, folded through the fourth 
dimension, has 96 folds; the order-3 cube 
has 85,109,616. Many other results are 
tabulated by Lunnon, but a nonrecursive 
formula for even planar maps remains 
elusive. 
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THE AMATEUR SCIENTIST 
How to ensure a good hologram and how 

to build an unusual kind of barometer 

Conducted by C. L. Stong 

, Many amateurs have built a helium
neon laser. Relatively few have 
succeeded in using the laser to 

make a good hologram: the type of pho
tograph in which the coherent light of 

the laser is used to create an interference 
pattern that, when it is illuminated with 
coherent light, yields a three-dimension
al image of an object. Most of the fail
ures can be traced to vibrations that 
produce minute changes in the distances 
between the various parts of the holo-

steel rod 

graphic optical system, particularly the 
distance between the object to be pho
tographed and the £1m holder. 

In the making of a hologram the co
herent light of a laser is projected along 
two paths to the sheet of film. The rays 
traveling along one path constitute the 
reference beam; they fall on a flat mirror, 
from which they are reflected to the £1m. 
The rays traveling along the second path 
constitute the object beam; they fall on 
the object to be photographed, from 
which they too are reflected to the £1m. 
The rays of the reference beam are virtu
ally equal in length. The rays of the ob
ject beam are reflected by the various 
surfaces of the object and are therefore 
of different lengths. As a result the light 
waves in the two beams are out of step 
and interfere with one another when 

model array " (,"- ',!!il! , , ' 
I ( ,12��� �',!I! aser ' --·-·-�·�:=��{u·"I-·-)J 

�j\ J�-'-'-' � \.;5X microscope mir� ' \ , 1Y2' +02' objective 
� filmholder 

LeRoy D. Dicbon's setup for making a hologram 
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they combine at the surface of the £1m. 
At some points on the film the crests of 
waves from the two beams coincide. The 
light is brightest at these points, and the 
£1m gels maximum exposure. At other 
points the crest of a wave in one beam 
coincides with the trough of a wave in 
the other beam. The light is dimmest at 
these points and lhe film gets minimum 
exposure. The resulting photographic 
pattern is essentially a record of the local 
differences in the length of the rays of 
the reference beam and the object beam. 
If the differences in palh length so re
corded arise solely from the shape of the 
object, the hologram yields a remarkably 
realistic image of lhe object. In practice, 
however, some portion of the difference 
invariably arises from the vibration of 
the apparalus. The quality of the holo
gram is degraded in proportion to the 
intensity of the vibration. 

Professional workers who make holo
grams resort to elaborate schemes for iso
lating their apparatus from vibrations, 
such as mounting the parts on a multi
ton slab of granite, on a base that floats 
on air or on a platform equipped with a 
servo system that cancels the vibrations 
by means of feedback. People who do 
not have access to such apparatus can 
still make reasonably good holograms by 
means of a simple lechnique recently 
developed by LeRoy D. Dickson of the 
IBM General Systems Division in Roch
ester, Minn. 

"In 1967," writes Dickson, "I found 
that good three-dimensional holograms 
could be made by minimizing vibrations 
that alter the distance between the ob
ject and the mirror. Vibrations between 
the film and the laser, and between the 
laser and the object, have substantially 
less effect on the quality of the hologram, 
although they should be minimized. Es
sentially what I did was tie the two re
flecting elemenls of the system together 
with a steel rod so that they moved as a 
unit. I attached the mirror to one end of 
the rod by an apparatus clamp and ce
mented the object to be photographed to 
a base of sheet metal that was in turn ce
mented to the rod a few inches beyond 
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the mirror. The remaining portion of the 
rod was clamped to a pair of apparatus 
stands for support [see illustration on 
opposite pagel. This improvised optical 
bench was placed on a solid base that 
also supported the laser and film holder 
as separate units. A 45-power micro
scope objective lens was inserted in the 
beam of the one-milliwatt helium-neon 
laser to spread the narrow beam of the 
laser into diverging rays. The rays were 
directed toward the optical bench to 
simultaneously illuminate both the mir
ror and the object. The resulting holo
grams were sharp, bright and displayed 
good parallax. 

"Two students at the Mayo High 
School in Rochester, Brandon Dallman 
and Tom Smyrk, experimented with the 
system and achieved excellent results on 
their first try. For objects they used mini
ature models of buildings and automo
biles and mounted them as close to the 
mirror as possible. Indeed, one object, a 
j'vIaltese cross, was mounted directly on 
the mirror. The one-milliwatt helium
neon laser, the microscope lens, the film 
holder and the rod assembly were placed 
on a pool table that rested on the con
crete Roor of a basement. I recommend
ed the use of four-by-five-inch Kodak 
spectroscopic plates (Type 649-F). 

"Light reRected to the film by the mir
ror should be approximately four times 
brighter than the light reflected to the 
film by the object. To achieve this ratio 
I use rough-surfaced objects of compara
tively high reflectivity, such as unpainted 
models. The relative brightness of light 
that reaches the film can be judged by 
inserting a piece of white cardboard in 
the film holder and, with the room lights 
off, alternately blocking the rays from 
the mirror and from the object with a 
piece of black cardboard. Light reflected 
by the mirror can be reduced by moving 
the mirror either toward the edge of the 
beam or farther away from the laser. 
The best illumination ratio is 4: 1, but 
anything from 3: 1 to 10: 1 will work. 
The angular position of the mirror 
should be adjusted to illuminate the film 
uniformly. 

"To make an exposure, turn on the 
laser and let it warm up for 15 minutes. 
Turn off the room lights, block the laser 
beam with a piece of black cardboard, 
open the film holder and after a few sec
onds unblock the laser beam. The laser 
must of course be enclosed by a housing 
that blocks all light except the beam. Do 
not touch the apparatus with anything 
that might cause the parts to vibrate, in
cluding the cardboard used for blocking 
the beam. Try several exposures of 30 

seconds, one minute and two minutes. 
Develop the films in Kodak D-19 de\'el
oper for six minutes at 68 degrees Fahr
enheit. Rinse, fix and dry according to 
Kodak instructions. Good holograms ap
pear as transparencies that range from 
light gray to somewhat darker gray when 
they are examined in white light. The 
image can be reconstructed by looking 
through the hologram toward diverging 
rays from the laser. (It would be danger
ous to look down the beam as it comes 
from the laser, but the diverging lens 
greatly reduces the intensity of the light.) 
Rotate the film around its vertical axis 
until the brightest image appears. The 
image can also be seen by looking toward 
a point source of ordinary light, but the 
quality will be degraded somewhat. A 
satisfactory source can be improvised 
with a 35-millimeter slide projector. In
sert a piece of red gelatin in the space 
normally occupied by the slide and in
sert a pinhole mask over the front of the 
projection lens. The mask can be a piece 
of cardboard perforated by a hole about 
three millimeters in diameter. The per
foration should be located at the center 
of the projection lens." 

The aneroid barometer, which displays 
changes in atmospheric pressure with 

a rotating hand actuated by a flexible 
closed chamber, can be found in millions 
of U.S. homes. Among household scien
tific instruments it is outnumbered only 
by the clock and the thermometer. Egon 
E. lIluehlner, an engineer of Santa Ana, 
Calif., observes that barometers of this 
type are neither as reliable, as accurate 
nor as handsome as the contrabarometer, 
in which the changes in pressure are dis
played by the level of fluid in a glass 
tube. Muehlner recently built a contra
barometer, one of the few working mod
els in this hemisphere. He discusses its 
virtues and explains how to make one: 

"The contrabarometer," writes Muehl
ner, "is basically a V-shaped glass tube 
that contains two fluids. One arm of the 
V is closed at the top and holds a column 

of mercury that extends upward a short 
distance into the other arm, which is 
open to the atmosphere. The open arm, 
which is surmounted by a small bulb 
and a capillary tube, holds a column of 
brigh tly colored oil that rests on the mer
cury. lIlovement of the mercury in re
sponse to variations of barometric pres
sure causes a relatively large excursion 
of oil in the capillary [see illustration at 
right l. When the pressure rises, the 
meniscus of the oil falls, and vice versa. 
This action accoun ts for the name of the 
instrument. Contrabarometers adorned 
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many living rooms here and abroad dur
ing the 19th century, providing the head 
of the house with a scientific foundation 
for his statement: 'It's going to rain.' 

"The contrabarometer is significantly 
more reliable and accurate than the an
eroid type, which tends to stick and to 
suffer from all the other ailments that be
set mechanical contrivances. Moreover, 
when the geometry of the contrabarom
eter is properly proportioned, the instru
ment requires no temperature correc
tion, as the conventional mercury barom
eter does. 

"The construction calls for some glass
blowing that, with a little practice, can 
be achieved by most beginners. Shops 
that specialize in the repair of neon signs 
also accept work of this kind. The con-
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struction begins with the acquisition of 
the glass tubing specified in the accom
panying drawing [bottom leftl. The sizes 
are available from most distributors 
of scientific supplies. The substitution of 
other sizes will alter the scale factor of 
the instrument and the relative volumes 
of fluid required for temperature com
pensation. Appropriate dimensions that 
differ from those I specify can be calcu
lated by means of the accompanying for
mulas [top of opposite pagel. For the 
indicating fluid I use Meriam Red Oil 
D-2673, which has a speCific gravity of 
.827 at four degrees Celsius and a vapor 
pressure of one torr at 25 degrees C. The 
oil is brilliant red. It can be obtained 
from the Charles Meriam Company, Inc., 
5017 Telegraph Road, Los Angeles, 
Calif. 90022. Other oils can be substitut
ed by taking their density and thermal 
expansion into account in making the 
calculations. Changes in the total volume 
of fluid should be accommodated by al
tering the size of the spherical bulb, 
which in my design has an inner diam
eter of 26 millimeters. 

"My instrument is designed to be used 
at sea level. It has a scale factor of 10: 
the oil rises or falls one centimeter when 
barometric pressure changes one milli
meter. The reference scale is graduated 
from 775 to 730 millimeters of mercury, 
a pressure range of 45 millimeters. At 
locations of higher elevation the instru
ment can be modified by reducing the 
height of the mercury column as mea
sured between the upper and the lower 
meniscus of the metal. 

"Before the instrument is filled the 
glassware should be firmly mounted on 
an attractive base. Much of the satisfac
tion of having a good barometer comes 
from its beauty. My base was made of 
3/4-inch walnut. I gave it four coats of 
marine varnish and hand-rubbed it first 
with pumice and water and then with 
rottenstone and linseed oil. A friend who 
made a contrabarometer carved his base 
by hand from a block of oak. The carving 
features embellishments and ornaments 
in the style of the 1880's. 

"The glassware is mounted on the base 
with three clamps, two at the top and 
one at the bend of the U. The clamps 
are preferably made of polished brass. A 
short length of slit rubber tubing is 
placed around the glass at the clamping 
points. The glass must not be clamped 
too tightly to the base because it might 
break if the wood warped. The oil capil
lary should clear the wood by at least 
1.5 millimeters to leave space for insert
ing the scale. 

"The barometer can be filled by either 
of two procedures. The easier one calls 

for a vacuum pump. If this technique is 
employed, the bulb at the top of the 
mercury column must initially include a 
short tube about seven millimeters in di
ameter. This tube is softened in a flame 
and constricted in a narrow zone to a 
diameter of about four millimeters just 
above the point where it will be sealed 
into the bulb. Air is pumped from the 
bulb through the tube, creating a vac
uum that draws mercury into the system. 
The instrument requires approximately 
150 grams. of triple-distilled uncon tami
nated mercury. Impure metal will stick 
to the glass. Mercury of the required 
quality can be obtained from a distribu
tor of chemicals or perhaps a dentist. 
With the instrument in the upright posi
tion connect the vacuum pump to the 
exhaust tube and start the pump. Place 
a dishpan of water under the barometer 
to catch metal that may be spilled acci
dentally. Pour mercury into the open 
arm of the U with a small funnel. Con
tinue adding mercury carefully until the 
meniscus rises to a height of 29 milli
meters in the bulb at the top of the mer
cury column. The metal will then stand 
at a height of 26 millimeters in the 15-
millimeter tubing of the other column. 
The vacuum pump should be capable of 
reducing the pressure to less than .05 
torr. Let the pump operate for 15 min
utes after the barometer has been Riled. 
Then seal off the tube through which 
the air was exhausted by heating the 
constriction to the temperature where 
the glass softens. 

"The barometer can also be filled with
out a vacuum pump. Procure from a dis
tributor of scientific supplies a 10-foot 
length of size 'A' Intramedic polyethyl
ene tubing, a product of the Clay-Adams 
Company. This material is manufactured 
for surgical procedures. It has an out
side diameter of .038 inch and a bore of 
.023 inch, and it fits a No. 23 gauge hy
podermic needle. Lubricate the exterior 
surface of the plastic tubing with the 
Teflon suspension Slip Spray, a product 
of the Du Pont Company. Thread the 
tubing through the barometer until the 
end of the plastic capillary rests inside 
the bulb at the top of the mercury col
umn. The bulb should be sealed. If diffi
culty is encountered in inserting the plas
tic capillary, use a leader of fine music 
wire before sealing the bulb. Rest the 
instrument on its edge with the sealed 
bulb lowermost. Elevate the opposite 
end about 30 centimeters. With a small 
improvised funnel pour mercury through 
the plastic capillary and into the bulb. 
Avoid trapping an air bubble in the bulb 
at the point where it joins the glass tub
ing by elevating the opposite end still 
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more as necessary. Lower the elevated 
end slowly as the tubing fills. Add mer
cury until the metal half-fills the V bend. 
Remove the plastic capillary. Rotate the 
instrument to the upright position. Mer
cury will rise in the open tube, creating 
a vacuum in the bulb at the closed end. 
With an eyedropper add mercury to the 
specified level. Avoid spilling mercury. 
The fumes can be toxic. 

"Oil is added on top of the mercury. 
Through the glass capillary insert an ap
propriate length of plastic capillary tub
ing and push the end into the glass 
sphere. Oil can be siphoned into the sys
tem, but it flows slowly. The job can be 
speeded up by forcing oil through the 
plastic capillary with a hypodermic sy
ringe. Attempts to pour oil directly into 
the glass capillary fail. Bubbles of air be
come trapped in the narrow bore. Fill 
the capillary to the point where the indi
cation of a specific barometric pressure 
is desired. If this is to be accomplished, 
the current barometric pressure must be 
known. I learned the current pressure by 
telephoning the local airport. Airports 
conventionally report barometric pres
sure as the 'altitude setting' in inches of 
mercury. I placed a bit of adhesive tape 
on the glass capillary at the point where 
the upper edge of the tape coincided 
with the meniscus of the oil. The tape 
thus marked the current barometric pres
sure. Inevitably a few air bubbles will 
become trapped in the oil capillary. To 
get them out rotate the barometer slow
ly in the counterclockwise direction. This 
motion gradually lowers the bulb at 
the closed end of the instrument. Metal 
drains into the bulb and simultaneously 
lowers the level of oil in the capillary. 
Eventually all the oil will drain into the 
sphere, where the bubbles will break. 
When they have broken, restore the in
strument to the upright position. 

"One must now determine the scale 
factor of the instrument: the distance in 
millimeters that the oil meniscus is dis
placed by a change in barometric pres
sure of one millimeter. By the applica
tion of the formula I designed my in
strument for a scale factor of 10. Glass 
tubing, however, is not manufactured to 
close tolerances. My instrument turned 
out to have a scale factor of 10.7, as 
measured by a water manometer. To 
calibrate the instrument I connected one 
end of a V-shaped glass tube partly filled 
with water to the open end of the barom
eter. The other end of the water ma
nometer was fitted with a short length of 
flexible hose and a pinch clamp. I blew 
into this hose (or sucked it) and clamped 
it. I then measured the resulting dis
placement of the water. The pressure 

Scale factor= d � 5 (_)2(2_ ...Q..)+-.Q.. 

in which: 

o Sm Sm 

D = diameter of mercury meniscus 
d = diame+er of oil meniscus 

50 = specific gravity of the oil 
5m = specific gravity of the mercury 

v = 0.785 H02-Vm 
o �: (2-i!) 

in which: 
Vo = total volume of oil, em.?> 
Vm c +0+01 volume of mercury, cm.3 
Eo = expansion coefficient of the oil It 
Em = expansion coefficient of mercury .... 

.. = 67.5 x lO-s/degrees Celsius for D-2673 oil 
.. = 18.1 x lO-s /degrees Celsius for mercury 

Design equations for the contra barometer 

thus applied to the barometer, measured 
in millimeters of mercury, is equal to the 
displacement of the water, also measured 
in millimeters, divided by 13.55. A se
ries of calibration points was established 
and marked on the glass capillary with 
bits of adhesive tape by the similar ap
plication of other pressures to the water 
manometer. 

"I made the permanent scale of my in
strument from a strip of white Formica, 
the plastic sheeting used for covering 
kitchen counters. The principal gradua
tions were applied with black adhesive 
tape 1/16 inch wide and the subdivi
sions with tape 1/32 inch wide. Numer
als were applied with transfer sheets. 

These materials are available from deal
ers in art and drafting supplies. The 
scale was calibrated both in millimeters 
of mercury and in millibars, after which 
it was positioned according to the tape 
tabs and fastened to the base with brads. 
One inch is equal to 25.4 millimeters of 
mercury, a millimeter of mercury (one 
torr) is equal to 1.333 millibars and a 
millibar is equal to a pressure of 100 
newtons per square meter. I equipped 
the instrument with a sliding fiducial 
point for observing relative changes in 
pressure with respect to time and also 
mounted a thermometer in the center of 
the base. 

"One word of caution: If you make 

4 oz. weight with 
balanCing screws 
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candles on the end 
of a stick so that they' 
con be pushed along to 
follow the motion 

J. M. Clarke's ultras imp Ie heat engine 
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the contra barometer, be careful when 
you move it from place to place. If it is 
not held upright, fluid can easily spill 
out of it and even spoil the vacuum at 
the top of the mercury column. If any
one has any question about the making 
of the instrument, my address is 13882 
Dall Lane, Santa Ana, Calif. 92705." 

Thermal engines of unusual design 
have been described in these columns 

from time to time. J. M. Clarke, an en
gineer of Basingstoke, England, now 
challenges anyone to devise a simpler 
heat engine than one he recently built. 
Clarke's engine has only one moving 
part: a metal tube with weights at the 
ends that can be adjusted radially for 
balancing the mass with respect to its 
long axis. The tube rolls on a pair of 
level rails and is powered by a pair of 
candle flames [see bottom illustration on 
preceding page J. 

"The weights," writes Clarke, "exert 
a bending moment at the center of the 
tube. Four nuts, spaced at equal radial 
distances around the weights, can be ad
justed to compensate for slightly bent or 
out-of-round tubes. The tube is prefer
ably of thin-wall aluminum at least half 
an inch in diameter and 24 inches long. 
Heat causes the tube to expand in the 
center and bow toward the opposite side. 
Gravity causes the bowed tube to roll 
away from the source of heat. The mo
tion can be maintained by pushing the 
candles forward as the tube advances. 
Each element of the tube near the can
dles is subjected to an alternating stress 
modified by the thermal expansion. The 
tube absorbs heat on the side that ex
pands and loses it on the opposite side. 
Clearly the device converts some por
tion of the heat into mechanical work 
that accelerates the rod. In practice I 
have found that the performance of the 
engine is limited by its poor capacity for 
losing heat. I have succeeded in measur
ing the power output by attaching one 
end of a length of twine to the tube and 
a small weight to the other end. The 
twine coils around the rotating tube and 
lifts the weight." 

Roger Hayward, who illustrates this 
department, suggests a way of mak
ing Clarke's engine fully automatic. He 
would place a small tank of water be
tween the rails, perhaps a tank made of 
aluminum foil. The candles would ride 
across the water in an aluminum boat. 
The boat could be propelled by a short 
mast at the bow that engaged the ad
vancing edge of the tube. Those who ac
cept Clarke's challenge can reach him 
at Forge Cottage, Dogmersfield, Basing
stoke, Hampshire, England. 
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Now, our whole world is precision optical instruments for 
engineering, geodesy, photogrammetry and microscopy. 
From 200 square feet in 1921 to the largest optical instrument complex in 
Switzerland today. And a sales and service organization upon which the 
sun never sets. 
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in, and practice, the most meticulous craftsmanship. We insist that our 
instruments perform even better than we say they will. We make a fetish 
of improving our products as fast as technology permits. We're responsive 
to the needs of our instrument users, and to the environments where 
they use them. 
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by Philip Morrison 

T
HE IMPACT OF THE NATURAL SCI

ENCES ON ARCHAEOLOGY: A JOINT 

SYMPOSIUM OF THE ROYAL SOCI

ETY AND THE BRITISH ACADEMY, orga
nized by T. E. Allibone, F.R.S., and 
others. Oxford University Press ($24). 
NOBEL SYMPOSIUM 12: RADIOCARBON 

VARIATIONS AND ABSOLUTE CHRONOLO

GY, edited by Ingrid U. Olsson. John 
Wiley & Sons, Inc. ($45). SCIENTIFIC 

METHODS IN MEDIEVAL ARCHAEOLOGY, 

edited by Rainer Berger. University of 
California Press ($20). Three symposia 
are recorded here: one in London at the 
end of 1969, one in Uppsala a few 
months before that and one in Los An
geles in 1967. All unite topics from the 
second law of thermodynamics to the 
king lists of antiquity with an intimacy 
to delight the heart of anyone who 
mourns the division of culture. A couple 
of authors made it to all three of the 
meetings. 

The physicist and the chemist can 
read the subtle micro inscriptions with 
which nature dates many objects. The 
famed radioactive isotope carbon 14 has 
a mean lifetime of about 8,000 years; it 
is built into every organism during life 
and begins its decay at death. It has a 
heavy impact on the study of the llU
man past, and it is the main thread run
ning through all three volumes. Other 
threads interweave; the London volume 
follows two at some length. The first is 
prospecting for finds below the sea and 
under the soil, pursued with remark
able virtuosity by geophysical methods, 
mainly magnetic; the second is micro
analysis for what can be learned from 
the material itself, with methods that do 
not mar the curator's treasures. (An an
cient debaser of the good silver COinage 
of honest King Yezdegerd I of Persia 
seems to have been convicted 1,500 
years after the fact.) There are promis
ing new fOims of internal clock, such as 
the light that is released on heating ce
ramic grains; the heating "anneals" elec-

BOOKS 
Archaeology as the meeting 
ground of the two cultures 

trons that have been excited by radioac
tivity over a long span of time and then 
have remained in metastable traps with
in the crystal lattices of this insulating 
material. There is an account of one case 
of the powerful mathematizing trend: 
the serial assignment of tombs in order 
of time by advanced statistical treatment 
of similarity in many dimensions (used 
to arrange the diverse types of artifacts 
buried within). 

Counting annual layers and reading 
written documents remain the most reli
able means of dating the past. They too 
are neither simple nor infallible. We 
moderns date the dynasties of Egypt 
most securely by our astronomy: we 
know when Sirius rose, and we are lucky 
enough to have read some Egyptian doc
uments that tell what day it was by their 
civil calendar. The first date for which 
we know this fact is 1872 B.C. Dating 
the 15 centuries of pharaohs before that 
still depends mainly on royal annals, 
particularly on the king lists of the Turin 
Royal Canon, a fragmentary papyrus 
that records a total of 955 years "from 
the beginning of the First Dynasty to 
the end of the Eighth." There are 
various cross-checks from monuments, 
eclipses and the like. History, gaps and 
all, can be in error overall by nearly a 
century all the way back to 3120 B.C. 

For Babylon we date by evidence given 
us by Ptolemy without error back to 
750 B.C. (Alas, his Handy Tables, more 
practical than his Almagest, are lost; 
they had a fine king list.) Before that 
Assyrian king lists work; they are tied 
to the Egyptian sequence by diplomatic 
correspondence among ancient rulers. 
We can almost precisely date the still 
earlier First Dynasty of Babylon, (there 
remains an ambiguity of 56 years) be
cause we have their lists of observations 
of the visibility of Venus as a morning 
and an evening star. One way or another 
there is no uncertainty greater than a few 
decades left in Mesopotamian dates 
back to about 2100 B.C. 

The bristlecone pine forests of the dry 
White Mountains of the Sierra Nevada 
provide a marvelous run of tree rings 
with little error, linking back not through 

single trees (although one such pine is 
known that lived for 4,900 years) but 
through an ingenious and painstakingly 
checked multiple fit. The Uppsala vol
ume gives not a king list but a ring list, 
dating all the way back to 5142 B.C.! 

The oaks of the Main and the Rhine val
leys, trees shorter-lived than the bristle
cone pine, supply ring dates for their 
region back to A.D. 800. Carbon-14-
dated relics from Egypt agree beauti
fully with the carbon activity found in 
old bristlecone wood. The absolute car
bon date, however, wanders slowly out 
of phase; it fits well only back to Roman 
days. By the time of the First Dynasty 
of Egypt the carbon date is too young 
by a millennium. 

The carbon of the past was more ra
dioactive than that of the present. The 
explanation is not certain, but an ad
mirable fit has been proposed by V. 

Bucha of Prague that ascribes the en
tire effect to the known slow decline in 
the earth's magnetic field, the reduced 
field allowing lower-energy cosmic ray 
protons to enter the earth's atmosphere. 
This effect increased the radioactivity 
of carbon nearly 50 percent at the maxi
mum of 10,000 years ago-about up to 
the present level of the post-thermo
nuclear-test burden. The sunspot cycle 
shows up pretty plainly during the past 
few hundred years, but it has a much 
smaller effect in modulating the flux of 
cosmic rays. Some other wiggles show 
up in the calibration curves. 

The Uppsala conference goes some
what beyond the dating of man's works 
to include an account of the oxygen-iso
tope analysiS of the water in an ice core 
drilled a mile deep right through the 
Greenland ice cae. The core pieces are 
kept in a deep freeze by the Army Cold 
Region Research Engineering Labora
tory in Hanover, N.H., and a Danish 
group analyzed the oxygen isotopes. The 
isotope ratio gives the temperature of the 
ancient clouds. Unfortunately the iso
topes showed that the thin seasonal lay
ering washes out by molecular diffusion 
in a rather short time, even in the solid 
ice. No radioactive method will date the 
ice without large samples or taking mea-
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surements in the field; W. Dansgaard 
and his partners apply a theory of gla
cial ice-flow rate to establish their time 
axis. The scheme checks very well with 
what is known of the more recent gla
cial changes. The Danish workers' tem
perature curve shows that we have been 
living in a rather uniform postglacial 
period since most of the ice retreated 
12,000 years ago. Our present long WaIm 
spell has not been matched for 80,000 
years. 

The third symposium has a limited 
theme, one that demands precision from 
the carbon-14 workers since the time 
span of interest is an order of magnitude 
less than the half-life of the isotope. The 
main problem of precision is often the 
sample itself: a great roof timber may 
have died on being felled, but then it 
may have been reused centuries later, 
when its outer, last-grown sections had 
long since been lost. Masonry styles and 
the design of carpentry joints as date 
criteria have not yet been studied close
ly enough, the experts concede. A lintel 
in an important style-dated barn was 
dated by carbon 14; it turned out to have 
been a repair made two centuries after 
the building went up! 

The most heroic proposal is for a 
study' of the silver production of im
perial Rome by measuring traces of lead 
in the Greenland ice, since the smelting 
of silver releases lead vapor. In antiquity 
400 tons of lead had to be smelted to 
win a ton of silver. Crude estimates from 
slag heaps suggest that total Roman 
production of silver-an economic main
stay-reached rates not matched world
wide until about 1750. This might be 
checked by steam-drilling a wide 1,000-
foot vertical shaft into the ice cap, 
mining from its walls a few hundred 
big blocks of ice under conditions of 
extreme lead-cleanliness, melting the 
blocks into bottles and flying home. In a 
smaller operation that reached back to 
1750 "the investigators, at the time of 
collecting the blocks, were encased in 
plastic suits and gloves and worked with 
Teflon-handled stainless steel tools that 
had been cleaned in nitric acid." Ten 
men would live on the crest of the ice 
cap from summer thrQugh summer again, 
digging the shaft one season and mining 
the samples the next. One hopes that 
economic theory will be able to make 
use of these genuinely hard data. 

THE GLOBAL CIRCULATION OF THE AT-

MOSPHERE, edited by G. A. Corby. 
Royal Meteorological Society, London 
($15). "The first global experiment of 
the Global Atmospheric Research Pro-
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gramme [will] start in the period 1974-
1975." They will have set the date by 
July, 1971. Here is the background to 
CARP. It presents 10 review papers at the 
specialist's level, delivered in the sum
mer of 1969 at a conference in London 
organized jointly by the American and 
British meteorological societies (with 
Canada). 

The program is described in some de
tail by its Swedish chairman, and the 
actual performance of weather satellites 
and free balloons is analyzed and de
scribed in happy preparation. One can 
see the first recorded vertical tempera
ture sounding of the atmosphere from 
orbit, all the way from sea level to an 
altitude of 50 kilometers, in agreement 
with the balloon results to better than 
one degree Celsius. (The balloon of 
course stops at about 30 kilometers.) 
The feat can be managed by high-reso
lution infrared spectroscopy, using the 
widths of various spectral lines to fix the 
temperature curve. Wind speeds would 
come from watching the clouds drift; 
how high the clouds are would be 
gained from more infrared studies. Sur
face pressure might just be found by 
careful measurement of scattered sun
light, but the new radio altimeters on 
the horizontally floating balloons look 
easier: they weigh less than half a pound 
complete with antenna, and they man
age on an average power of a hundredth 
of a watt. They can fix the true altitude 
(of a given pressure surface) to within a 
meter or two-better than the radar used 
to check them. 

The instrumental, systems-design and 
computing virtuosity displayed in some 
of these papers is not enough. We need 
a theory of the general circulation of the 
atmosphere, a theory heroic in its real
ism and yet secure in its physical foun
dations. What it doesn't know can hurt 
it: water vapor, mountains, ozone 40 
kilometers up, sea ice. It needs a net 
fine enough to catch any lively little em
bryo of a tropical storm but not so fine 
as to overload the memory of the big 
digital looms that weave the net. CARP 

is only beginning; the long-range global 
weather forecast is not at hand. 

It is nonetheless a hopeful beginning. 
The free thermal convection of water in 
a six-inch ring, rotating at two revolu
tions per minute and heated at the walls, 
shows model flow patterns remarkably 
like the global patterns, and a strategy 
of parameters is taking form. The physi
cal quantities are here, related by equa
tions of approximate validity, but the 
averages and the maps and tables that 
hold the input data are intricate beyond 

the analyst, and so far remain beyond 
even his nimblest computers. The com
parison of smoothed and totaled results 
with observations can in the end give us 
the clues we need, but "one of the main 
problems, as with all energy interactions 
in the atmosphere, is to separate cause 
and effect." 

The first and most general of the re
views, by E. N. Lorenz of the Massa
chusetts Institute of Technology, is on 
the nature of the global circulation. We 
still do not understand quite what hap
pened to the wonderful idea of G. Had
ley, who first argued (in 1735) that the 
trade winds were the necessary conse
quence of an obviously elegant circula
tion: the cold air sinks at the poles and 
the hot air bubbles up at the Equator, 
so that aloft the air moves poleward and 
down below the cool air seeks the Equa
tor. The Equator-seeking air conserves 
the rotational momentum and gives rise 
to the westward trades, plain to all who 
sailed the full-rigged ships. The Hadley 
cells are in all the geography books but 
not in the atmosphere. We do not know 
why. For a generation we have realized 
that the great eddies we call cyclones 
replace Hadley's simple loop. We have 
weather, not mere climate. One merid
ian is not totally like another. Is it be
cause the Hadley ideal flow is unstable? 
Or does no such steady and symmetri
cal flow pattern exist, even under ideal 
circumstances? 

In 1956 a computer model could sup
port Hadley flow; when the flow was 
perturbed, "cyclones were soon evident" 
in the printout. Still, we lack a clear 
answer. According to some views, the 
weather system moves in distinct wave
like eddies. Others hold that a frankly 
statistical approach is the best. Yet the 
patterns are not as random as turbulence 
or as smooth as wave oscillations. They 
still elude our theory to show up in this 
or that numerical experiment. Pressure 
was the chosen variable of the past gen
eration; men always spoke of highs and 
lows. Nowadays motion seems to be the 
key: the flow of energy, angular momen
tum, mass. The next generation may 
emphasize water, in the droplets of 
clouds. It is a wistfully ingenuous theory 
we now follow; it assumes that water im
mediately falls out as rain whenever it 
condenses into droplets of any size. 
Clouds, however, are real; they sheathe 
the blue ground of this spinning planet 
in white, as the space photographs show 
us. In them a subtle microphysics is at 
play: dust and ions, nucleation, updraft, 
lightning. 

The equations in the book are typo-
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graphically unattractive and even a lit
tle confusing. The plates are full of in
terest. This is a useful, thorough work, 
aimed at the professional, with an ample 
research bibliography . 

.NYMMETRIC ORGANIC REACTIONS, by 
James D. Morrison and Harry S. 

Mosher. Prentice-Hall, Inc. ($24.95). It 
is close to a round 100 years since chem
ists confidently began to think of their 
invisible molecules as real structures in 
space, generalizing from the snake-ring 
dream of Kekule and the patient sorting 
of tiny crystals by Pasteur. Although 
physicists before Planck puzzled over 
the failures of equipartition and built 
philosophies on the abstractness of en
ergy, contemporary chemists, particular
ly the great organic synthesizers such as 
Emil Fischer, became the adepts of 
atoms in space. Their remarkable in
sights continue, based on the intricate 
logic of the nature and yield of subtly 
chosen large sets of reactions. They draw 
only here and there on such modern 
physical results as X-ray diffraction or 
the magnetic-resonance sampling of the 
electronic environment of various atomic 
nuclei. 

This up-to-date technical review con
cerns one of the deepest and most in
triguing of stereochemical problems: the 
occasional unequal behavior of left and 
right. It is not at all a book for the gen
eral reader. Its first chapter is a compact 
theoretical and historical introduction, 
and its last sections present some quite 
general material. The bulk of the vol
ume, however, consists of critical sur
veys of the work of some 1,200 chemists, 
all those who have used the notions of 
left and right for the study of reaction 
mechanisms and of molecular configura
tions, or for the preparation of optically 
active compounds, between 1933, when 
the last major review appeared, and 
1969. The reader is assumed to know 
the fundamentals of stereochemistry. 
The dotted-line-and-wedge formulas, 
with the many terms of the art that free
ly appear, are generally not even de
fincd. 

Our interest lies, however, in the over
all state of the science. Enantiomers
molecules related like two gloves-are 
fully equivalent (at least barring the 
negligible weak-interaction processes). 
Nonetheless, the variable flexibility of 
chemical bonds to rotation, the existence 
of molecules combining unlike enanti
omeric portions that can separately take 
part in reactions, and the helical packing 
of symmetrical units (say of urea or of 
silicon dioxide) into asymmetrical crys-

The unique intellectual stimulation 
you find each month. in the pages of 
this magazine can be a part of your 
standard classroom fare if you regu
larly include SCIENTIFIC AMERICAN 

Offprints in your reading assignments. 
From a constantly growing inventory 
of more than 800 available articles
reproduced from the magazine with 
full text, full illustration, and full 
color-you can select those most suit
able for the design of your course and 
use them as enrichment "chapters" 
along with your textbook. 

Hundreds of thousands of students 
have already responded to SCIENTIFIC 

AMERICAN Offprints with fresh enthu
siasm for their courses and with a bet
ter grasp of the subject. As Professor 
Allen. Parducci of the University of 
California, Los Angeles, commented: 

I have been using 10 Offprints per 
semester for the past several years. 
Although the enrollments are typi
cally in excess of 500 students, these 
materials have proven to be quite con
venient. Student reaction has been 
more favorable to the Offprints than 
to any of the other readings I have 
used .... 

... and from Professor Gerald R. Levin 
of Swarthmore College: 
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reprints. 
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W. H. FREEMAN AND COMPANY 
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tals that accordingly take on handedness 
-all give the subject a puzzling richness 
suited to the method of the organic 
chemist. This book has almost no mathe
matics beyond simple tables of yields, 
yet it establishes the links of long reac
tion chains and makes judgments on the 
approaches and rotations of molecular 
components, far beyond the present 
powers of the quantum theorist and his 
computer. 

It is only 20 years since the subject 
was finally "liberated from the vitalistic 
heritage of optically active substances." 
The senior author of the book was one 
of the pioneers. It is true that handed 
molecules-the Greek gives us for them 
the term chiral-can be produced from 
achiral substances in such a way that 
unequal amounts of enantiomers can 
form. Such results can be produced by 
reagents, by catalysts, even by solvents. 
What is producing them is now clear. It 
is no mysterious asymmetrical force ex
uding from a nearby center but an 
entirely expected effect of the atomic 
neighborhood, biasing, say, the ease of 
approach of the various reacting mole
cules to one of the possible sites of 
action. 

There are a few results worth citing 
for their general interest, far removed 
from the specialist's domain of organic 
reaction mechanisms. Urea crystallizes 
into a structure with a helical pattem 
that has handed interstices on the mo
lecular scale; such crystals can pick up 
handed molecules from a mixture of left
handed and right-handed ones. Crystals 
seed their own kind like the crude or
ganisms they are. At the tum of the 
century C. H. Soret crystallized sodium 
chlorate many times in sealed glass am
poules. "The molecules of sodium chlo
rate are achiral but the crystal is chiral. 
Dextrorotatory [right-handed] crystals 
formed 433 times; levorotatory [left
handed] crystals, 411 times; and a mix
ture of both, 94 times." In 1969 bromine 
was shown to react with the chiral crys
tals of a molecularly achiral but compli
cated compound to yield an excess of 6 
percent of a molecularly chiral product. 
The classic physical production of excess 
enantiomer was carried out in 1930, 
when Werner Kuhn, using circularly 
polarized light of a wavelength chosen 
for its disrupting effect, preferentially 
broke up one of the members of a 50-50 
molecular mixture of a certain ester. Still 
unconfirmed is the recent report that 
irradiation with the chiral electrons from 
the beta decay of strontium 90 (parity 
non conservation tends to align their 
spins) destroys the amino acid D-tyro-
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sine at a smaller dose than it does the 
mirror molecule L-tyrosine. But the D-L 
mixture was not made measurably more 
left-handed during a few months of 
exposure. 

THE ORIGINS OF FEEDBACK CONTHOL, 

by Otto Mayr. The M.I.T. Press 
($7.95). James Watt was both a highly 
practical man and a reflective one. He 
wrote in 1783: "There is no end of mill
wrights once you give them leave to set 
about what they call machinery:-they 
have multiplied wheels upon wheels un
til it has now almost as many as an 
orrery." One of those pieces of wheel
work was the new centrifugal pendulum 
Watt's partner Matthew Boulton saw in 
a mill in 1788, which regulated the dis
tance of the upper and the lower mill
stone as the speed changed. By the end 
of that year the drafting room at Boulton 
and Watt had sent to the shop the work
ing drawings for the most famous of the 
early feedback control devices, the fly
ball governor. Watt knew he had adapt
ed a millwright's device; he never tried 
to take out a patent. On the evidence of 
hearsay governors had already been used 
to regulate millstones for a generation. 
At first they were not true feedback de
vices; only in 1787 did Thomas Mead 
describe a system in which the flyballs 
worked to control the sail area of a wind
mill. 

Otto Mayr is a mechanical engineer, 
now a curator at the Smithsonian, who 
translated this compact and knowing 
book from his own German original. He 
follows feedback from the earliest times, 
applying the block-diagram techniques 
of control theory to distinguish true 
closed-loop feedback from those sys
tems, such as friction-loaded prime mov
ers, that have no physically distinct com
parators or sensors and are only formally 
closed-loop systems. Nor can we accept 
devices in which man closed the loop; 
human feedback has roots deep in evolu
tionary history. 

A regulated water supply for the wa
ter clock was the first feedback device. 
There was a float whose position con
trolled the valve orifice, thus maintain
ing a constant water level. It is described 
in Alexandrian times; the tradition re
mains strong throughout the Arab world 
until the 13th century. Then "between 
1206 (al-Jazari) and the mid-18th cen
tury no references to float valves are 
known." Even the 1575 edition of Hero 
of Alexandria, who describes several of 
them, had no influence; the baroque au
thors simply ignored the float regulator, 
although Hero himself became cele-

brated. The first new feedback device 
since ancient times was a thermostatic 
damper control for incubators for chick 
eggs; it was invented by the ingenious 
Netherlander Cornelis Drebbel, if we 
can accept an impressive but not con
temporaneous set of records. Robert 
Boyle knew that Drebble ("that great, 
singular, learned mechanick") had found 
out how to stabilize temperature a gen
eration earlier, but he did not know how 
it had been done. 

All three lines of development flow
ered into practical use during the last 
half of the 18th century. Steam boil
ers routinely had float-valve water-level 
controls (so did water closets); bimetallic 
thermostats spread after Bonnemain's 
patent of 1783 (even his first name is 
unknown); steam-engine govemors be
came ubiquitous. The author suggests 
that this reversal of order has a philo
sophical origin: men of the baroque 
period believed in automata, in pro
grammed control, in mercantilism and 
in fixed law. With the epoch of Adam 
Smith, of liberalism, laissez faire and 
the self-regulating market, the time of 
the feedback loop had arrived. Both the 
climate of economic thought and the 
inventors' concerns reflected "the intel
lectual currents of the era." 

The general theory of feedback had 
to wait even beyond the development 
of specific formal theories of automatic 
control. Not until the 1930's did electri
cal and electronic work offer scope for 
novel and generalizing nonlinear theo
ries. Out of that beginning control en
gineering grew to maturity during the 
forced draft of World War II; on both 
sides there arose a proved technology, a 

general and useful theory and a large 
number of trained men. 

The first truly automatic servo (a servo 
is a closed loop that can follow a chang
ing command signal) was the fantail, a 
sn;all windwheel mounted at right an
gles to the main sails and geared to turn 
the entire top of the windmill. Once the 
wind blows parallel to the plane of the 
tail wheel the action stops. The device 
was patented first by the Lancaster 
blacksmith Edmund Lee about 1745 and 
spread to general use in Britain and 
Germany, but never to the rest of 
Europe. 

�TTER AND IMAGE, by Massin. Trans-
lated by Caroline Hillier and Vivi

enne Menkes. Van Nostrand Reinhold 
Company ($20). The theory of informa
tion rests on one massive insight: even 
symbols must in some sense be material
ly realized. DNA itself is not merely a 
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magical charm more powerful than the 
incantations of Faust; it is a coiled poly
mer of certain nucleotides, and its cross
links, its breaks, its elasticity and its re
actions transcend chemistry to become 
biological actors in the evolutionary 
drama. 

Men's symbols too must have fOlm. 
Designers have known it for millenni
ums. "A leading French graphic deSign
er" has put together more than 1,000 
diverse and faScinating illustrations 
around the theme of the symbol turned 
real, and has given us as well an in
formed and particularly well-document
ed text. There are two large divisions: 
the letters of the alphabet drawn to 
have meaning beyond the symbolic, and 
"calligrams" (as Apollinaire named his 
"lyrical ideograms," the written word 
given visual form). 

We have here a cornucopia in one 
small corner of graphic history. Letters 
abound, whether they are in illuminated 
manuscript, in the cut-steel matrixes of 
the Renaissance, in engravings, in litho
graphs or in an animated cartoon (Ryth
me tic, produced by Norman MacLaren, 
in which you can see "the number 5 
scratch its back with its transverse bar"). 
There are A's from all the periods of Eu
ropean books: A as a pair of dividers, as 
a bird with a fish (in illumination), as a 
bishop handing a nobleman a holy book, 
as a couple of flying buttresses, as a cast
iron triangle, as a man hoeing, as an 
easel, as a pair of nudes (in several ver
sions, chastely acrobatic or erotic), as 
clowns, as grandees, as Mephistopheles 
in silhouette leading the little black dog, 
as a sculptor at work, as birds, as flowers, 
as the floor plan of an imaginary palace, 
as a railroad station (a huge A-frame). The 
cordwood of the old Nature masthead is 
omitted, but little else. And the list goes 
on to Z! There are letters fOimed by the 
pieces in chess problems, music manu
script with half notes made of turbaned 
Turks, the shorter notes the heads of 
their marching black spearmen. Figured 
poems and prose span time from a ver
sion of Aratus' astronomical poem in 
Latin done on parchment (10th century, 
with the text shaped into the zodiac fig
ures) up to the wonderful poster by 
Ryuichi Yamashiro done for a reforesta
tion campaign a couple of years ago 
(with the Japanese character for tree 
brushed in all sizes and groups to make 
a true forest on the page). Computer 
graphics, tl10se portraits done in letters 
and symbols, are nothing new; here 
is Abraham Lincoln's face constructed 
long ago in a copperplate version of the 
Proclamation of Emancipation. 
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When we designed the Vega, we knew 
it would ride and handle better than most 
little cars. Because we built it low. And wide. 
And we built it with precise steering, and 
coil springs at each wheel. On paper, Vega 
was not only a great little economy car, it 
was a great little sports car. 

Much to the credit of our engineers, 
Vega is even better on the road than it was 
on paper. It darts around town like a little 
champ. And it cruises freeways like a much 
bigger car. 

So we decided to build a GT. For han
dling, we put in front and rear stabilizers, 
and our 110-hp (93 SAE net) aluminum 

MARK OF EXCELLENCE 

Buckle your seat and shoulder belts. 
It's an idea you can live with. 

overhead-cam engine. Plus special 13 x 6 

wheels and A70 x 13 bias belted ply white 
lettered tires. Then we added instrumen
tation: tach, clock, ammeter, temperature 
gauge. And a sporty soft vinyl-covered four
spoke steering wheel. 

And we spruced it all up, too. With a 

black grille. Special GT nameplates. Wood
grain accents. 

And more. 
Then, we were so happy with the way 

our GT came out, we decided to come out 
with two. 

The Vega GT Hatchback Coupe. And 
the Vega GT Kammback Wagon. Whee. 
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Next we'll deliver the 
people to live in it. 

What you see here is housing by air. With a lift from United Aircraft. 
This idea of using our Skycrane® helicopter to deliver 

factory-built houses has a lot going. for it. Low cost. 
Speed. Hope for easing the acute housing shortage. 

And another of our big copters with mili
tary experience could easily meet another 

urgent need: fast, efficient movement of people 
between cities. New York to Boston in 

1 hour 11 minutes, for example. Downtown 
to downtown, with no long airport rides. 

Carrying people and things isn't all. 
What we make at United Aircraft-from jet 

engines to microcircuits-also carries answers to 
some of the nation's most critical needs. 

PRATT & WHITNEY AIRCRAFT· 

U at d HAMILTON STANDARD· 

n I e SIKORSKY AIRCRAFT· NORDEN· 

UNITED TECHNOLOGY CENTER· 

n 8. �C raft UNITED AIRCRAFT RESEARCH 

t""1 I ' " LABORATORIES· UNISEM • 

® UNITED AIRCRAFT 

OF CANADA LIMITED· 

TURBO POWER & MARINE SYSTEMS· 
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